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Abstract 

The Saint John Harbour is located along the Bay of Fundy in southern New Brunswick 

and serves as the primary outlet for the Saint John River. Sediment movement 

within the Saint John Harbour is a concern from both an ecological and operational 

perspective. Seasonal measurements of current velocity and suspended sediment 

concentration (SSC) have been obtained by deploying two acoustic Doppler current 

profilers ( ADCPs) in the inner harbour. ADCP observations spanned several months 

and were nearly continuous, thus allowing for an in-depth analysis of meteorologi

cal and tidal influences on observed hydrodynamics. A comparative assessment was 

conducted for spring and neap tides, storm surges, and changes in fluvial input. It 

was observed at both deployment locations that the intruding salt wedge frequently 

contained high SSC. The salt wedge is believed to be a major contributor of sediment 

accretion in the inner harbour, particularly during winter storm surges when river 

discharge is reduced. The Courtenay Bay Channel was observed to be more sensitive 

to river level, with only winter storms resulting in a landward average sediment flux. 

Observations made near Courtenay Bay Channel also suggested the presence of a 

cross channel flow pattern from an adjacent inter-tidal mudflat. This cross channel 

flow was only observed during spring freshet conditions and contained high SSC. 

Hydrodynamic observations from the study were compared with published estuarine 

theory. Results of the study will help to further define hydrodynamic processes in 

the Saint John Harbour. 
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Chapter 1 

Introduction 

The Saint John Harbour, located in southern New Brunswick (shown in Figure 1.1), 

constitutes a complex and unique estuarine environment which has yet to be fully 

described. This research will seek to further the understanding of hydrodynamic 

processes in the Saint John Harbour. Data collected over large timescales will capture 

seasonal and tidal variations in hydrodynamic behaviour with particular emphasis on 

sediment circulation. The main purposes of this work are to: a) offer insight into the 

management of harbour dredging activities, b) provide hydrodynamic information 

to assist in the assessment of ecosystem health within the harbour, and c) contribute 

to the larger body of estuarine research. 

Commercial and industrial operations rely on the Saint John Harbour, making the 

waterway of great economic significance for the province of New Brunswick. Ac

cretion of sediments from uncertain origins within the port's navigational channels 

impede shipping access and therefore require annual dredging (SJPA 2010). An en

hanced understanding of sedimentation mechanisms would allow the Saint John Port 

Authority (SJPA) and its partners to better predict dredging requirements based on 

observable indicators, such as seasonal river discharge and storm surges. Such fore-
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sight would enhance budgetary planning and offer considerable operational benefits 

for all users of port facilities. 
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Figure 1.1: Location of the Saint John Harbour and Saint John River Estuary (Nat

ural Resources Canada 2003) 

A better understanding of harbour hydrodynamics will also assist in future ecologi

cal studies within the Saint John Harbour. Anthropogenic activities associated with 

highly industrialized zones such as the Saint John Harbour are known to impact 

local ecology (French 1997). The ecological implications of dredging in harbours and 

estuaries are well documented (Van Dolah et al. 1984, Veer et al. 1985, Hatin 2007). 

Wildish and Thomas (1985) found that dredging activities in the Saint John Harbour 

have contributed to the creation of impoverished benthic macro-infauna communities 

within the harbour. Furthermore, a study by Lawton and Gaudette (2009) suggests 

that lobster (homarus americanus) habitat is particularly influenced by dredging 

patterns within the harbour. The link between ecology and hydrodynamics is par

ticularly relevant given that harbour sediments act as a vehicle for contaminant 
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transport. Industrial contaminants tend to adsorb to fine sediments; French (1997) 

suggests that this phenomenon is most prominent in the case of heavy metals ad

sorbing to cohesive sediments, particularly clay. Similarly, other contaminants may 

be transported as particles and are subject to the same transport mechanisms as 

sediments (French 1997). Further description of seasonal hydrodynamic patterns in 

the Saint John Harbour will assist in work assessing the health of aquatic ecosystems 

within the harbour. 

1.1 General Characteristics of Estuaries 

According to Davies ( 1964), macrotidal and hypertidal estuaries are defined as those 

having a tidal range >4 m and >6 m, respectively. Examples of macrotidal and 

hypertidal estuaries include the Bay of Fundy, Canada; Tay, Scotland; Gironde, 

France; and the Rios Gallegos,- Argentina. Macrotidal and hypertidal estuaries are of 

particular research interest because they are among the least studied in the literature 

(Perillo 1995). 

Estuary classification is largely dependent on tide range, basin topography, geomor

phology and density structure (Dyer 1997). The interaction of these factors are not 

static and are constantly in a state of change due to the high variability of tidal and 

river inputs across both spatial and temporal scales. When a net movement of sedi

ment is encountered, feedback is created between basin morphology and the resulting 

hydrodynamics (Dronkers 2005); this feedback further compounds estuarine variabil

ity. The relationship between morphology and hydrodynamics is a natural process 

whereby an equilibrium condition is being approached (Dronkers 2005). These re-. 

lationships and the associated feedback are particularly relevant when considering 

dredging operations in an estuarine environment, since variability and imbalance 

drive the heavy shoaling of estuarine sediments (French 1997). To investigate these 
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relationships further, an understanding of the physical and hydrodynamic principles 

of estuarine behaviour is required. 

After reviewing historical definitions of estuaries, Perillo ( 1995) formulated the fol

lowing definition: 

"An estuary is a semi-enclosed coastal body of water that extends to the 

effective limit of tidal influence, within which sea water entering from one 

or more free connections with the open sea, or any other saline coastal 

body of water, is significantly diluted with fresh water derived from land 

drainage ... " 

This deliberately constructed definition clearly highlights the mixing of salt and fresh 

water as an essential attribute of any estuary. Perillo (1995) goes on to suggest that 

density structures in an estuary may exist as either highly stratified ( salt wedge type), 

partially stratified or well mixed. Bokuniewicz ( 1995) notes that the distinction 

between these classifications can be related to the ratio of freshwater inputs to tidal 

prism during one complete tidal cycle. Well-mixed estuaries generally have a ratio 

greater than 1, partially mixed 0.25 - 1 and highly stratified less than 0.25. This 

simplified approach highlights the interaction between salt and freshwater inputs. 

It is worth noting that estuary classification is not absolute and instead forms a 

spectrum whereby an individual estuary may exhibit characteristics of more than 

one type. 

In the case of a highly stratified estuary, there exists a sharp density gradient and 

clearly defined halocline in the water column. These estuaries are common where 

tide ranges are small and river discharge is comparatively large (Lindner 1960). The 

lighter fresh, or slightly brackish, water flows seaward on top of the more dense 

salt water which lies along the sea bed. The salt water forms a salt wedge which 

progresses along the bottom layer toward the head of the estuary. In the highly 

4 



stratified condition, the position of the salt wedge is generally not contingent on the 

tidal period; however, increased river flow will tend to push the salt wedge further 

seaward. Mixing of salt water with fresh water under this condition is minimal, and 

limited to a process called entrainment (Dyer 1995). Entrainment is the result of 

small waves forming along the halocline which break, causing a one-way injection 

of salt water from the bottom layer into the upper freshwater layer. The amount 

of mixing due to entrainment is related to the velocity gradient (mixing force) and 

the density gradient (stabilizing force) between the two layers. The propensity for 

mixing between the two layers may be estimated using the Richardson Number which 

is the ratio of the velocity and density gradient (Dyer 1997). 

A partially mixed or partially stratified estuary has a similar structure to the highly 

stratified case but with a less defined halocline and a more gradual density gradient 

through the water column. Velocity gradients between the two layers create turbu

lence and result in the formation of interfacial waves which promote upward mixing 

of salt water (Lindner 1960). The position of the salt wedge oscillates landward 

and seaward with the tidal period. This movement creates friction with the sea bed 

further increasing turbulence in the bottom layer which enhances upward mixing, 

while also mixing fresh water downward into the bottom layer (Dyer 1997). 

Well mixed estuaries are common in macro and hypertidal environments (Dyer 1995). 

Through this increased tidal range, enough turbulence is created to more thoroughly 

mix the estuary, resulting in a relatively homogenous vertical salinity profile (Lindner 

1960). It has been suggested that the Bay of Fundy can be classified as a well-mixed 

estuary where offshore winds and the high tidal range promote mixing, resulting in 

a vertically homogenous density gradient (Neu 1960, Amos and Tee 1989). 

Upon entering an estuary, tidal waves are distorted by both friction and convergence. 

According to Dyer ( 1995), as a tidal wave enters an estuary, the channel cross-section 
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narrows and, due to the conservation of energy, the lateral constriction of the wave 

results in an increase in amplitude. Conversely, this increase in amplitude is offset 

by frictional forces caused by the progressively decreasing depth toward the head 

of the estuary. It is a balance of these two forces which determines whether the 

tidal range increases further landward ( convergence dominant) or decreases ( friction 

dominant). This increase or decrease in tidal range is ref erred to as hypersynchronous 

or hyposynchronous, respectively. When these two forces have equal and opposite 

effects the estuary is said to be simply synchronous. 

Tidal asymmetry between flood and ebb tide is also possible; estuaries can either 

be flood or ebb dominant. These asymmetries are caused by a combination of tidal 

amplitude, friction and estuary geometry (Friedrichs and Aubrey 1988). In the case 

of flood dominance, the crest of the tidal wave (high water level) travels into the 

estuary more quickly than the trough (low water level); this can also be the case 

in a hypothetically frictionless system, but is further compounded by the effect of 

friction on the bottom layer of the water body (Dyer 1997, Friedrichs and Aubrey 

1988). The result is a flood tide having a shorter duration and higher velocity 

than the corresponding ebb tide. Dronkers (2005) notes that flood dominant coastal 

systems generally have a net landward flux of sediments due to the resuspension of 

off-shore sediments during flood tide. Alternatively, in the case of ebb dominance, 

the processes are quite different and are reliant primarily on the cross-section and 

bedform of the estuary. Ebb dominance is typically the case where deep channels 

exist and large volumes of intertidal storage are present (Friedrichs and Aubrey 

1988). 
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1.2 Estuarine Sediment Circulation 

Sediment circulation within an estuary is contingent on the type of sediments and 

the hydrodynamic regime within the estuary. Of particular relevance to a macroti

dal, partially stratified estuary is the concept of the turbidity maximum (TM). The 

TM is a location within the estuary where suspended sediment concentrations (SSC) 

are greater than either the fresh or salt water inputs (Dyer 1997). A TM occurs 

due to a combination of tidal pumping ( caused by tidal asymmetry), vertical grav

itational circulation and sediment dynamics (Officer 1981). Figure 1.2 shows the 

effects of gravitational circulation and the resulting TM near the upper limit of salt 

water intrusion. Landward flow in the lower salt wedge ( flood tide) is required for 

gravitational circulation to occur. 
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Figure 1.2: Graphical depiction of vertical gravitational circulation within a partially 

stratified estuary (adapted from Dyer (1995)) 

Estuarine sediments do not respond instantaneously to changes in flow. A series of 

lag effects described by Dyer (1997) affect the response of sediment circulation to 

changing hydrodynamic conditions. These effects are summarized by Dyer (1997) 

as: threshold lag, erosion lag, scour lag, and settling lag. The properties of each 

lag effect will not be discussed here; however, it is important to acknowledge that 

the relationship between flow and sediment circulation is not direct in a partially 

stratified estuary. 
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TMs have been studied and described in great detail for the Gironde (Allen 1973, 

Allen et al. 1980) and Tamar (McCabe 1992) estuaries. These studies found that 

the position of the TM was particularly responsive to variability in tidal range (ie. 

neap and spring tides), and fluctuations in fresh water input. Allen et al. (1980) 

also found that the suspended sediment concentration of the TM was greater during 

spring tides than for neap tides. These studies highlight the response of TMs to the 

variable flow patterns typical of partially stratified estuaries. 

1.3 Study Objectives 

To permit access to navigational channels it is often necessary to dredge areas subject 

to intense shoaling, as is the case in the Saint John Inner Harbour. The factors affect

ing sediment circulation within an estuary generally include: tide, density gradients, 

fluvial inputs, sediment characteristics, climate, and basin morphology. Through a 

complex interaction of these elements, the fate of sediments within the Saint John 

Harbour may be estimated. To this end, the primary research objectives are to: 1) 

collect and interpret current velocity and SSC data at two strategic locations within 

the Saint John Inner Harbour over a large temporal scale, 2) use these data to 

build on the current understanding of inner harbour hydrodynamics, and finally 3) 

make inferences on how the observed hydrodynamic behaviours may affect sediment 

circulation in the harbour. 
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Chapter 2 

Saint John Harbour Circulation & 

Sediment Dynamics 

The Saint John Harbour is located in southern New Brunswick adjacent to the Bay 

of Fundy as shown in Figure 2.1. The harbour is home to commercial and industrial 

operations, making it a significant employer and economic driver for the province of 

New Brunswick. In 2011, the Saint John Port Authority (SJPA) reported total port 

traffic in excess of 31 million metric tonnes, representing the highest total volume 

in the past eight years (SJPA 2011). The cruise ship industry has also become the 

fastest growing business for the SJPA and its second largest revenue generator (SJPA 

2010). 

Combined with tidal inputs from the Bay of Fundy, the harbour serves as the primary 

outlet for the Saint John River which has a total catchment area of approximately 

55,000 km2 (Metcalfe 1976, Neu 1960). Much of this drainage area is located in 

northwestern New Brunswick as well as regions of Quebec and Maine, U.S.A (Met

calfe 1976). 

9 



,. . ..i ·- -·, ......... --.. 

j 

.--<~-" , ____ ...... \ 

·, 
i 
; 
i 
j 
i 
i 
i 
! 
"' -; 

) 
\f 

E\V BR 

OUVEAU-BR 

SUI•/ fchelle -·~~0-·~~'°~"-
~ 2002 Her Hi,esty tht Queen ,n tbgN ot GIMd1, Han,l'Jit ""®UH C.Nldii 

s. H-i)f•AI II Retne °"' c,.er <kl~. RNsourcet ft.C,...-~t' .. Canedii 

Figure 2.1: Location of the Saint John Harbour with accompanying aerial photograph 

of the inner harbour area (Natural R sources Canada 2003, Service New Brunswick 

2012) 

According to Neu (1960), river discharge is seasonally variable with a mean value 

of 690 m3 /s but can be as high as 6,800 m3 /s during spring freshet discharge. The 

river level is controlled by several dams; the most downstream is the Mactequac 

Dam located approximately 12 km upstream of Fredericton, New Brunswick. Near 

the river mouth, flow into the harbour is restricted by a sill located immediately 

downstream of the well-known Reversing Falls ( shown in Figure 2 .1). According to 

Trites (1960) , the Reversing Falls sill has a depth of 5 m, and severely limits the sea

ward and landward exchange of water during a tidal cycle. This restriction of flow 

is evident given that the mean tidal range in the harbour is approximately 6.4 m, 

while in nearby Indiantown, upstream of the sill, the maximum tide range observed 

is typically only 0.7 m (Metcalfe 1976). The analysis presented in this study will 

focus exclusively on the lower reaches of the estuary downstream of the sill. On the 
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seaward side of the Reversing Falls sill, the harbour is subject to a maximum spring 

tidal range of 8.8 m and a minimum neap range of 4.5 m (Neu 1960). According to 

Neu ( 1960), these exceptionally large tide ranges are the result of near resonation 

with the physical dimensions of the Bay of Fundy. The primary tidal constituent 

in the harbour is the semi-diurnal M2 tidal constituent (Godin 1991). The harbour 

experiences a full tide cycle every 12.42 hours (Greenberg 1979). Observations made 

by Neu (1960) show that as the tide wave enters the outer harbour, the estuary 

exhibits hypersynchronous behaviour due to convergence. Once the wave reaches 

Partridge Island, however, friction dominates and the range begins to decrease be

coming hyposynchronous. 

In the Bay of Fundy, a neap-spring tide cycle occurs on a bi-weekly basis, whereby 

the tide range dramatically increases ( spring tide), and decreases ( neap tide). On a 

larger time scale, seasonal variations also affect estuary characteristics through the 

occurrence of significant storm surges and flood levels in river discharge. Hydro

dynamic variations caused by storm surges in an estuarine environment have been 

investigated by Yang et al. ( 2003), Talke and Stacey ( 2008) and Bartholoma et al. 

(2009). Bartholoma et al. (2009) evaluated these changes over medium (monthly) 

and large (seasonal) timescales in the Otzum Inlet in Northern Germany. The focus 

of Bartholoma et al. ( 2009) was on SSC and current velocity measurements made 

using acoustic doppler current profilers for two major storm events, and for spring 

and neap tide cycles. 

The Saint John Harbour is subject to storm surges, tidal variation and seasonal in

creases in freshwater input during spring freshet periods. Several studies have been 

conducted to further quantify and describe this variability. Higgins et al. (2011) 

investigated hydrological inputs (precipitation, snow melt, river level, etc.) and the 

corresponding variations in SSC in the Kennebecasis River, a tributary of the Saint 

John River. Toodesh (2012) found that both the tidal range and the river level in-
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fluence the state of the Saint John Harbour which exhibits characteristics of both a 

stratified and partially stratified estuary. Analysis of the Richardson Number in the 

Saint John Harbour under several seasonal flow regimes (high and low river flow pe

riods) by Toodesh (2012) also found that mixing of salt water into the upper brackish 

layer is occurring due to the formation of Kelvin-Helmholtz (K-H) interfacial waves 

which promote entrainment. Furthermore, Matheron (2010) conducted a detailed 

analysis of harbour sediments, investigating both bed load and suspended sediment 

grain size and geological composition. The analysis established that both cohesive 

and non-cohesive sediments are present in the harbour. 

Harbour sediment characteristics play an important role in transport properties. Ac

cording to Leys ( 2007), both the Main Channel and Courtenay Bay Channel consist 

of a mix of both silt and sand (predominately silt). Matheron (2010) performed an 

extensive study into the geological composition and grain size distribution of sed

iments in both the inner and outer harbour. It was found that bottom sediments 

at the Courtenay Bay Channel had a modal grain size of between 40-60 µm and 

were composed predominately of quartz and muscovite. Suspended sediments were 

composed primarily of organic silica and quartz. Bed load sediments in the main 

channel were not retrievable in the Matheron (2010) study because of the coarse 

grain size. Observations made by Matheron (2010) and Toodesh (2012) in the Saint 

John Inner Harbour suggest that the harbour exhibits characteristics of both a par

tially mixed and/ or stratified estuary. These observations have also been supported 

in the upper reaches of the estuary by Delpeche (2007). Under these conditions a 

salt water wedge oscillates landward and seaward with the tide and is overlain by 

a brackish layer of river discharge. Salinity values in the salt wedge are typically 

around 30%0, while at the surface salinity values of between 15 - 20%0 have been 

observed (Delpeche 2007). The brackishness of the surface layer suggests that some 

combination of turbulent mixing and/ or entrainment is taking place and the estuary 
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is frequently in the partially stratified condition. 

Despite these previous efforts, a lack of hydrodynamic understanding still exists at 

both the tidal (neap-spring cycle) and seasonal temporal scale. Using the physi

cal concepts discussed in this section, and literature relating directly to the Saint 

John Harbour, as well as similar studies conducted in other estuaries, hydrodynamic 

data will be collected and analyzed over a large temporal scale. This analysis will 

seek to capture the associated variability in observed hydrodynamics and sediment 

circulation within the Saint John Inner Harbour. 
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Chapter 3 

Methods 

To achieve the study objectives presented in Chapter 1, field operations using sophis

ticated flow measurement technology has been undertaken. The following chapter 

will offer a technical background for the equipment used, and describe the computa

tional and field procedures employed throughout the study. 

3.1 Acoustic Doppler Current Profilers 

The Workhorse Sentinel is a broadband acoustic Doppler current profiler (ADCP) 

unit manufactured by Teledyne RD Instruments (TRDI). The Workhorse model is 

well-suited for bottom-mounted, sustained sampling durations. The unit is available 

at operational frequencies of 1200, 600 and 300 kHz; for this project a 600 kHz and 

1200 kHz unit have been obtained. Figures 3.l(a) and 3.l(b) show the unit in the 

stand alone configuration and embedded inside of a troll-resistant bottom mount 

prior to deployment. 
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(a) (b) 

Figure 3.1: Workhorse Sentinel in stand alone (a), and bottom mounted (b) config

urations (RD Instruments 2007) 

The Doppler Shift is defined by Roguin (2002) as "the apparent difference between 

the frequency at which waves (sound or light) leave a source and that at which 

they reach an observer, caused by relative motion of the observer and the wave 

source." ADCPs use the Doppler Shift to measure current velocity by emitting a 

sound pulse at a known frequency, then measuring the frequency change of the return 

signal reflected off scatterers in the water column. This method assumes that the 

scatterers (sediments , plankton, etc.) are moving at the same velocity as the water 

in which they are suspended. A simplified model of this process is shown below in 

Figures 3.2( a) and 3.2(b). In this figure it is the frequency shift in the reflected pulse 

which is used to measure current velocity. 
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Figure 3.2: An ADCP emitting a sound pulse into the water column is shown in 

subfigure (a) , and subsequent reflection of the pulse from scatterers is shown in 

subfigure (b). Note that only a portion of the sound energy is reflected back to the 

transducer. 

What distinguishes ADCPs from conventional current meters is their ability to collect 

data over an entire water profile. Figure 3.3 shows a comparison between an ADCP 

and a hypothetical line of moored current meters. Note in Figure 3.3 that the current 

meters measure current velocity at one localized point , whereas the ADCP records 

an average within the entire depth cell . Depth cell size may be adjusted by the 

user ; however, as the depth cell size is decreased the standard deviation of current 

measurements will increase. Therefore , a balance between the two parameters must 

be achieved. 
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Figure 3.3: A comparison between data collected by an ADCP and a hypothetical 

moored string of current meters - where the dashed vectors are excluded from the 

velocity measurement. Figure adapted from TRDI (2011). 

There are several limitations worth noting when using ADCPs for current measure

ment. Referring to Figures 3.2(a) and (b), the emitted sound pulse travels through 

the water column and is reflected not only from scatterers but also from the wa

ter surface. This deflection results in a near-surface error. The Workhorse Sentinel 

units used in this study have a near-surface error affecting the upper 6% of the total 

ensonified depth; this loss is directly related to the beam angle of 20° (TRDI 2011). 

A further reduction of the ADCP range is caused by near-transducer ringing which 

requires the ADCP to "ignore" values close to the transducer. Blank out distances 

for this study were 0.44 m and 0.88 m for the 1200 kHz and 600 kHz unit, respec

tively. The blank out distance is automatically determined by TRDI's PlanADCP 

software. Near-transducer errors are removed or "ignored" by the ADCP, however, 

near-surface errors have been removed during data post processing. 

ADCP errors in velocity measurement are well understood and thoroughly docu-

17 



mented. According to TRDI (2011), ADCP error falls into two categories: bias error 

and random error. Random error may be high in single ping readings, however it 

is significantly reduced by averaging multiple pings. Ping rates for this study have 

been set between 50 - 75 pings per individual ensemble depending on the applica

tion; this typically resulted in a standard deviation of between 1 and 2 cm/s. Bias 

error is a more long-term form of uncertainty and may not be reduced by averaging. 

According to TRDI (2011), bias is typically less than 10 mm/sand at the time of this 

writing it is not yet possible to measure ADCP bias for calibration or removal. For 

this study it has been assumed that random error dominates and has been mitigated 

by sufficiently increasing the ping rate, limiting the standard deviation to less than 

2 cm/s. 

Sound speed is significantly affected by thermoclines and density gradients through 

the water column, and must be considered when working in an estuarine environ

ment. The ADCP uses salinity data provided by the user and temperature readings 

from the onboard temperature sensor located on the transducer face. These inputs 

do not account for variations of salinity and temperature throughout the water col

umn. According to TRDI (2011), this variation in sound speed through the water 

column will only alter vertical current measurements and horizontal currents will 

be conserved (since, according to Snell's Law, horizontal current measurement rely 

solely on horizontal sound speed). Variations in vertical current measurements are 

proportional to sound speed variations and may be compensated for. 

ADCPs also have the ability to measure acoustical backscatter (ABS) at each depth 

cell throughout the water column. Referring back to Figures 3.2(a) and 3.2(b), the 

strength of the return signal is used to measure ABS intensity. This is a useful feature 

as ABS can serve as an indication of scatterer concentration in the water column 

(Deines 1999). For example, ADCP measurement of ABS has been used to de

tect zooplankton and phytoplankton in offshore applications in the arctic (Hamilton 

18 



2011). Another use of ABS measurements is the detection of suspended sediments; a 

number of studies have used ADCPs for this purpose in estuarine environments (Po

erbandono and Mayerle 2003, Kim and Voulgaris 2003, Gartner 2004, Perkey 2010, 

Bartholoma et al. 2009). The primary scatterers in the Saint John Harbour are 

suspended sediments with a mean grain size of between 100 and 200 µm (Matheron 

2010). Sediment particle diameter can affect ABS results due to acoustic attenuation 

by the sediment and may distort results; this effect is proportional to the grain size 

of sediments (DRL 2003). According to DRL (2003), the suggested particle size limit 

for a 600 kHz and 1200 kHz ADCP are 200 µm and 100 µm, respectively. When 

these diameters are exceeded, the estimation of acoustic absorption by the particle 

becomes increasingly uncertain. Given that the particle sizes observed by Matheron 

(2010) are very close to these recommended limits, it is important to understand the 

considerable uncertainty involved in estimating SSC. 

Sv = C + 10log10((Tx + 273.16)R2
) - LDBM - PDBW + 2aR + Kc(E - Er) (3.1) 

Equation 3.1 is a modified version of the sonar equation developed by Deines (1999). 

Sv is an absolute value of the backscattering strength in dB re ( 41rmt1 . The units 

for Sv represent the power passing through a unit diameter sphere or, similarly, 

through a solid angle of 41r steradian. The coefficient C is a constant determined for 

specific TRDI instruments; C values for the Workhorse Sentinel have been provided 

by Deines ( 1999). The second term accounts for spherical spreading along the beam. 

LDBM and PDBM are the transmit pulse length and the transmit power, respectively. 

2aR accounts for the absorption of sound energy through the water column which is 

largely a function of temperature and salinity. Kc and Er are both factory calibrated 

instrument parameters provided by TRDI, and E is the echo intensity measured 

by the ADCP. Equation 3.1 provides a value of Sv which may be related to SSC 

values measured concurrently with ADCP data collection. SSC measurements can 

19 



be obtained by a variety of means; optical backscatter, or sample collection and 

laboratory analysis are both acceptable methods of measuring SSC. 

There is potential for backscatter intensity through the water column to increase 

due to turbulence from interfacial waves. In an estuarine setting, these waves are 

known to be present near the pycnocline layer between the salt and fresh water 

layers (Dyer 1997). The presence of Kelvin Helmholtz interfacial waves in the Saint 

John Inner Harbour has been confirmed by Toodesh (2012). It is possible that 

this turbulence may cause a slight overestimation of SSC estimates derived from 

backscatter intensity. 

3.2 ADCP Deployments 

For each deployment in the Saint John Harbour, a fibreglass bottom mount, shown 

in Figure 3.l(b), was used to encapsulate the ADCP. Both deployments allowed for 

frequent data downloads by means of a unit-to-shore communication cable connec

tion. Many of the required components for each deployment were available through 

DASCO Equipment Incorporated located in Charlottetown, Prince Edward Island. 

ROMOR Ocean Solutions of Dartmouth, Nova Scotia was consulted during each de

ployment. Software packages developed by TRDI (included with each device) greatly 

simplified both the deployment and data collection for each unit. 

A chief concern when deploying each ADCP was choosing a location that experiences 

minimal accretion and/or erosion of sediment. Several locations of the inner harbour 

have been reported by UNB's Ocean Mapping Group as experiencing up to 7 m of 

erosion, and up to 4.2 m of deposition within a given year (Hughes Clarke 2010). 

This degree of erosion and deposition would be detrimental to the proposed study; 

such effects needed to be properly mitigated by carefully selecting each deployment 
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location. Fortunately, OMG bathymetric data for the Saint John Harbour provides 

some insight into areas that are particularly prone to sediment accretion and/ or 

erosion. 

In collaboration with the OMG, an initial deployment location near the inlet to 

the Courtney Bay Channel was identified as being a relatively stable and suitable 

location for the 1200 kHz unit; this deployment was carried out on September 2, 2011 

and is shown in Figure 3.4. On November 1, 2011, the 600 kHz unit was deployed 

in the Main Channel approximately 80 m offshore and is shown in Figure 3.5. An 

outline of key deployment parameters for each unit are shown in Tables 3.1 and 3.2. 

As can be seen in Figure 3.4, the Courtenay Bay unit needed to be recovered and 

redeployed at various points during the duration of the study. After deployment 

of the Courtenay Bay unit, it was found that currents at the September 2, 2011 

deployment location near the Courtenay Bay Breakwater were much too small to 

allow for any meaningful interpretation of the dominant flow regime in the area. 

This was likely due to frictional forces caused by the breakwater. The unit was first 

relocated on December 22, 2011 and then again on March 12, 2012; these locations 

are shown in Figure 3.4. Both relocations greatly improved the quality of the data 

by capturing the dominant characteristics of the area. The final location was chosen 

in an effort to investigate perceived bathymetric patterns observed by OMG surveys. 

After the November 1, 2011 deployment of the Main Channel unit, it was noted that 

the pitch and roll of the instrument was approximately 12° and 11.5°, respectively. 

It is preferable that the unit be situated in a level orientation since any tilt will affect 

the performance of the instrument (Idle 2011). TRDI ADCPs have computational 

processes to correct for pitch and roll (Scotney 2011), however, the maximum range 

of the unit diminishes with increasing pitch and roll. By January 2011, it became 

evident that the unit was being steadily undermined by the current. This resulted in 
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increasing pitch and roll values and consequently the upper limit of vertical range was 

being steadily reduced. By March, 2012 the vertical range of the unit was rv 17 m and 

the pitch and roll values were 23° and 24.5°, respectively. Given that the low water 

depth in this location ranges between 15-17 m, an attempt was made to redeploy the 

unit on March 13, 2012 in order to achieve a more level orientation. Unfortunately, 

during efforts to recover the unit , the communication cable was accidentally severed 

and the unit was unrecoverable for several weeks; as a result no data was collected 

after March 13, 2012. 

Figure 3.4: Aerial view of Courtenay Bay Channel deployment locations, Indiantown 

gauge, tide gauge, and the cross section used for flux analysis - the colouration of 

the enlarged area represents the results of 2008 OMG bathymetry mapping 
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Figure 3.5: Aerial view of Main Channel deployment location, Indiantown gauge, 

tide gauge, and the cross section used for flux analysis 

Table 3.1: ADCP configurations for the Courtenay Bay Channel deployments. 

I Parameter II Sept-Dec 2011 I Dec-Feb 2011/12 I Mar-May 2012 I 

Frequency (kHz) 1200 1200 1200 
Beam Angle 20° 20° 20° 
Bin Size (m) 0.25 0.25 0.25 
Number of Bins 41 51 45 
Pings /Ensemble 70 70 125 
Standard Deviation ( cm/ s) 0.98 1.63 1.22 
Sample Interval (seconds) 12.9 12.9 4.8 
Blank out Distance ( m) 0.44 0.44 0.44 
Surface Error (% of depth) 6 6 6 
Heading (Magnetic North) 245° 340° 165° 
Roll (Beam 3-4 axis) 0.5° 1.50 oo 
Pitch (Beam 1-2 axis) -0.5° -0.5° oo 
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Table 3.2: ADCP configurations for the Main Channel deployment. 

I Parameter II Nov-Mar 2011/12 I 
Frequency (kHz) 600 
Beam Angle 20° 
Bin Size (m) 0.5 
Number of Bins 49 
Pings /Ensemble 75 
Standard Deviation ( cm/ s) 1.57 
Sample Interval (seconds) 12 
Blank out Distance (m) 0.88 
Surface Error (% of depth) 6 
Heading (Magnetic North) 66° 
Roll ( Beam 3-4 axis) 10-20°( variable) 
Pitch (Beam 1-2 axis) 10-20°(variable) 

3.3 Field Sampling 

Temperature and salinity measurements were taken using a handheld YSI 85 in

strument that offers simultaneous measurements of salinity, temperature and pH. 

Measurements of temperature and salinity were taken periodically from the deck of 

the SJPA survey vessel. These trips coincided with SJPA bathymetric surveying, 

most of the measurements were taken near high water, since this is the most eff ec

ti ve time to conduct multi-beam surveys. The cable used to lower the YSI 85 had 

a length of approximately 12 m. This allowed measurements into the salt wedge 

(salinity >30%0) but not through the entire water column. The temperature and 

salinity data collected were consistent with observations made by Matheron (2010) 

and Toodesh ( 2012). 

On November 25, 2011 an attempt was made to collect bottom sediment samples 

using the US BMH-60 bed material sampler. The US BMH-60 has the ability to 

collect sediments less than 16 mm in diameter (Matheron 2010). The bed material 

sampler was lowered in the Main Channel, however, after three attempts no bed 
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material was present in the sampler. Since this area is subject to high currents it 

is possible that the bed material is too coarse for the sampler (>16 mm). A visual 

inspection of the bed material was made during diving operations when divers noted 

that the bottom material consisted of "large pebbles" of around one inch in diameter. 

Suspended sediment samples were collected using the Wildco Horizontal Alpha Water 

Sampler which has a sample volume of 2.2 litres. One litre samples were collected at 

1 m intervals through the water column at the Courtenay Bay Channel deployment 

location on September 2, 2011 and then again on May 23, 2012. These samples 

were passed through a 10 micron filter paper, according to methods outlined by 

Eaton et al. (2005), in order to determine the total suspended sediment concentration 

(SSC). Using methods similar to Kim and Voulgaris (2003) and Bartholoma et al. 

(2009), a linear regression was done using SSC data and backscatter strength (Sv) 

values measured by the ADCP while the SSC samples were collected. The results of 

this analysis are discussed in Appendix A. The strongest correlation corresponded 

to an r 2 value of 0.65 for the September, 2011 sampling. This result is consistent 

with results obtained through similar means by Bartholoma et al. ( 2009) and has 

been used to determine SSC for this study. 

The relationship between the observed backscatter (Sv) and measured SSC permit 

a conversion from Sv to a volumetric estimate of SSC through the water column for 

the entire deployment duration. Since Sv is an absolute value and not specific to a 

particular instrument, it is acceptable to apply a single relationship between Sv and 

SSC to different ADCP units (Deines 1999). This assumes that the distribution and 

type of scatterers are similar at both deployment locations which is supported by 

observations made by Matheron (2010). 
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3.4 Computational Analysis 

Raw ADCP data has been collected and stored onboard the ADCP unit in a binary 

format which contains a wide variety of information. These data were recovered on 

a semi-weekly basis from the unit through a unit-to-shore cable connection. Prelim

inary viewing of the data was done using the TRDI software packages WINSC and 

WINADCP. However, further processing of the data using MATLAB© was required 

to allow for a more thorough analysis and to generate the graphics used in this pub

lication. Converting the raw binary data to a matrix based format to be handled 

in MATLAB© required the use of open source code developed by Pawlowicz (2010). 

The parameters most relevant to this study are: current velocity components ( north 

and east components), backscatter intensity for each beam, data quality control indi

cators (pitch, roll and heading of the instrument), correlation values and percentage 

good. Figure 3.6 shows a flow chart of the methods used to convert the data from 

binary format to a workable format in MATLAB©. 

Each ADCP unit is equipped with an onboard magnetic compass which is used 

to determine the direction of flow. Velocity output from the ADCP is provided 

in north, east and vertical components. Data for both locations showed minimal 

vertical currents that were typically close to the standard deviation of 1 - 2 cm/ s; 

for this reason they have been excluded from the analysis. As indicated in Figure 

3.6, the axis with which to determine 2D current velocity (north, east) direction 

was shifted to align with the Main and Courtenay Bay Channel. The result is 

that instead of having a north and east component, there now exists an along and 

across channel component; Figures 3.7(a) and 3.7(b) show a graphical representation 

of this axis shift for the Main Channel and Courtenay Bay channels, respectively. 

This manipulation was done using methods outlined in Delpeche (2007), making the 

velocity data more intuitive and easier to visualize. Although this axis shift was 
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helpful for init ial dat a interpretation, it is possible that bot h axes may need to be 

adj usted further to account for the dominant axis of flow through t he channel. 

Correlation for all 
4 beams 

Remove 3 beam 
readings less than 

120 

"Raw" Binary Data 

Convert to matrix data structure using 
"rdradcp.m" script 
(Pawlowizc 2010) 

Percent good for 
all 4 beams 

Remove 4 beam 
solutions of less 

than 25% 

Velocity components 
(north, east vertical) 

Correct for magnetic 
declination and shift axis 
to along/across channel 

orientation 

Remove near-surface 
error: readings taken 

in the upper 6% of the 
ensonified area 

Surface plot of veloc ity 
magnitude for along and 

across channel 

Backscatter 
intensity for 
each beam 

Convert to 
backscatter strengt h 

(Sv) 
(Deines 1999) 

Correlate SSC 
values with the 

calculated 
backscatter 

coefficient to 
obta in volumetric 

SSC 

Figure 3.6: Flow chart of procedure used to convert binary ADCP data to a matrix 

data structure to be used for further processing in MATLAB©, and ult imately to a 

form suitable for publication 
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Figure 3.7: Graphical depiction of axis shift from a north/south orientation to the 

alignment of the Main Channel (a), and similarly the Courtenay Bay Channel (b), 

resulting in a landward/seaward orientation 

Channel cross section profiles collected during a 2008 bathymetric survey were pro

vided by the OMG for both deployment locations. These profiles were combined 

with the relevant ADCP data to estimate volumetric flow and sediment mass flux 

through each cross section. Methods used by Toodesh (2012) were followed closely 

and a polynomial function was fitted to each cross section in order to smooth the 

profile. The corresponding area for each ADCP bin was determined by iteratively 

moving a boundary function from the first bin to the surface in steps equivalent 

to the bin size. The areas between the channel profile and the boundary function 

were then determined using MATLAB's "quadrature" function which uses a form of 

Simpson's Rule. Figures 3.8 and 3.9 show a graphical depiction of this procedure for 

the Main Channel and Courtenay Bay Channel. The location of these cross sections 

can be found in Figures 3.5 and 3.4. Since the SJPA requested that the 1200 kHz 

ADCP not be deployed within the channel boundary, it should be noted that the 

Courtenay Bay cross section is not located exactly at the deployment location. 
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Figure 3.8: Graphical representation of the procedure used to determine the area for 

each bin throughout the water column in the Main Channel 

o~--~--~--~--~---r---~--~------.---~ 

-1 

Areas shallower than -1 m have been assumed to 
be rectangular. 

Area n 

i~l------------------------------------------

-7 [__ __ .L.,_ __ ..L,_~,e:__----'--------'-----'--------'---------'--------'------__J 

0 50 100 150 200 250 300 350 400 
Distance Across Channel (m) 

Figure 3.9: Graphical representation of the procedure used to determine the area for 

each bin throughout the water column near the Courtenay Bay Channel 

Once area values were obtained it was then possible to use the along channel ve-
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locities and SSC to determine the flow rate and sediment mass flux through the 

respective channel. Equations 3.2 and 3.3 were used iteratively to determine the 

average volumetric flow, Q(m3 
/ s ), and sediment flux, F(kg/ s ), through each depth 

cell (bin) for each ensemble. Where Abin and Vbin are the depth cell area and velocity 

values, respectively. 

Some important shortcomings and limitations of this approach are as follows: 

(3.2) 

(3.3) 

• Frictional forces caused by the seabed and banks, or pier walls, are not ac

counted for in this analysis. This will overestimate the velocity and flow rate 

passing through the cross sectional area since the velocity near the seabed and 

banks will be less than those measured in the middle of the channel. ADCP 

measurements for the Main Channel and Courtenay Bay were taken approxi

mately 100 and 50 m from the channel bank, as shown in Figures 3.8 and 3.9, 

respectively. 

• Since near-transducer error limits the ability to collect data close to the ADCP, 

a blank out distance is required. Moreover, the height of the instrument (0.5 m) 

further reduces this window of data collection. As a result, the first bin of data 

collected is a considerable distance above the seabed (0.44 + 0.5 for Courtenay 

Bay, and 0.88 + 0.5 in the Main Channel). This requires the assumption that 

the first bin of data is representative of the excluded depth beneath it. As 

discussed in the previous point, velocity magnitude is greatly diminished close 

to the seabed. Additionally, the seabed may also contain a substantial amount 

of bed load sediment which is excluded from the sediment mass flux. 
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• As discussed earlier, there is considerable uncertainty in the indirect measure

ments of SSC by the ADCP. Assigning a degree of uncertainty to this estimate 

is complex. It should be understood that for the purposes of this study SSC 

values presented here are more qualitative than quantitative. This makes per

forming a sediment mass balance impractical, however, a relative understand

ing of sediment movement is still possible. In essence, we can be reasonably 

certain that higher Sv values indicate a higher presence of scatterers, and thus 

greater SSC in the water column. 

• The SJPA requested that the Courtenay Bay unit not be deployed within the 

channel boundary. This makes evaluating volumetric flow and sediment mass 

flux through the channel difficult. Since ADCP observations were made im

mediately adjacent to the channel, they are likely similar to those experienced 

within the channel boundary, however, there may exist some variation between 

the channel and the deployment location. 

• The flux analysis considers only the along channel component of current ve

locity readings. This limits the Courtenay Bay analysis because there have 

been observed bathymetric patterns by the OMG which suggest that some 

sedimentation in the channel may be the result of across channel flow from 

the adjacent intertidal mudflat. Performing flux calculations using the across 

channel component should be done with caution because there is no way to 

confirm that the flow is indeed entering the channel. 

• Bathymetric mapping of the inner harbour carried out by the OMG in spring 

2008 has been used to calculate the cross-sectional area of both channels. The 

spring 2008 survey is the most recent survey offering reliable coverage of the 

entire study area. Differences will exist between the 2008 bathymetry and the 

bedforms present during the 2011/12 observation period. These differences 
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will be most prominent in Courtenay Bay where sediment accretion is more 

extensive and dredging more frequent. Conversely, the Main Channel is kept 

mostly clear from fine sediment accretion by the swift currents during the spring 

freshet. There is a degree of uncertainty involved in using the 2008 survey 

results to calculate cross sectional area; however, the 2008 results represent 

the best available information for the study area. 
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Chapter 4 

Results 

The work of Toodesh (2012) focused exclusively on short duration sampling, con

sisting of four separate sampling periods (approximately 12 hours each). Therefore, 

the focus of this work was on investigating factors and events spanning multiple tide 

cycles and their effect on hydrodynamic conditions. The focus of this section will be 

on ADCP observations made during 1) spring and neap tides, 2) sustained changes in 

river discharge and 3) significant storm surge events. Results recorded during stable 

meteorological conditions, mean river level and tide range will first be presented to 

provide a hydrodynamic baseline. 

All water levels presented in this section are in reference to Chart Datum. River level 

measurements were obtained from Environment Canada (2012b) at the Indiantown 

recording station (Station #01AP005). Water levels in the harbour were obtained 

from Fisheries and Oceans Canada (2012) and were recorded at the Pugsley Terminal 

recording station (Station #65). The climate data presented were obtained from 

Environment Canada (2012a) recorded at the Saint John Airport meteorological 

station located approximately 12 km northeast of the Saint John Harbour. Tide 

residuals have been determined using the T-Tide classical harmonic analysis - a 
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review of the T-Tide procedure has been provided in Appendix B. 

4.1 Main Channel 

The 600 kHz Workhorse Sentinel unit was deployed on November 1, 2011 and col

lected continuous data at fifteen minute intervals until March 13, 2012. Given that 

the Main Channel ADCP deployment duration covers many tidal cycles ("" 250), 

unique insight into the effects of meteorological and tidal factors on inner harbour 

hydrodynamics is possible. These observations are further simplified by the limited 

variability in river level during the observation period. Figure 4.1 shows the river 

level falling slightly between January and March but is otherwise reasonably steady. 

8 

2 

o~---~----~----~---~ 
Nov Dec Jan 

Time 
Feb Mar 

Figure 4.1: River level recorded at the Indiantown gauge(in reference to chart datum) 

for the duration of the Main Channel ADCP deployment between November, 2011 

and March, 2012 

In order to provide a point of reference for observations made in the harbour, it 

is necessary to present data collected during reasonably stable meteorological con-
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ditions, average river level and tide range. For the duration of data collection in 

the Main Channel, the average tide range and river level were approximately 6.2 m 

and 5.6 m, respectively. The tide cycle occurring on November 10, 2011 was iden

tified as being a "typical" tide cycle in the harbour. The observed tidal range on 

November 10 between 00:00 and 12:30 was 6.4 m, the river level fluctuated with 

a mean of approximately 5.7 m. The water levels for November 10 are shown in 

Figure 4.2. Wind speeds during this observation varied between 5 - 15 knots from a 

south-southwesterly direction and are also shown in Figure 4.2. Figure 4.3 is a sur

face colour plot of the along and across channel current magnitude and SSC through 

the water column for November 10, 2011. Figure 4.3 has been annotated with the 

relevant hydrodynamic characteristics. The below figures show a 24 hour period, 

however, subsequent figures will depict a single tide cycle only (approximated to 

12.5 hours based on Greenberg (1979)). 

River and Tide Level (m) 
1 

~ r ................. --···1· 6 :---. ..-- . .. ... , ---· -
4 .......... ----' ,........ ____ , 
2 .................... -- ................... --·· 
o~---------~---------~ 

Wind Magnitude (km/h) 

~[ ___ __, ------d 
Wind Direction (Degrees) ~=r-:-: ~ 180-South --...... ,----------------l-

90-East 
0-North~---------~---------~ 

10-Nov-00:00 10-Nov-12:00 
Time 

11-Nov-00:00 

Figure 4.2: Water levels at Indiantown (solid) and the Saint John Harbour (dashed), 

wind magnitude and direction for November 10, 2011 
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Since subsequent figures in this section will use the same conventions as Figure 4.3 , 

it is necessary to give a detailed explanation of the surface plot. Each pixel in the 

surface plot represents a reading over one ensemble (x-axis) for one depth cell (y

axis) - 15 minutes and 0.5 m for the Main Channel. For the along channel plot 

(top) , positive represents seaward (downstream) flow, while negative velocities are 

landward (upstream). The across channel plot (middle) has a positive direction of 

northeast (river left when facing downstream) and a negative direction of southwest 

or river right. The intruding salt wedge is clearly visible on the incoming flood 

tide with a peak magnitude greater than 1 m/s in the upstream direction. As the 

salt wedge enters the harbour, a corresponding increase in SSC is visible (bottom 

most plot). Also clearly visible is the downstream flow near low water which is 

sustained for a longer duration and at a lower intensity than flood tide intrusion. 

This behaviour highlights the flood dominant nature of the estuary. Sediments are 

also observed exiting the harbour during ebb tide while flow is downstream. 
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Figure 4.3: Along and across channel current magnitude and SSC at the Main Chan

nel deployment location for November 10, 2011 
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Using methods discussed in Chapter 2, the volumetric flow and sediment mass flux 

have been calculated for the channel cross section located at the deployment location. 

Figure 4.4 shows the corresponding flow and sediment flux.results for the tidal cycle 

between 05:30 and 18:00 on November 10, 2011. Each point on the flow and flux 

plots represent the sum of ensemble readings through the water column (ie. the 

net flow and flux through the water column) with the line being an interpolation of 

these results. Mean values have also been provided to demonstrate the mean flow or 

flux for the entire tidal cycle - negative values represent a landward movement, and 

positive values a seaward movement. 

Tide Level (m) 

Volumetric Flow (m 3/s) 

O.~t,_ ,_ •_ ~ ~~..::----:---------------------~~•_• _• _' _' _•~' • 1 
-0.5 ~ ""'-.. I I I I I '+" I I I I I -~ 

-1 '--------------------------' 

Sediment Mass Flux (kg/s) 

1 ~ ~ ·-·-·-~:: =.:::.--------------------------------, .- '- '-' -' -· -· ' ''- ·-· -' -' -· ~ -50 ·I I I I I I I I I I I I I I I I 

-100 
'--------------------------' 

10-Nov-05:30 10-Nov-18:00 
Time 

Figure 4.4: Water level in the Saint John Harbour with the corresponding volumetric 

flow rate and sediment mass flux for the November 10, 2011 tide cycle 

4.1.1 Spring and Neap Tides 

As described in Chapter 2, tide range in the Saint John Harbour varies considerably 

between spring and neap tides, each occurring approximately once every two weeks. 
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Since spring and neap tides rely predominately on solar and lunar cycles, they are 

reasonably consistent from year to year and are not likely a major determining factor 

in the variable nature of annual sediment accretion. These results are presented to 

further characterize the role of tide range on harbour hydrodynamics. 

Figure 4.5 shows the tide range and river level for the cycle occurring between 12:30 

February 1 and 01:00 February 2, 2012. At 4.4 m this tide is one of the smallest 

tide ranges for the entire Main Channel monitoring period. The corresponding plot 

of ADCP data shown in Figure 4.6 indicates the diminished intensity of salt wedge 

intrusion. 

Figure 4. 7 shows the results of the flow and sediment flux calculations for the Febru

ary 1-2, 2012 tide cycle. Since neap tides are variable, the lowest recorded tides for 

each month during the study duration have been summarized in Table 4.1. It can 

be seen in Table 4.1 that the results for February and March, 2012 differ greatly 

from the other readings. This variability may be attributed to the reduced river 

level in late winter. Referring back to Figure 4.1, this reduction in river level is quite 

small ('""' 1 m) but nevertheless appears to have a disproportionate influence on net 

volumetric flow and sediment flux in the Main Channel. 
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Figure 4.5: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed) , wind magnitude and direction for the February 1 - 2, 2012 tide cycle 
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Figure 4.6: Surface plot of along and across channel current magnitude and SSC in 

the Main Channel for the February 1-2, 1012 neap tide 
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Figure 4.7: Tide level with corresponding volumetric flow and sediment mass flux 

for the February 1-2, 2012 neap tide cycle 

Table 4.1: Flow and sediment flux summary for neap tide cycles in the Main Channel 

I Date of Tide Cycle II Tidal Range(m) I Flow (m3/s) I Sediment Flux (kg/s) I 
November 4, 2011 5.3 630 1 
December 3, 2011 5.2 1200 6 
January 3, 2012 4.5 1100 5 
February 1, 2012 4.2 140 -4 
March 1, 2012 4.3 -350 -6 
Average 4.7 550 0 

One of the largest tide ranges (8.5 m) was found to occur on November 25, 2011. 

Figure 4.8 show the water level and wind data, while Figure 4.9 depicts the relevant 

ADCP data, for the spring tide which occurred between 05:30 and 18:00. The salt 

wedge during this period has a higher intensity with velocities well above 1 m/s. 
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Figure 4.8: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed) , wind magnitude and direction for the November 25, 2011 spring tide 
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Figure 4.9: Surface plot of along and across channel current magnitude and SSC in 

the Main Channel for the November 25 , 2011 spring tide 
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Figure 4.10 shows the volumetric flow and sediment mass flux for the November 25, 

2011 spring tide cycle between 05:30 and 18:00. Mean values of sediment flux and 

volumetric flow for five large tide cycles occurring each month during the observation 

period have been calculated and are presented in Table 4.2. 
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Figure 4.10: Tide level with corresponding volumetric flow and sediment mass flux 

for the November 25, 2011 spring tide 

Table 4.2: Flow and sediment flux for spring tide cycles in the Main Channel 

I Date of Tide Cycle II Tidal Range(m) I Flow (m3 / s) I Sediment Flux (kg/ s) I 
November 25, 2011 8.6 100 -2 
December 24, 2011 8.0 430 1 
January 23, 2012 7.5 -370 -6 
February 10, 2012 8.0 -360 -5 
March 09, 2012 8.3 -140 -3 
Average 8.1 -70 -3 
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4.1.2 River Level 

Although river level remained relatively stable for the duration of the Main Chan

nel deployment, a significant hydrodynamic response to river level fluctuation was 

observed. Figure 4.1 shows a drop in river level of approximately 0.8 m during the 

late winter months (February and March). Although this change is small compared 

to annual spring freshet levels, the decrease resulted in a considerable hydrodynamic 

response. The following figures show relevant data for both a high ("" 6.0 m) and 

low ("" 5.2 m) river level condition. 
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Figure 4.11: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed), wind magnitude and direction for the high river level condition 
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figure 4.12: Surface plot of along and across channel current magnitude and SSC in 

the Main Channel for the December 24, 2011 high river condition 

Tide Level (m) 

Volumetric Flow (m 3/s) 4 

1 
X 10 

_: ~ ~~-~-~-~~-~ ~~~ '-. -. -. -. ~ ~~-:-~_:_:_:_:_'._'._'._'.1 
-1 ~--------------------------~ 

Sediment Mass Flux (kg/s) 

100 Mean Flux = -0.19 
50 0 c:_=--: __ !:-:_ -~--t=, __ ~ __ t-=4 __ t-=4_~_ ---

-50 
-100 

~------------------------~ 
24-Dec-05:00 24-Dec-17:30 

Time 

Figure 4.13: Tide level with corresponding volumetric flow and sediment mass flux 

for the December 24, 2011 high river level condition 

44 



River and Tide Level (m) 

~:----------------------· ·------------------------• 

Wind Magnitude (km/h) 

Wind Direction (Degrees) 

360-North rF----------J 270-West 
180-South 

90-East 
0-North _______________________ ____::i 

05-Feb-03:30 05-Feb-16:00 
Time 

Figure 4.14: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed) , wind magnitude and direction for the low river level condition 
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Figure 4.15: Surface plot of along and across channel current magnitude and SSC in 

the Main Channel for the February 5, 2012 low river condition 
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Figure 4.16: Tide level with corresponding volumetric flow and sediment mass flux 

for the February 5, 2012 low river level condition 

4.1.3 Storm Surges 

Significant storm surges in Saint John generally approach from either a southwest

erly direction in the summer/fall season or from a northerly direction during winter 

months. The most substantial storm surges ( determined based on a combination of 

wind magnitude and tide residual) for each month during the deployment duration 

were chosen to highlight the effect these surges have on hydrodynamics. The tide 

residual is useful because it allows detection of offshore effects on the estuary before 

the storm actually makes landfall. Figure 4.17 shows the tide residual for the entire 

Main Channel deployment highlighting the most active periods. Tide residuals have 

been calculated using the procedure described in Appendix B. 
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Figure 4.17: Magnitude of residual component of tidal observations made in the 

Saint John Harbour for the Main Channel deployment duration (November, 2011 -

March, 2012) 

The February storm surge moved through the Saint John area between February 

25-27, 2012. The surge had prevailing winds from a northerly direction and had an 

energetic tide residual as can be seen in Figure 4.19. The February storm resulted 

in the greatest landward flux of sediment for the entire deployment (-5.6 kg/s). This 

flux was analyzed over a single tide cycle at the perceived peak of the event. The 

relevant wind, water level and surface plots for this event are presented below along 

with the flow and sediment flux. 
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Figure 4.18: Plot of water levels at Indiantown (solid) and Saint John Harbour 

( dashed), wind magnitude and direction for the February 23-27, 2012 storm surge 
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Figure 4.19: Plot of the tide residual for the February storm event 
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Figure 4.20: Surface plot of along and across channel current magnitude and SSC in 

the Main Channel for the February storm event 

Tide Level (m) 

Volumetric Flow (m 3/s) 

_:~['M~~~l:~--'_'_'_'_'_'_'1 
-1 ~--------------------------~ 

Sediment Mass Flux (kg/s) 

100 Mean Flux = -5.6 

50rr--+--<~....+-ii-+-....~ 
0 

-50 
-100 

~--------------------------' 
25-Feb-20:00 26-Feb-08:30 

Time 

Figure 4.21: Water level in the Saint John Harbour, volumetric flow and sediment 

mass flux for a tide cycle during the February storm event in the Main Channel 
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Though still significant, storm surge data for other months have been included in 

Appendix C.l. The February event was presented here because it resulted in the 

largest estimate of net landward sediment flux. Flow and flux calculations for other 

storm events have been similarly calculated and are presented in Appendix C.l. 

To assist in identifying patterns in the data, Table 4.3 compiles the flow and flux 

estimates presented in this section and for the storm surge data presented in Ap

pendix C.l. Values for the neap and spring tides are mean values based on the data 

presented in Tables 4.1 and 4.2, respectively. 

Table 4.3: Flow and sediment flux result summary for the Main Channel 

I Tidal Condition II Mean Flow ( m3 
/ s) I Mean Sediment Flux (kg/ s) I 

Base Condition 31 -4 
Mean Neap Tide 550 0 
Mean Spring Tide -68 -3 
High River 450 0 
Low River -340 -5 
November Storm 940 3 
Early December Storm llO 5 
Late December Storm ( 2) 200 -2 
January Storm -160 -4 
February Storm -150 -6 

Figures 4.22 and 4.23 below show net volumetric flow and net flux over the entire 

observation period. Each data point corresponds to a tidally averaged value over 

a 24.82 hour period. The horizontal black line shows the line of neutral flux with 

values above this line being net seaward, and values below net landward. 
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Figure 4.22: Plot of net volumetric flow over the entire Main Channel deployment 

duration. The red vertical lines indicate periods of storm surges, and data points 

are colour coded according to tidal amplitude. 
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Figure 4.23: Plot of net sediment flux over the entire Main Channel deployment 

duration. The red lines indicate periods when storm surges were encountered, and 

data points are colour coded according to tidal amplitude. 
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4.2 Courtenay Bay Channel 

The 1200 kHz Workhorse Sentinel unit was deployed on September 2, 2011 and 

collected nearly continuous data at fifteen minute intervals until May 23, 2012. There 

was a gap in data collection between February 14, 2012 and March 11, 2012. This 

loss of service was required to service the unit and plan a new deployment location. 

The unit was relocated three times as shown in Figure 3.4. 

Similar to Main Channel results, the Courtenay Bay unit offers a unique insight 

into the effect of meteorological and tidal factors on inner harbour hydrodynamics. 

Figure 4.1 shows the river level falling slightly between January and March but then 

increasing substantially during the spring freshet beginning in March, reaching a 

peak of rv7.6 m. In May, near the end of the deployment, the water level was still 

comparatively high at rv6.0 m. This prolonged increase in river level was likely a 

combination of the lingering effect of snow melt and also a response to significant 

spring rainfall events occurring within the watershed. 
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Figure 4.24: River level (recorded at Indiantown in reference to chart datum) for 

the duration of the Courtenay Bay Channel ADCP deployment between September, 

2011 and May, 2012 

A baseline condition will first be established for the Courtenay Bay deployment. 

Sampling by the 1200 kHz unit on January 1, 2012 will be presented as a typical 

condition in the harbour. The tidal range for this period was approximately 6.5 m 

and the river level was 5.8 m. It is important to note that due to the increased SSC 

load near Courtenay Bay the SSC colour scale bar has been adjusted to reflect this 

change. 
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Figure 4.25 : Water levels at Indiantown (solid) and the Saint John Harbour (dashed) , 

wind magnitude and direction for January 1, 2012 
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Figure 4.26: Along and across channel current magnitude and SSC at the Courtenay 

Bay Channel deployment location for January 1, 2012 
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Figure 4.27: Water level in the Saint John Harbour, with the corresponding volu

metric flow rate and sediment mass flux for the January 1, 2012 tide cycle 

4.2.1 Spring and Neap Tides 

Figure 4.28 shows the tide range and river level for the tide cycle occurring on April 

28, 2012 between 11:00 and 23:30. At 4.8 m this tide is one of the smallest tide ranges 

for the entire Courtenay Bay Channel monitoring period. The corresponding plot 

of ADCP data shown in Figure 4.29 indicates the diminished intensity of salt wedge 

intrusion. The flood tide does not halt freshwater flow seaward and the surface flow 

is continuous throughout the tide cycle - likely attributed to the increased river level 

at the time ('""' 6.9 m). 
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Figure 4.28 : Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed) , wind magnitude and direction for the April 28, 2012 neap cycle 
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Figure 4.29: Surface plot of along and across channel current magnitude and SSC at 

Courtenay Bay for the April 28 , 2012 neap tide 
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Figure 4.30: Tide level with corresponding volumetric flow and sediment mass flux 

for the April 28, 2012 neap tide 

Table 4.4: Flow and sediment flux for neap tide cycles in the Courtenay Bay Channel 

I Date of Tide Cycle II Tidal Range(m) I Flow (m3/s) I Sediment Flux (kg/s) I 
January 3, 2012 4.5 300 3 
February 1, 2012 4.2 37 0 
April 28, 2012 4.8 1000 13 
Average 4.5 450 5 

The largest tide range (8.9 m) was found to occur on May 6-7, 2012 between 18:30 

and 07:00. Figure 4.31 shows the water level and wind data, while Figure 4.32 depicts 

the relevant ADCP data. The salt wedge during this period has a higher intensity 

with velocities exceeding 1 m/s. Although the river level is similar to the previous 

neap tide data, the increased tide range is sufficient enough to halt the surface flow 

seaward for a brief period near high water. 
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Figure 4.31: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed) , wind magnitude and direction for the May 6-7, 2012 spring cycle 
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Figure 4.32: Surface plot of along and across channel current magnitude and SSC at 

Courtenay Bay for the May 6- 7, 2011 spring tide 
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Figure 4.33 shows the volumetric flow and sediment mass flux for the May 6-7, 2012 

spring tide between 21:00 and 09:00. Values for five other large tide cycles occurring 

each month during the observation period have also been determined and are shown 

in Table 4.5. 
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Figure 4.33: Tide level with corresponding volumetric flow and sediment mass flux 

for the May 6-7, 2012 spring tide cycle 

Table 4.5: Flow and sediment flux for spring tide cycles in the Courtenay Bay 
Channel 

J Date of Tide Cycle II Tidal Range(m) I Flow (m3/s) I Sediment Flux (kg/s) J 

December 24, 2011 8.0 -110 -1 
February 10, 2012 8.0 -260 -3 
April 10, 2012 7.7 -59 -2 
May 7 ,2012 8.9 40 0 
Average 8.2 -100 -2 
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4.2.2 River Level 

The duration of the Courtenay Bay Channel deployment allowed for observations at 

near spring freshet river levels, and during low river levels in late winter. Peak water 

level was observed on April 27, 2012 where the river level was approximately 6.9 m. 

The lowest level on record occurred in early February when river levels receded to 

approximately 5 m. Relevant meteorological and ADCP data for both the high and 

low river level condition are presented below. Of particular interest, is the interaction 

of the tide with river level; the particular tide cycles shown in this section were chosen 

because they represent an average or "typical" tide range of between 5 and 6 m. 
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Figure 4.34: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed), wind magnitude and direction for the high river level condition 
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Figure 4.35: Surface plot of along and across channel current magnitude and SSC at 

Courtenay Bay for the high river condition on April 27, 2012 
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Figure 4.36: Tide level with corresponding volumetric flow and sediment mass flux 

for the high river level condition on April 27, 2012 
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Figure 4.37: Plot of water levels at Indiantown (solid) and the Saint John Harbour 

(dashed) , wind magnitude and direction for the low river level condition 
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Figure 4.38: Surface plot of along and across channel current magnitude and SSC 

for the low river condition on February 5, 2012 
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Figure 4.39: Tide level with corresponding volumetric flow and sediment mass flux 

for the low river level condition on February 5, 2012 

4.2.3 Storm Surges 

The Courtenay Bay Channel was subject to the same storm surges as the Main 

Channel - these have been outlined in Figure 4.40. The storm surge occurring in 

late December resulted in the greatest amount of landward net sediment flux and has 

been outlined in this section. Relevant plots for the other events have been outlined in 

Appendix C.2. Data from the initial deployment (September - December, 2011) were 

not useful since the velocities are not substantial enough to assess the dominant flow 

and sediment flux regimes in the area. This is likely the case because of interference 

and sheltering effects by the breakwater. During this period some surface patterns 

are visible during storm surges and, although not representative, have been included 

in Appendix C.2. 
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Figure 4.40: Tide residual in the Saint John Harbour for the Courtenay Bay deploy

ment duration (September, 2011 - May, 2012) 

Between December 27 and 31, 2012, a significant weather disturbance affected the 

harbour. Peak wind magnitudes during this period were nearly 50 km/h and the tide 

residual had a peak of 0.5 m. The storm had prevailing winds from a southwesterly 

direction and resulted in the greatest average landward flux of sediment. The river 

level was nearly steady at 6 m during the storm. The plots presented below describe 

the event in greater detail. 
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Figure 4.41: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction for the December 25 - 31, 2011 surge 
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Figure 4.42: Tidal residual during the late December storm surge 
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Figure 4.43: Surface plot of along and across channel current magnitude and SSC 

for the late December storm event at Courtenay Bay 
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Figure 4.44: Water level in the Saint John Harbour , volumetric flow and sediment 

flux for a tide cycle during the late December storm event in Courtenay Bay 
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To assist in identifying patterns in the data, Table 4.6 compiles the flow and flux 

estimates presented in this section as well as from the storm surge data presented in 

Appendix C.2. Values for the neap and spring tides are mean values based on the 

data presented in Tables 4.4 and 4.5, respectively. 

Table 4.6: Flow and sediment flux result summary for the Courtenay Bay Channel 

I Tidal Condition II Mean Flow (m3/s) I Mean Sediment Flux (kg/s) I 
Base Condition 170 2 
Mean Neap Tide 450 5 
Mean Spring Tide -100 -2 
High River 740 10 
Low River -180 -2 
September Storm 640 9 

October Storm 160 2 
November Storm 270 4 
Early December Storm 460 7 
Late December Storm -410 -7 
January Storm -280 -4 
May Storm -170 -3 

Similar to the Main Channel results, Figures 4.45 and 4.46 below show net volumetric 

flow and net flux over the entire observation period. Each data point corresponds to 

a tidally averaged value over a 24.82 hour period. The horizontal black line shows 

the line of neutral flux with values above this line being net seaward, and values 

below net landward. 
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Figure 4.45: Plot of net volumetric flow for two tide cycles (24.82 hours) over the 

entire Courtenay Bay deployment duration. The red vertical lines indicate periods 

of storm surges, and data points are colour coded according to tidal amplitude. 

10 

~ 5 
Ol 
6 
X 
::, 
iI 

~ 0 

-5 

. 
•.•~ .. •• • ' IP•• 

,.., ~ •. ,., ·:· :r:. 4 :: .. ~~-: :,· . . ,,. . . . . . \ .. .. .. :.: 
. . ... 

.. 

... : 

I 
: ~~:~g I 

Typical 

. .. .. . ' ,: 
., '. . 

.. ., "'·· . 

Sep Oct Nov Dec Jan Feb Mar Apr May 
Time 

Figure 4.46: Plot of net sediment flux over the entire Courtenay Bay deployment 

duration. The red vertical lines indicate periods of storm surges, and data points 

are colour coded according to tidal amplitude. 
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Chapter 5 

Discussion 

Given the data presented in Chapter 4, ADCP observations in the Saint John Har

bour will be related to similar studies and other estuarine literature. To facilitate 

the synthesis of this information, a summary of the data presented in Chapter 4 

will first be presented. This summary will highlight the most prominently observed 

patterns, as they relate to sediment circulation within the harbour. Once these char

acteristics have been established, subsequent sections will seek to investigate these 

patterns further - from both a theory based approach, and by analyzing historical 

dredge volume data within the harbour. 

5.1 Hydrodynamic Summary 

It is necessary to organize and interpret the collected ADCP data as it relates to 

hydrodynamic variability, in order to improve understanding of sediment circulation 

in the Saint John Harbour. The most notable and prominent hydrodynamic patterns 

from the ADCP data will be discussed in this section. The relevant points have been 

separated according to the Main Channel and Courtenay Bay Channel deployment 
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locations. 

5.1.1 Main Channel 

Much of the ADCP data for the Main Channel suggests higher SSC in the lower saline 

wedge than in the upper brackish layer. ADCP observations ceased before spring 

freshet conditions began, when SSC in the upper layer is believed to contain the 

dominant SSC load (Toodesh 2012). Due to the high velocities during spring freshet 

periods, it is likely that this high SSC load is kept in suspension and deposited in the 

outer harbour where a rapidly increasing flow area acts to decrease velocity. As a 

result of this annual freshwater flushing, the Main Channel is not typically dredged 

to the same extent as the Courtenay Bay Channel. The observations made in this 

study seem to suggest that sediments enter the Main Channel via the lower salt 

wedge during winter months when river level is comparatively low. These sediments 

are then presumably flushed out during spring freshet discharge. 

Despite the relatively stable river level throughout the deployment duration, it was 

observed that hydrodynamic behaviour in the Main Channel was disproportionately 

sensitive to river level variation. During late winter months (February and March, 

2012) river level decreased by approximately 0.8 m, having a significant effect on 

hydrodynamic patterns. For example, as outlined in Table 4.1, neap tides in the 

fall and early winter months did not result in a mean landward flux of sediment. In 

late winter, however, a transition began to emerge with an early February neap tide 

resulting in a mean landward flux of sediment and a greatly reduced seaward flow. 

By early March, both mean sediment flux and volumetric flow were overwhelmingly 

in the landward direction during a similar neap tide. A similar phenomenon was also 

observed for spring tides where the magnitude of mean landward sediment flux was 

observed to increase as river level decreased in late winter. 
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The influence of river level was also apparent during storm surges. The storm event 

in late February resulted in the highest mean landward flux of sediments (-5.6 kg/s). 

Referring to Table 4.3, early storms which occurred during periods of high river level, 

resulted in less of a landward sediment flux. In essence, a small change in river level 

( +/- 1 m) can vastly change the extent to which tidal intrusion affects sediment 

circulation in the Main Channel. These observations may be linked to the concept 

of the turbidity maximum(TM), discussed in Chapter 1. According to Dyer (1997), 

the TM tends to be pushed seaward during times of high river discharge lessening 

the amount of SSC entering the estuary. Conversely, at times of low river discharge 

and high tide range, such as spring tides or storm surges, the TM is able to progress 

further toward the head of the estuary, increasing landward sediment flux. ADCP 

data collected in the Main Channel suggest that this behaviour is occurring in the 

Saint John Harbour. 

5.1.2 Courtenay Bay 

The Courtenay Bay Channel is typically dredged to a much larger extent than the 

Main Channel. For example in the 2012 dredging season (late summer and fall 

months), the Courtenay Bay Channel required an estimated 142,215 m3 of material 

to be removed from the channel, while the Main Channel only required 14,263 m3 

(SJPA 2012). This variation is largely due to the lack of freshwater flushing in 

Courtenay Bay and is typical from year to year. Though less pronounced than in 

the Main Channel, a similar SSC profile distribution was observed in Courtenay Bay 

with the lower salt wedge containing relatively high SSC. However, due to the lack of 

annual freshwater flushing, sediment accretion in Courtenay Bay is more pronounced 

and problematic for maintaining adequate draft for channel navigation. 

Even though the Saint John River does not pass directly through the Courtenay 
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Bay Channel, the effects of river level on channel hydrodynamics are still apparent 

in the data. This is due, in part, because the ADCP observations were made slightly 

beyond the mouth of the channel where river discharge passes before exiting the 

harbour (see Figure 3.4). Nevertheless, the observations will provide an indication 

of the governing sediment circulation patterns at the channel mouth. Courtenay 

Bay observations also allowed for the collection of hydrodynamic data during spring 

freshet flow which is of particular interest to this study. 

Similar to the Main Channel, salt wedge intrusion was more pronounced during 

periods of low river discharge in late winter months. This phenomenon was consistent 

when looking at storm surges, as well as spring and neap tides. Similarly, when river 

level decreased, there was typically an increase in mean landward sediment flux. 

This response to low river level was more pronounced for spring tides and storm 

surges than it was for neap tides, which did not appear to contribute an appreciable 

amount of sediment into the channel (see Table 4.4). 

During periods of high river flow, the local flow regime changed considerably. When 

river level reached a maximum of approximately 7 m on April 27, 2012, there was 

a strong seaward flow component exiting the inner harbour (Figure 4.35). On the 

following day, this rush of river discharge coincided with a neap tide cycle of 4.8 

m. During this period of increased river discharge and decreased tidal range, the 

seaward surface currents were not halted by the flood tide and the surface flow 

continued seaward for the entire tide cycle (Figure 4.29). Interestingly, this continuity 

of seaward flow was not the case during a spring tide cycle of 8.9 m on May 7, 2012 

when the increased tidal range was substantial enough to halt river flow. 

Of note during high river discharge periods, is the increase in SSC throughout the 

water column, as well as a considerable cross channel velocity component at ebb tide. 

On the ebb tide and at low water there is a spike in SSC throughout the water column 
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(Figures 4.35 and 4.29). This also coincides with a considerable northwesterly flow 

component (0.5 - 1 m/s) passing across the head of the breakwater towards the mouth 

of the channel. Bathymetric observations by the OMG undertaken in spring 2008 

have suggested that there may be a cross channel flow component originating from 

the adjacent intertidal mudflat entering the channel (see Figure 5.1 below). Coupled 

with the sediment contributions of the salt wedge throughout the winter , this cross 

channel effect during spring river discharge could be a substantial contributor to 

sediment accretion in the Courtenay Bay Channel. It is important to note that 

ADCP observations made during low river flow do not support this cross channel 

pattern and it has only been observed at high river discharge. 

Figure 5 .1: Courtenay Bay Channel deployment location 2008 spring bathymetry 

mapping conducted by the OMG with annotated cross channel flow pattern (UNB 

Ocean Mapping Group 2012) 

To help quantify this cross channel contribution of sediments, Figure 5.2 shows 

ADCP data for a ten day period during high river discharge - with the cross channel 

flow shown in blue at each low water. Figure 5.3 shows the results of volumetric flow 

and sediment flux calculations for the across channel velocity component for a tide 
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cycle during this period of high river discharge. Positive values in Figure 5.3 flow 

in a southeasterly direction while negative values flow northwesterly - this coordi

nate system is shown in Figure 3.7(b) . Figure 5.1 makes it clear that the observed 

bathymetric pattern corresponds to a northwesterly flow direction at the ADCP de

ployment location. The mean flux in Figure 5.3 is overwhelmingly in the northwest 

direction. It is important to note that these results do not fully confirm whether or 

not the sediment load ultimately enters the channel. Flow patterns at the mouth of 

Courtenay Bay are complex, and further investigation is required to fully understand 

and verify flow dynamics in the area. 

Along Channel Velocity (m/s) 

23-Apr 25-Apr 27-Apr 29-Apr 01-May 
Date-Time 

1(Seaward) 

-1 (Landward) 

1 (SE) 

20 

10 

0 
03-May 

Figure 5.2: ADCP data during high river discharge between April 23 and May 3, 

2012 - note the northwest cross channel component (blue) at each ebb tide 
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Figure 5.3: Water level, volumetric flow rate and sediment mass flux for cross channel 

flow on April 28, 2012 between 11:00 and 23:30 at Courtenay Bay 

5.2 · Estuary Characteristics 

In order to compare hydrodynamic observations made in the harbour with the es

tuarine theory presented in Chapter 1, it is necessary to obtain adequate estimates 

of freshwater inputs and tidal prism. Observations made at the Main Channel cross 

section (see Figure 3.5) allow for these estimates to be made, permitting subsequent 

evaluation of hydrodynamic factors such as tidal asymmetry, density structure and 

turbidity maximum. 

Tide prism has been evaluated by finding the negative area of the volumetric flow for 

the Main Channel base condition presented in Figure 4.4. The flood tide was used 

to calculate tide prism because of the difficulty in separating freshwater discharge 

from ebb tide flow. Then, by subtracting the negative area of volumetric flow from 
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the positive area, assuming ebb and flood flows are approximately equal, the result 

will yield the approximate amount of freshwater input. It is important to further 

highlight the limitations involved in this analysis which are presented in detail at 

the end of Section 3.4. 

5.2.1 Tide Asymmetry 

The effects of tide asymmetry on landward sediment flux have been discussed by 

Dronkers ( 2005) who suggests that flood dominant systems generally have a net 

landward flux of sediment. By inspection of the volumetric flow figures presented 

in Chapter 4 it is clear that the Main Channel is flood dominant to varying degrees 

throughout the observation period. For example, Figure 4.4 shows that the flood tide 

(landward) flow component lasts approximately 6 hours, while the ebb tide (seaward) 

flow lasts the remainder of the tide cycle ("" 6.5 hours).This moderate asymmetry is 

also evident in the magnitude of peak velocities for ebb and flood tides, presented 

in Figure 4.3, where the flood tide exhibits higher peak velocities. This effect of 

tidal asymmetry is pervasive throughout the entire data set for the Main Channel. 

The Courtenay Bay Channel also exhibits flood dominant behaviour similar to the 

Main Channel, however, the quantification of this effect is not as reliable due to the 

positioning of the ADCP unit outside the channel boundary. 

Using a mathematical model coupled with field observations, Friedrichs and Aubrey 

(1988) related ebb dominance and flood dominance to the ratio of tide amplitude 

and low tide water depth within the estuary. This approach was later simplified by 

Dyer (1997), where ratios of greater than approximately 0.3 were likely to be flood 

dominant. The Main Channel has a low water depth of approximately 15.5 m and a 

mean tide range of 6.5 m, resulting in a ratio of 0.42 placing the estuary in the flood 

dominant category. 
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5.2.2 Density Structure 

Using ADCP data collected in the Main Channel, it is possible to verify the condition 

of density stratification within the estuary with published theory. In Chapter 1, a 

relationship between density structure and the ratio of tidal prism to freshwater input 

was presented (Bokuniewicz 1995). Data collected in the Main Channel provides an 

estimate of tidal prism and freshwater discharge, allowing this relationship to be 

applied to the Saint John Harbour. For the Main Channel baseline condition a tidal 

prism of 3053 Mm3 and a freshwater discharge over the tidal cycle of 595 Mm3 was 

found. This results in a freshwater to tidal prism ratio of approximately 0.2 which, 

according to Bokuniewicz ( 1995), is in the highly stratified category. 

However, as freshwater inputs increase, such as during a spring freshet, partially 

stratified conditions may result. For example, for high river flow presented in Figure 

4.13 the ratio of freshwater to tide prism was found to be 0.7 which corresponds 

to a partially stratified condition. This relationship has been confirmed by previ

ous studies in the harbour. Toodesh (2012) observed an increase in the occurrence 

of interfacial waves at times of high river discharge. These interfacial waves pro

mote mixing, resulting in a more distributed density profile and partially stratified 

condition. 

5.2.3 Turbidity Maximum 

As a result of tidal pumping and vertical gravitational circulation ( discussed in Chap

ter 1), the formation of a TM is common in partially stratified, macro-tidal estuaries 

(Dyer 1997). Considerable investigations into TMs in the Tamar and Gironde estu

aries (Allen 1973, Uncles and Stephens 1989) have revealed that the position of a 

TM is contingent on river discharge and tide range. To investigate the movement 
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of the TM within an estuary, extensive longitudinal SSC observations are necessary. 

This study was constrained in longitudinal information since observations were made 

at only two locations within the harbour. 

Despite this lack of longitudinal data, a spike in SSC concentration has been observed 

within the salt wedge on each flood tide in the Main Channel; this high concentra

tion of SSC may correspond to the TM. This phenomenon was less pronounced in 

Courtney Bay observations but was still apparent. In the Main Channel, SSC spikes 

in the salt wedge were more intense during storm surges (Figure 4.20) and spring 

tides (Figure 4.9). The extent to which the TM moves up the estuary is unknown. 

However, the upstream progression is likely constrained by the Reversing Falls sill 

which acts as a hydraulic control point. At the time of this writing, SSC investi

gations in the upper reaches of the estuary are underway and may help to better 

describe the presence of a TM. 

5.3 Historical Dredging Patterns 

Historical analysis on dredge volume records provided by the SJPA ( spanning from 

1978 to 2011) has been carried out. Observations in the harbour suggest that a 

major factor controlling sediment accretion is late winter storm surges and tidal 

action which is believed to be the case because of the low river level. Given this, 

a historical relationship between annual dredge volume and storm surges has been 

investigated. Since the majority of annual dredging takes place in Courtenay Bay, 

the focus of this section will be solely on the hydrodynamic patterns observed near 

Courtenay Bay. 

Higgins (2011) found a significant correlation between dredge volumes in the harbour 

and mean water level (r2 = 0.63) and total annual flow (r2 = 0.73) in the Kennebe-
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casis River. Linear regression analysis has been performed to analyze the influence 

of annual storm surges, particularly winter surges, on the harbour. In Figure 5.4 a 

hydrologic year (October to September) has been used according to Higgins (2011) 

to determine the average of the 10 greatest tide residual annual peaks; these results 

were then plotted against total dredge volume for each year. Similarly, Figure 5.5 

consists of a similar analysis using the average of the 10 greatest tide residual peaks 

between January and March ( winter only) for each year. It can be seen in the figures 

that neither regression results in a significant correlation. 
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Figure 5.4: Linear regression between annual dredge volumes and the average of the 

ten largest residual peaks for 1978 - 2011 

79 



3.5 

3 

M-

E 
";' 2.5 
E 
::::, 

~ t 2 

0 

1.5 

• 
y = -14402x + 174419 

R
2

=0 • • 

• 

• 
• 

• 
••• 

• • 
• • 

• 
• • 

• • • 
• 

• • • 
• • 

• • 
• • o.5~-~~~-~--~-~-

o.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 
Winter Average of Ten Largest Residual Peaks (m) 

• 

0.9 0.95 

Figure 5.5: Linear regression between annual dredge volumes and the average of the 

ten largest residual peaks for each winter season (January - March) for 1978 - 2011 

The above regression analysis, as well as the work of Higgins (2011), refute the 

hypothesis that storm surges during periods of low river flow are a key contributor 

to sediment accretion in Courtenay Bay. This suggests that the that the cross channel 

flow component discussed in Section 5.1.2 contributes large amounts of sediment to 

the Courtenay Bay Channel. This contribution of sediment would agree with the 

work of Higgins (2011) since the cross channel flow seems to be exacerbated by high 

river discharge. Moreover, Figure 5.3 shows that the sediment flux due to this cross 

channel effect can be significant and resulted in a mean sediment flux of 11 kg/ s 

toward the channel - which is the greatest flux value observed at Courtenay Bay. 
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Chapter 6 

Conclusions 

Observations made during atypical seasonal events such as spring tides, storm surges 

and high river discharge have been of particular interest throughout the duration of 

this study. By evaluating these ADCP observations, several hypotheses relating 

to sediment circulation have been presented to further define the hydrodynamic 

processes in the harbour. 

Some of the largest contributions of landward sediment flux in the Main Channel were 

observed during storm surges and spring tides in late winter months. This increased 

flux corresponded with low river levels which is believed to permit increased tidal 

progression toward the head of the estuary, carrying with it high levels of SSC. This 

phenomenon suggests the presence of a TM which oscillates with tidal action and 

increasing and decreasing river level. Despite this increase of sediment entering the 

harbour, it is believed that annual freshwater flushing during spring freshet periods 

protects the Main Channel from heavy sediment accretion. Further study is required 

to assist in better quantifying the presence of a TM in the lower Saint John River 

estuary. Longitudinal monitoring ( along estuary) of SSC and grain size analysis of 

the sediments contained within the perceived TM will be essential to this analysis. 
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At the time of this writing a study investigating SSC in the upper Saint John River 

estuary is currently underway by researchers at L'lnstitut National de la Recherche 

Scientifique (INRS) University in Laval, Quebec. 

The Courtenay Bay Channel represents a more complex hydrodynamic environment. 

Although similar patterns for the Main Channel have been observed at Courtenay 

Bay, the levels of landward sediment flux in the salt wedge were less significant. It is 

believed that a cross channel flow component from an adjacent intertidal mudflat may 

be a large contributor of sediments entering the channel. A strong cross channel flow 

component has been observed on each ebb tide during periods of high river discharge. 

This flow pattern was only observed during the spring freshet period. Observations 

in this study were limited by the location of the ADCP unit which was not located 

within the channel boundary ( due to the risks posed by vessel traffic). Consequently, 

further ADCP monitoring within the channel will be necessary to verify that the cross 

channel flow is in fact entering the channel. If the cross channel flow pattern can be 

verified, mitigation measures may then be investigated to minimize the net import 

of sediment from the adjacent mudflat. 

This study has helped to improve the current understanding of hydrodynamics in the 

Saint John Harbour, particularly over large seasonal timescales. The ADCP data 

collected will also assist in the implementation of a baroclinic hydrodynamic model 

currently being developed by UNB's Ocean Mapping Group. By coupling modelling 

results with observations made in the harbour, it will be possible to review current 

dredging practices being undertaken by the SJPA. It is hoped that this research will 

assist in the planning of harbour dredging activities, and contribute to the larger 

body of academic work relating to the Saint John Harbour. 
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Appendix A 

Total Suspended Solid Sampling 

Field sampling was carried out at various stages throughout the study. The Saint 

.John Harbour proved to be a difficult environment for sample collection due to 

commercial ship traffic and the highly variable weather. Despite these difficulties, 

samples were collected and analyzed for total suspended solids (TSS) on two occa

sions in an attempt to correlate ABS from the ADCP with TSS samples collected 

within the ensonified water column. Considerable variability in the relationship be

tween ABS and TSS was discovered. To better understand this relationship the 1200 

kHz unit was deployed for a 2 hour period in the Oromocto River to allow for more 

thorough TSS sampling. 

The first set of TSS samples were collected at the Courtenay Bay deployment location 

on September 2, 2011. Figure A.1 describes the results of this analysis and the 

corresponding linear regression analysis (significant with p = 0.05). The second set 

of TSS samples were again collected at the Courtenay Bay deployment location and 

were collected on May 23, 2012. Figure A.2 shows the resulting linear regression 

analysis for the May sampling (significant with p < 0.15). 

Considerable variation in the relationship between TSS and Sv may be seen in the 
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two sets of Courtenay Bay samples. To help better understand this relationship, 

the 1200 kHz unit was deployed in the Oromocto River which allowed for excellent 

sampling conditions; these results are shown in Figure A.3. However, as can be seen 

in Figure A.3, the Oromocto River sampling did not allow for a strong correlation 

with an r 2 value of only 0.3 (significant with p < 0.15). 

SSC estimates for this report have been calculated using the linear equation derived 

for the September sampling with an r 2 value of approximately 0.6. The level of 

uncertainty highlighted in this section is important when considering the SSC values 

reported throughout the study period. Therefore, it is appropriate to view the SSC 

data as a relative estimate rather than a quantitative measurement. 
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Figure A.I: Backscatter strength (Sv) versus measured TSS and a linear regression 

of the two parameters for the September 2, 2011 TSS sampling at Courtenay Bay 
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Appendix B 

Tide Prediction 

The predicted tides used for determining tidal residuals were found using the T-Tide 

computational package. T-Tide performs a classical harmonic analysis on observed 

water level values to determine tidal constituents for a given location (Pawlowicz 

et al. 2002). Since these constituents vary according to the lunar and solar cycles, it 

is important to use a data set which captures this variability (i.e. greater than one 

month). It is also important that the water level data does not contain significant 

numbers of gaps. The data used for the Saint John Harbour analysis was recorded 

continuously (no gaps) between October 1, 1995 and April 15, 1996 at the DFO 

station 65. Based on this input data, T-Tide compiles a set of constituents and their 

respective phases and amplitudes which may be used to predict tides for any desired 

time interval. 

The tidal prediction for the deployment duration was then subtracted from observed 

water level data collected at DFO site #65 during the ADCP deployment duration. 

Amplitudes and phases for the five primary constituents are presented in Tables B.1 

and B.2, respectively. Figure B.1 shows the 95% confidence intervals for all the 

constituents used in generating the predicted tide output. 
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Table B.l: T-Tide generated constituent amplitudes for the five most significant 

tidal constituents in the Saint John Harbour 

I Constituent II T-Tide Amp I 

M2 2.960 

N2 0.604 

S2 0.492 

Kl 0.144 

01 0.118 

Table B.2: T-Tide generated constituent phase values for the five most significant 

tidal constituents in the Saint John Harbour 

I Constituent II T-Tide Phase I 

M2 98.507° 

N2 69.922° 

S2 139.190° 

Kl 194.890° 

01 173.570° 
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Appendix C 

ADCP Data 

C.1 Main Channel Storm Surge Data 

Between November 18 and 22, 2011, a storm with prevailing winds from a south

westerly direction impacted the Saint John Harbour. The following plots describe 

this event in further detail. Despite the high energy storm, a net sediment flux of 

close to zero was calculated. This is likely due to the relatively high river level at 

the time of the event. 
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( dashed), wind magnitude and direction for November 18 - 22, 2011 
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Figure C.2: Tide residual during the November storm surge 
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Figure C.3: Surface plot of along and across channel current magnitude and SSC in 

the Main Channel for the November 18 - 22 , 2011 storm event 
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Figure C.4: Water level in the Saint John Harbour, volumetric flow and sediment 

flux for a tide cycle during the November storm event in the Main Channel 
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Between December 6 and 10, 2011 a storm with prevailing winds from a northwesterly 

direction impacted the Saint John Harbour. The following plots describe this event 

in further detail. This event was short lived, but resulted in the greatest tide residual 

( rv 1 m ) for the entire deployment duration. 
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Figure C.5: Plot of water levels at Indiantown (solid) and Saint John Harbour 

( dashed), wind magnitude and direction for December 6 - 10, 2011 
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Figure C.7: Surface plot of along and across channel current magnitude and SSC for 

the December 6 - 10, 2011 storm event in the Main Channel (note that data for the 

end of the observation was unavailable) 
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Figure C.8: Water level in the Saint John Harbour, volumetric flow and sediment 

flux for a tide cycle during the early December storm event in the Main Channel 

Between December 27 and 31, 2011 a storm with prevailing winds from a westerly 

direction impacted the Saint John Harbour. The following plots describe this event 

in further detail. 
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Figure C.9: Plot of water levels at Indiantown (solid) and Saint John Harbour 

( dashed), wind magnitude and direction for December 27 - 31, 2011 
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Figure C.10: Tide residual during the late December storm surge 
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Figure C.11: Surface plot of along and across channel current magnitude and SSC 

for the December 27 - 31 , 2011 storm event in the Main Channel 
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Figure C.12: Water level in the Saint John Harbour, volumetric flow and sediment 

flux over a tide cycle during the late December storm event in the Main Channel 
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Between January 26 and February 1, a series of weather disturbances affected the 

harbour. Although peak wind magnitudes during this period were less than 50 

km/h, the tidal residual was energetic and resulted in the second highest net sediment 

landward flux for the Main Channel storm surges (second only to the February event 

described in Chapter 3). 
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Figure C.13: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction for January 26, 2012 - February 1, 2012 
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Figure C.14: Tide residual during the J anuary storm surge 
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Figure C.15: Surface plot of along and across channel current magnitude and SSC 

for the January storm event in the Main Channel 
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Figure C.16: Water level in the Saint John Harbour, volumetric flow and sediment 

flux for a tide cycle during the January storm event in the Main Channel 

C.2 Courtenay Bay Channel Storm Surge Data 

Between September 14 and 18, 2011, a relatively minor weather disturbance affected 

the harbour. Although peak wind magnitudes during this period were less than 50 

km/h, the tidal residual was reasonably energetic. 
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Figure C.17: Plot of water levels at Indiantown (solid) and Saint John Harbour 

( dashed), wind magnitude and direction for September 14 - 18, 2011 
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Figure C.18: Tide residual during the September storm surge. 
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Figure C.19: Surface plot of along and across channel current magnitude and SSC 

at Courtenay Bay for the September 14 - 18, 2011 storm event 

Tide Level (m) 

Volumetric Flow (m 3/s) 4 

1 
X 10 

_:~~',, ,M,'~ ~:::: ~:":"~~I +-I +-I '1-1 +-I -+-t-+l-+1-tl-tl-il.....,.1-1 ..--t-::.t-±ai_..,,_.,L-+--..1-tr-i1...,lf--t._..,1 ""41 

-1 ~---------------------------~ 

Sediment Mass Flux (kg/s) 

] ~ O O O OM~~O ,"::: :: O ~~I +-I +-I ...... +-I -+-I +I +I +I +I .+I -+1-+i--+1~-~""'-1-llo-.lHlf-1_..I +-I -1-1 ... ~, .,-1.,~ 

16-Sep-08:00 16-Sep-20:30 
Time 

Figure C.20: Water level in the Saint John Harbour, volumetric flow and sediment 

flux for a tide cycle during the September storm event at Courtenay Bay 
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Between October 13 and October 17, 2011, a strong weather disturbance affected 

the harbour. Wind magnitudes were significant for this event with peak winds of 

nearly 60 km/h. 
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Figure C.21: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction for October 13 - 17, ~011 
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Figure C.22: Tide residual during the October storm surge 
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Figure C.23: Surface plot of along and across channel current magnitude and SSC 

for the October storm event at Courtenay Bay 
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Figure C.24: Water level in the Saint John Harbour, volumetric flow and sediment 

flux results for a tide cycle during the October storm event at Courtenay Bay 
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Between November 17 and 21, 2011 a storm with prevailing winds from a south

westerly direction impacted the Saint John Harbour. The following plots describe 

this event as observed at the Courtenay Bay Channel deployment location. Unfor

tunately, at the time of this event, the ADCP unit was not ideally placed and did 

not effectively measure the dominant flow regimes in the area. This was a result of 

sheltering effects by the nearby breakwater. 
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Figure C.25: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction for November 18 - 22, 2011 
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Figure C.26: Tide residual during the November storm surge 
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Figure C.27: Surface plot of along and across channel current magnitude and SSC 

for the November storm event at Courtenay Bay 
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Figure C.28: Water level in the Saint John Harbour, volumetric flow and sediment 

flux results for a tide cycle during the November storm event at Courtenay Bay 

Between December 6 and 8, 2011, a storm with prevailing winds from a westerly 

direction impacted the Saint John Harbour. The following plots describe this event 

in further detail. The event was short lived and again, due to the placing of the 

ADCP unit, the data is not representative of the dominant flow regimes in the area. 

113 



River and Tide Level (m) 
10.-----------,------------,--------.-------------, 
a~ 
6 r 4'-•,._ .. ~•,.,. #,•,.._ , ...... 
4 r ,... ~. 1· '• ,' '\ .. 

2 ~-,' ·'. • .,,,#'., ·~,.,1" \.,._,.,. 
o~-----~------~------~------------' 

Wind Magnitude (kmhl) 

Wind Direction (Degrees) 

~-:=~ 
180-South 

90-East 
0-North~-----~------~------~------------' 

06-Dec 07-Dec 08-Dec 09-Dec 10-Dec 
Time 

Figure C.29: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction for December 6 - 10, 2011 
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Figure C.30: Tide residual during the December storm surge 
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Figure C.31: Surface plot of along and across channel current magnitude and SSC 

for the December storm event at Courtenay Bay 
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Figure C.32: Water level in the Saint John Harbour, volumetric flow and sediment 

flux results for a tide cycle during the December storm event at Courtenay Bay 
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Between January 26 and February 1, 2012, a series of weather disturbances affected 

the harbour. Although peak wind magnitudes during this period were less than 50 

km/h, the tidal residual was very energetic and resulted in the second highest net 

sediment landward flux for the Courtenay Bay storm surges (second only to the late 

December event described in Chapter 3). 
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Figure C.33: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction between January 26, 2012 - February 1, 

2012 
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Figure C.34: Tide residual during the January storm surge 
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Figure C.35: Surface plot of along and across channel current magnitude and SSC 

for the January storm event at Courtenay Bay 

117 



Tide Level (m) 

Volumetric Flow (m 3/s) 

.:;~ r • • • ~~I~=, -·~~;:;::~-r==i-,-~T-I-F-Pl'.-t1-1-~r:r. ••• =:'.::.L!.l.,.,.,.,.,.,~ 

Sediment Mass Flux (kg/s) ]l • , , ,:'.' ::, ··:· ~-,·r•m , , , ,.--:,:!:L .. !.!.L.L-'-'-*'·'-j 

27-Jan-20:30 28-Jan-09:00 
Time 

Figure C.36: Water level in the Saint John Harbour, volumetric flow and sediment 

flux results for a complete tide cycle during the January storm event at Courtenay 

Bay 

Between May 7 and 12, 2012, a storm with prevailing winds from a southerly direction 

impacted the Saint John Harbour. The following plots describe this event in further 

detail. This event is of particular interest because it occurs during a high river level 

shortly after the spring freshet levels in March and April, 2012. 
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Figure C.37: Plot of water levels at Indiantown (solid) and Saint John Harbour 

(dashed), wind magnitude and direction between May 7 -12, 2012 
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Figure C.38: Tide residual during the May storm surge 
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Figure C.39: Surface plot of along and across channel current magnitude and SSC 

for the May storm event at Courtenay Bay 
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Figure C.40: Water level in the Saint John Harbour, volumetric flow and sediment 

flux results for a tide cycle during the May storm event at Courtenay Bay 
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