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Abstract

Gorgonian corals occur extensively at continental slope depths > 200 m off the south-

west Grand Banks of Newfoundland. Among these corals, Keratoisis grayi forms

gorgonian coral thickets on cobbles and boulders in otherwise muddy sand habitats.

These thickets are believed to form a critical benthic habitat, in particular for juve-

nile fish, and as such are an integral part of the ecosystem. These coral thickets are

impacted by bottom trawling activity which therefore could have far reaching con-

sequences for the larger ecosystem. This thesis reports on a study of how the ocean

bottom boundary layer is affected by the presence of coral thickets. This information

is important both to establish the characteristics of coral habitat but also to demon-

strate how the removal of corals modifies the boundary layer which would in turn

modify the benthic environment.

Bottom boundary layer currents in coral habitat in Haddock Channel were char-

acterized using two 2-MHz acoustic Doppler current profilers.The profilers were de-

ployed on the seafloor at a depth of 700 m, looking upward, for 85 hours, beginning

July 17th, 2007. The effective vertical profiling range was 4 meters, with 1 meter

depth resolution, sampling every 2.7 minutes. One instrument was placed in an area

where bamboo corals (Keratoisis grayi) extend approximately to 1 meter in height

and occur with a density on the order of 1 colony per square meter (Coral Site). The

second instrument was deployed 100 meters away in an area with visually similar
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sea floor characteristics, but from which the corals had been removed by a research

bottom trawl (Mud Site). Mean flow speeds at both the Mud and Coral Site are

on the order of 10 cm s−1, which is consistent with previous current data from the

general area. Observed currents showed some evidence of tidal forcing but other non-

linear processes clearly influence the current regime. Speed profiles were fitted to the

logarithmic law of the wall to obtain bottom roughness zo, and friction velocity u∗

estimates. Both the Mud and Coral Site appear to conform to the logarithmic law of

the wall for turbulent boundary layers.

Friction velocity (u∗) estimates at flow speeds less than 5 cm s−1, were consistently

higher at the Coral Site, relative to the Mud Site; Mud Site u∗ values were ∼ 30%

to 80% of Coral Site estimates, indicating increased turbulence due to the presence

of corals. However, friction velocity increased faster with flow speed at the Mud

Site, suggesting that at higher flow speeds coral induced bottom roughness is less

important to friction velocity. There was significant uncertainty in bed roughness

estimates, however bed roughness values at the Coral Site (mean zo = 0.51 ± 0.28

cm), were found to be generally higher at flow speeds below 5 cm s−1, compared to

the Mud Site (mean zo = 0.27 ± 0.40 cm), again possibly indicating that the coral

are affecting the hydrodynamic roughness at low speeds.

Backscatter intensity was also examined as an indication of suspended organic

material. It was impossible to make relative absolute comparisons between the two

sites but relative changes in backscatter intensity could be compared. Backscatter

levels from both sites increased as flow speeds increased, up to 7 cm s−1. Backscatter

increased faster with flow speed at the Mud Site, relative to the Coral Site, for speeds

between 2.5 and 7 cm s−1, which is broadly consistent with the suggestion of greater

increase in friction velocity values seen at the Mud Site.

Above 7 cm s−1, Coral Site backscatter intensity increased substantially, while the
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corresponding Mud Site backscatter intensity declined. The reason for this change in

trend is unclear, a possible explanation being a transition into a different flow regime

whereby increased flow speeds interact favourably with the rough topography created

by the corals. However, the large uncertainty estimates for backscatter levels at these

higher speeds were such that it was very difficult to draw firm conclusions.

We conclude that higher u∗ and zo estimates at low flow speeds at the Coral Site,

relative to the Mud Site, are consistent with the hypothesis that the enhancement of

turbulence due to the coral behaving as roughness elements is significant only at low

flow speeds, enabling coral polyps greater opportunities to extract organic material

from the water column due to resuspension of organic material from the sea floor.
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Chapter 1

Introduction

Deep-sea corals, also known as cold-water corals, are species whose habitat extends

between shallow depths of 200 m to deeper than 2000 m. They are found mostly

along continental slopes, seamounts, and mid-ocean ridges. Deep-sea coral species

are globally distributed with habitats from coastal Antarctica to the Arctic Circle.

Deep-sea coral species include representatives from both solitary and colonial scle-

ractinian corals (stony corals), skeletal and non-skeletal octocorals (gorgonian and

soft corals), and antipatharians (black corals) (Cairns , 2007). Unlike tropical corals,

where colonies can form extensive reefs, many species of deep-sea corals exist as soli-

tary individuals which require hard substrates such as bedrock, cobbles, or boulders

(Edinger et al., 2011). Groups of such individuals are referred as thickets or coral

forests (dense aggregates of gorgonian coral) (Roberts et al., 2009). Additionally, large

reef-like structures called carbonate mounds, which consist of a sediment filled frame-

work of carbonate material from dead corals, and live stony corals, such as Lophelia

pertusa, have been extensively studied in the Northeast Atlantic (Guihen et al., 2013;

White et al., 2007; White, 2007; Davies et al., 2009; Duineveld et al., 2007; ?).

Over the last decade, the role of deep-sea corals as important components of
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Chapter 1. Introduction 2

the deep-sea ecosystem has been well established (Mortensen and Buhl-Mortensen,

2004; Friewald and Roberts, 2005; Mortensen and Buhl-Mortensen, 2005a; Gilkinson

and Edinger , 2009). Deep-sea coral species provide physical substrate, feeding sites,

and shelter for many invertebrates and fish species, including both commercial and

non-commercial stocks, and contribute to increased biodiversity (Baillon et al., 2012;

Costello et al., 2005; Edinger et al., 2007;Henry and Roberts, 2007). At the same time,

there is clear evidence that deep-sea corals are highly susceptible to serious damage

from human marine activities such as trawling (Edinger et al., 2007; Hall-Spencer

et al., 2002; Mortensen and Buhl-Mortensen, 2005b; Gass and Willison, 2005). These

activities are ongoing, which has added impetus to the need to further understand

all aspects of coral ecology; habitat, distribution, nutrient uptake, and reproduction.

This understanding is crucial in order for governments to formulate conservation

policy, thereby safeguarding deep-sea corals and their habitat, and ensuring marine

biodiversity (Gilkinson and Edinger , 2009).

Until recently, data regarding the distribution and ecology of deep-sea coral species

in the Northwest Atlantic Ocean was limited (Wareham and Edinger , 2007). Within

the last decade however, research into deep-sea coral species in Atlantic Canadian

waters has increased substantially. Research efforts were initially focused on deep-

water corals in Nova Scotian waters; the Scotian Shelf, the Northeast Channel, and

the Sable Gully (Breeze et al., 1997; Mortensen and Buhl-Mortensen, 2004, 2005a,b).

Efforts to characterize and map the distribution of deep-sea corals in Newfoundland

and Labrador waters; the Grand Banks, Northeast Newfoundland Shelf, and the

Labrador shelf, have increased significantly over the past several years and are ongoing

(Baker et al., 2012; Wareham and Edinger , 2007; Edinger et al., 2007; Gilkinson and

Edinger , 2009; Edinger et al., 2011). At last count, more than 45 species of deep-sea

corals have been identified in Nova Scotian and Newfoundland and Labrador waters
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(Wareham, 2009).

Characterization of the physical habitat of deep-sea corals involves examining the

surficial geology of the seabed and the physical characteristics of the local water

column and regional water masses, such as temperature, density, salinity, dissolved

oxygen, as well as the local and regional current regimes. Many types of corals

require hard substrates, therefore surficial geological features play a key role in the

distribution of deep-sea corals (Edinger et al., 2011). Deep-sea corals are benthic

organisms, and as such, their interaction with currents in the bottom boundary layer

is also an important factor in understanding many aspects of their biological and

physical processes. Additionally, understanding the structure and flow of bottom

currents is necessary for predicting which areas may be suitable habitat for a given

coral species. The interaction of bottom currents with the characteristically rough

topography of coral reefs and thickets gives rise to a turbulent bottom boundary

layer (BBL). The dynamics and structure of this turbulent boundary layer play an

important role in food supply and uptake, exchange of dissolved and particulate

matter, larval dispersal and settlement, and sediment transport, as well as growth

and productivity for many benthic organisms including corals (Frechette et al., 1989;

Sebens et al., 2003; Mills and Sebens , 2004; Ribes and Atkinson, 2007; Davies et al.,

2009; Reidenbach et al., 2009).

Cold-water coral areas are distinct from coastal coral reefs in that there is no mix-

ing due to wave action and therefore the flow regime is markedly different. Previous

studies of coral habitat have relied on mean current measurements, tidal data, or

circulation model output to assist with evaluation of the local current regime (White

et al., 2005; Mortensen and Buhl-Mortensen, 2005b; Bryan and Metaxas , 2007; White

et al., 2007; White, 2007). This approach is sufficient when characterizing general

habitat conditions and coral distributions over large areas, but is of limited use for
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analysis of processes involving the turbulent bottom boundary layer directly (adja-

cent to coral). Laboratory studies involving flume tanks have been used to simulate

flow dynamics and model turbulence over coral reefs (Sebens et al., 2003; Ribes and

Atkinson, 2007; Reidenbach et al., 2007, 2009). However, relatively few studies have

involved in situ direct measurements of current flows within the bottom boundary

layer over the rough topography associated with coral reefs, carbonate mounds, or

coral thickets (Reidenbach et al., 2006a,b; Lavaleye et al., 2009; Guihen et al., 2013;

Khripounoff et al.). The biological and physical processes mentioned previously are

directly related to the shear and turbulent mixing in the bottom boundary layer flow-

ing over coral areas (Reidenbach, 2004). Direct measurements of the current flow are

therefore necessary in order to accurately characterize small scale turbulent effects.

(Grant and Madsen, 1979, 1982; Cacchione and Drake, 1982; Gross and Nowell , 1983;

Grant et al., 1984; Drake et al., 1992; Cheng et al., 1999; Reidenbach et al., 2006a).

It is important to note the distinction between boundary layer studies from tropical,

shallow water coral reefs (e.g. Reidenbach et al. (2006a, 2009)) and those from deep

cold-water coral habitats (e.g. White (2007); Lavaleye et al. (2009); Guihen et al.

(2013). While similar techniques can be used to evaluate the boundary layer dynam-

ics, the hydrodynamic regimes can be very different. Tropical coral reefs experience

strong oscillatory water motion from waves, more pronounced tidal signatures, and

generally do not have strong unidirectional currents (with some exceptions). Deep-sea

coral habitats on the other hand are more likely to experience strong unidirectional

flows from mean currents, but tidal signatures may also be present.
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1.1 Research Questions

The sea floor topography that arises due to the presence of coral reefs, thickets, and

carbonate mounds is characteristically rough. Rough surfaces influence shear stress,

drag, velocity structure, and turbulent mixing processes within the bottom boundary

layer (Cacchione and Drake, 1982; Drake et al., 1992; Cheng et al., 1999). Quantifying

the turbulent bottom boundary layer and frictional parameters is important in better

understanding the role played by the physical structure of coral in food capture and

related processes such as resuspension of sediment due to turbulent mixing.

In this thesis, the behaviour of gorgonian corals as surface roughness elements con-

tributing to turbulence was studied through a comparison of bottom boundary layer

currents over two adjacent coral habitat areas in Haddock Channel, southwest Grand

Banks. Both areas present the same surficial geological features; a flat, muddy bot-

tom with scattered cobbles, which is characterized as suitable coral habitat. Thickets

of the deep-sea coral species Keratoisis ornata (now synonymized with Keratoisis

grayi) are present in one area (Coral Site), but not the other (Mud Site), allowing for

a comparison of the effects of coral on the turbulent bottom boundary layer. Corals

are absent from the Mud Site due to one pass of a previous research bottom trawl.

In fact, trawling bycatch data was used to initially identify the site as favourable for

Keratoisis grayi, thereby strongly indicating that the two study sites are comparable

in all ways except for the presence (or absence) of corals. Acoustic Doppler current

profilers were deployed at both sites to study the flow structure and obtain velocity

profiles. Profiles were then fitted to the logarithmic “law of the wall” for turbulent

boundary layer flows to obtain values for the friction velocity (also called shear stress)

and bed roughness. The two primary research questions pursued in this analysis are:

1. Based on the values of the flow parameters, does the local bottom boundary
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layer at the Coral Site agree with the logarithmic “law of the wall” theory which is

used to describe turbulent boundary layers?

2. Does the presence of corals and their characteristic roughness affect the velocity

profile, friction velocity, and mixing properties in a turbulent bottom boundary layer

flow?

1.2 Overview of Work

The work presented in this thesis is part of a larger, ongoing research project to char-

acterize and understand the habitat, distribution, and ecology of deep-sea corals in

Atlantic Canadian waters. The project is an inter-disciplinary partnership between

biologists, geologists, physical oceanographers, and other marine scientists from Dal-

housie University, Memorial University, and Fisheries and Oceans Canada (DFO)

(Edinger et al., 2011; Edinger and Sherwood , 2012; Wareham and Edinger , 2007;

Gilkinson and Edinger , 2009; Sherwood et al., 2008; Sherwood and Edinger , 2009;

Cogswell et al., 2009). The field work described in this thesis was carried out during

a July 2007 cruise of the CCGS Hudson, which surveyed the upper continental slope

off northeast Nova Scotia and the southwest Grand Banks of Newfoundland. Deploy-

ment and recovery of instruments was facilitated by the use of the remotely operated

vehicle (ROV) Remote Operated Platform for Ocean Science (ROPOS) deployed from

CCGS Hudson. Acoustic Doppler Profilers, designed for deep-sea deployment, and

configured for maximum data acquisition over a short term deployment, were deployed

at two locations in Haddock Channel, southwest Grand Banks (SWGB). Velocity pro-

files were collected in a thicket of Keratoisis grayi and an adjacent area with similar

surficial geology but lacking corals, to determine how the characteristic roughness of

the coral thicket affects the flow structure, turbulent properties, and mixing within
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the bottom boundary layer.

This thesis is divided into the following chapters: Chapter 2 presents the rele-

vant theory for boundary layer flow over smooth and rough surfaces, and provides

a review of existing literature regarding both in situ and laboratory measurements

and analysis of friction velocity, bed roughness, turbulent mixing, and the application

and validation of turbulent boundary layer theory, to coral communities. Chapter 3

describes the experiment carried out in Haddock Channel, southwest Grand Banks;

the instrumentation, configuration, deployment, and site characteristics, as well as

data quality issues. Chapter 4 discusses the data processing methods and presents

the results of the experiments including the velocity profile analysis and fitting of data

to the logarithmic “law of the wall”. Chapter 5 presents the results of backscatter

intensity and suspended sediment analysis and the implications regarding turbulent

mixing events and the availability of suspended organic material to the coral. Chap-

ter 6 is a summary of results and conclusions and makes recommendations for further

study.



Chapter 2

Theory and Literature Review

This chapter reviews the theory and body of research concerning the hydrodynam-

ics and flow structure of turbulent boundary layers over rough topography, and the

interaction of benthic organisms, such as corals, with the BBL. The interaction of

currents and sea floor topography has been studied at scales ranging from regional

circulation over the continental shelf and slope to small scale turbulence over coral

reefs in shallow waters (Armi and Robert C. Millard , 1976; D’Asaro, 1982; White,

1994; Reidenbach et al., 2006a). Interest in benthic boundary layers is related to their

hydrodynamic characteristics: turbulent eddies and friction in the bottom boundary

layer are important for the dissipation and transfer of energy in the form of heat and

momentum from larger to smaller scales (Kundu and Cohen, 2004), and turbulent

mixing plays an important role in the exchange of particulate and organic matter

between the sea floor and water column. The topic of sediment transport and de-

position due to the interaction of boundary layer flows and sea bed topography is

important for understanding geological processes, pollutant transport, oceanographic

engineering applications, and biological and ecological processes such as primary pro-

ductivity on the continental shelf (Grant and Madsen, 1986). The marine sciences

8



Chapter 2. Theory and Literature Review 9

are also interested in the role played by near bottom currents in influencing nutrient

availability, growth, distribution of larvae, and habitat suitability for coral and other

sessile benthic organisms reliant on suspension feeding mechanisms (Frechette et al.,

1989; Sebens et al., 2003; Mills and Sebens , 2004; White et al., 2005, 2007; White,

2007; Reidenbach et al., 2009; Davies et al., 2009; Khripounoff et al.). Understanding

how the morphology of various coral species influences the bottom boundary layer is

also an important area of research. How coral behave as roughness elements affecting

the bottom boundary layer is studied on scales ranging from individual coral branches

of a few millimeters in diameter, to thickets of coral a meter or two in height, and

up to carbonate mounds and reefs, which can be tens of meters high, and hundreds

of meters or kilometers in length (Mortensen and Buhl-Mortensen, 2005b; Reiden-

bach et al., 2006a; White, 2007; Monismith, 2007; Lavaleye et al., 2009; Guihen et al.,

2013). At all of these scales, the interaction of the roughness elements and the bottom

boundary layer is critical to understanding the overall hydrodynamics.

2.1 Turbulent Boundary Layer Theory

The primary objective of this work is to characterize the flow regime in a deep-

sea coral habitat and determine if the velocity profile and other characteristics can

be understood using a turbulent bottom boundary layer (BBL) model over rough

topography. Specifically, the flow within a group of coral colonies can be scaled using

the logarithmic “law of the wall” which is also applied to an area without coral to

provide a comparison of the flow dynamics inside and outside the coral area. The

coral are treated as large scale roughness elements on the sea floor which interfaces

with the bottom boundary layer. This approach has been used in other studies of

turbulent flow over rough surfaces involving coral habitats (Reidenbach et al., 2006a;
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Lavaleye et al., 2009).

According to Kundu and Cohen (2004), the turbulent boundary layer can be

divided into two regions: an inner region comprised of a viscous sublayer closest to

the wall, and an outer region where the flow is inviscid. Between the two regions,

there is an overlap or inertial sublayer. It is in this layer where the logarithmic “law

of the wall” is applied. The different regions of the boundary layer are described in

the following sections.

2.1.1 Inner Region: Viscous Sublayer

In the case of a smooth wall, close to the surface, the velocity depends only on

parameters that are important near the surface, therefore the overall thickness of the

boundary layer δ, and the free stream velocity U∞, are not important considerations.

The flow is dominated by viscosity, and is referred to as the viscous sublayer (Figure

2.1). The velocity can be expressed as:

U = U(ρ, τo, ν, z) (2.1)

where ρ is the density of the fluid, τo is the shear stress at the wall, ν is the kinematic

viscosity, and z is the height above the boundary. In terms of a dimensional analysis

of the parameters involved, only τ and ρ involve units of mass, so to acquire the

dimensions for velocity it is necessary to combine these parameters. The ratio of

shear stress to fluid density gives

u∗ ≡

√

τo
ρ

(2.2)

which has the dimensions of velocity and is called the friction velocity, also referred

as the shear velocity. The friction velocity is the primary velocity scale for turbulent
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boundary layer flows (Kundu and Cohen, 2004). Because it has units of velocity, u∗

allows for the comparison of shear or drag due to the surface with the actual flow

velocities in the boundary layer flow.

The velocity distribution can be expressed as a function of the viscosity, the friction

velocity, and the height above the surface:

U

u∗

= f(
zu∗

ν
) = f(z+) (2.3)

where z+ ≡ zu∗/ν, is the distance from the surface or boundary normalized by the

viscous scale ν/u∗. Equation 2.3 is called the “law of the wall” for the viscous sublayer.

The stress in the viscous sublayer is uniform and equal to the wall shear stress τo. The

velocity distribution is uniform and linear over the sublayer. Experimental evidence

shows that the linear velocity distribution holds for distances up to zν/u∗ ∼ 5 (Figure

2.1), which is taken as the limit of the viscous sublayer (Kundu and Cohen, 2004).
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Figure 2.1: The Law of the Wall and the various regions of the boundary layer, after

Kundu and Cohen, 2004.

2.1.2 Outer Region: Velocity Defect Law

The outer region of the flow is generally independent of viscosity, and turbulent effects

are the dominant factor. Far from the boundary, the velocity distribution approaches

the free stream velocity U∞. However, drag on the flow due to Reynolds stresses

generates a velocity defect (U∞−U), which is proportional to the friction velocity u∗.

The velocity distribution in this region is dependent on the thickness of the boundary

layer δ, and the distance from the surface:
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U∞ − U

u∗

= f(
z

δ
) (2.4)

Equation 2.4 is referred to as the velocity defect law.

2.1.3 Overlap Layer: Logarithmic Law of the Wall

The velocity distributions in the inner and outer regions are dominated by different

scaling factors; the boundary layer thickness δ, in the case of the outer region, and the

viscous scale ν/u∗, in the inner region. However, there is a region of overlap between

the two layers where the solutions to Equations 2.3 and 2.4 must be matched.

The velocity distribution for this layer takes the following form as shown in Kundu

and Cohen (2004):

U(z) =
u∗

κ
ln(

zu∗

ν
) +K (2.5)

where κ is a dimensionless constant called von Kármán constant used to describe the

logarithmic velocity profile of a turbulent flow near a boundary (κ = 0.41), and K is

a constant of integration. For a smooth flat surface, experiments show that K = 5.

Equation 2.5 is valid for 30 < z+ < 300 (Figure 2.1) i.e. for large z+ and small z
δ
,

and is called the logarithmic law of the wall. The velocity at any point in this layer is

proportional to the logarithm of the distance of that point from the boundary. This

area is referred to as the overlap or logarithmic layer, and alternatively, as the inertial

sublayer, owing to the fact that turbulent effects dominate (Kundu and Cohen, 2004).

2.1.4 Buffer Layer

Between the viscous sublayer and the overlap (logarithmic) layer there is a region

referred to as the buffer layer from 5 < z+ < 30 (Figure 2.1). In the buffer layer the
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velocity distribution is neither linear nor logarithmic. Neither the viscous stress nor

Reynolds stress are negligible here.

2.1.5 Hydrodynamically Rough Surfaces

The flow in the inner region is assumed to be viscous, resulting from a hydrodynami-

cally smooth surface in which the average height of roughness elements is smaller than

the height of the viscous sublayer. However, when the average height of the rough-

ness elements becomes larger than the thickness of the viscous sublayer, the surface

can be characterized as hydrodynamically rough, and viscosity no longer becomes an

important scaling parameter. Wakes form behind each roughness element and the

resulting drag transmits stress to the surface (Kundu and Cohen, 2004). As in the

previous case, the flow is still logarithmic in nature, but the velocity distribution is

no longer viscosity dependent.

A general form of the logarithmic law of the wall, given in (Kundu and Cohen,

2004), is

U(z) =
u∗

κ
ln(z) +K. (2.6)

The constant of integration can be adjusted to yield Equation 2.5 for the case of a

smooth surface.

In the case of a rough surface, the constant of integration is determined by noting

that the mean velocity U(z) is expected to go to zero within the roughness elements,

z0 is therefore defined as the characteristic height of the roughness elements and the

distance from the surface at which the velocity goes to zero (Figure 2.2).

Setting U = 0 at z = zo in Equation 2.6 and rearranging to solve for the constant

of integration gives
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K = −
u∗

κ
ln(zo). (2.7)

Equation 2.6 can then be rewritten as

U(z) =
u∗

κ
ln(z)−

u∗

κ
ln(zo) (2.8)

or

U(z) =
u∗

κ
ln(

z

zo
) (2.9)

Equation 2.9 is the logarithmic law for a turbulent boundary layer over a rough

surface. The characteristic roughness height zo which depends on the effective size of

roughness, and the friction velocity u∗ which, as noted, identifies the magnitude or

intensity of the turbulent velocities, are the only important scaling parameters, and

the velocity distribution becomes independent of viscosity.

Figure 2.2: Logarithmic velocity distribution over a rough surface with wakes and

eddies formed behind each roughness element. The mean velocity goes to zero at

z = z0. After Kundu and Cohen, 2004.
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2.2 Logarithmic Boundary Layer

Using the bottom boundary layer theory presented it is possible to interpret velocity

profiles for flows over rough surfaces using in-situ field measurements and Equation

2.9. Estimates of friction velocity and bed roughness can then be obtained. If the

horizontal velocity U(z), is plotted as a function of height above the bottom ln(z),

then the slope of the line will be u∗

κ
and the intercept on the z-axis will be ln(z0).

This method for estimating friction velocity and bed roughness is alternately referred

to as the log-profile technique, logarithmic law technique, the von Karman-Prandtl

logarithmic expression, or simply the law of the wall technique (Cacchione and Drake,

1982; Gross and Nowell , 1983; Grant et al., 1984; Frechette et al., 1989; Reidenbach

et al., 2006a; Guihen et al., 2013). Both Gross and Nowell (1983) and Frechette

et al. (1989) note that this approach assumes equilibrium flow conditions where the

boundary layer is self-similar. Gross and Nowell (1983) also note that in this steady

state approach, it is assumed that the “adjustment of turbulent shear stress to changes

in the mean velocity profile will be fast enough that the mean and turbulent quantities

will always scale together through the friction velocity.”

Experiments involving the application of the log-profile technique to oscillatory

flows such as tidal boundary layers have been carried out to determine over what

time scales the flow could be described as steady state for the purposes of obtaining

logarithmic velocity profiles through various averaging periods (Gross and Nowell ,

1983). In flow regimes involving wind forcing, wave-current interactions, internal

waves or other oscillatory states with large spatial or temporal gradients, the velocity

profile cannot be assumed to be constant and more complex wave-boundary layer

coupled models are used (Grant and Madsen, 1979, 1986; Drake et al., 1992). In the

experiments described in this thesis the current flow regime is considered steady over
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the data averaging period and can be described using the logarithmic law technique.

2.2.1 Boundary Layer and Benthic Interaction

The interaction of turbulent bottom boundary layer currents with the rough topog-

raphy of the sea bed plays an important role in the biological and physical processes

of many benthic organisms including coral colonies, thickets, reefs, and carbonate

mounds (Davies et al., 2009; Duineveld et al., 2007; Khripounoff et al.). When the

uptake of particulate matter by suspension feeders is very high, it is possible for

a particle-depleted layer to form within the momentum boundary layer adjacent to

the benthos (Ribes and Atkinson, 2007). Both downward fluxing and resuspended

sediments and organic material have been shown to be a food source for coral, there-

fore resupply of organic material may be dependent on both vertical diffusion due

to turbulent mixing, and increased horizontal transport due to higher current speeds

(Frechette et al., 1989; Mills and Sebens , 2004; Wheeler et al., 2008). Bottom rough-

ness is an important factor governing turbulent eddy diffusion in the bottom boundary

layer. Increased bottom roughness (and increased u∗) will therefore increase turbu-

lent mixing and thus contribute to the transport and resuspension of food to corals

(Frechette et al., 1989; Davies et al., 2009). The bottom topography associated with

coral reefs and carbonate mounds have been shown to enhance turbulent mixing, drag,

and friction velocity, over both the reef scale and the local colony level, allowing coral

and other reef organisms to more effectively exchange dissolved and particulate mat-

ter with the water column (Reidenbach et al., 2006a; Wheeler et al., 2008). Because

friction velocity is directly proportional to the mean current speed (Equation 2.9),

increased current speeds can also lead to in an increase in drag over a coral area and

result in further turbulent mixing and resuspension of suspended organic material
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(Reidenbach et al., 2006a).

2.2.2 Corals in Atlantic Canada

Deep-sea corals in Atlantic Canada have received increased attention due to an in-

creased appreciation of their contribution to the biodiversity of marine ecosystems,

and the need for conservation measures to protect against ongoing damage from fish-

eries and other human activities. As of 2013, over 60 deep-sea coral species have

been identified in Atlantic Canadian waters (Cogswell et al., 2009; Wareham, 2009).

Most coral species have been located at depths > 200 m, mainly along the conti-

nental shelf edge and continental slope (Wareham and Edinger , 2007). Study has

focused on submarine canyons and deep channels such as The Gully, the Northeast

Channel, and the Stone Fence in the Maritimes region (see Figure 2.3), where mul-

tiple coral species have been located (Mortensen and Buhl-Mortensen, 2005a, 2004;

Gass and Willison, 2005). Such areas are considered good coral habitat, in part,

because they are associated with strong currents which remove or prevent sediment

build up, thereby exposing harder substrates (Wareham and Edinger , 2007; Edinger

et al., 2011). The strong currents also transport fine particulate organic matter which

is important for suspension feeding coral (Wareham and Edinger , 2007). Mortensen

and Buhl-Mortensen (2005b) noted “that the pattern and velocity of currents are

important factors in determining the abundance and shape of certain types of deep-

sea corals, particularly gorgonians.” Current measurements recorded in the Northeast

Channel, which crosses the Scotian Shelf between Browns Bank and Georges Bank (a

rich fishing ground), are on the order of 40-60 cm s−1 with mean maximum velocities

near 1 m s−1 , which is largely due to strong semidiurnal tidal currents (Mortensen

and Buhl-Mortensen, 2005b; Metaxas and Davis , 2005). Generally, the coral habi-
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tat protected to date in the Maritimes is characterized by strong currents and hard

substrates.

The creation of Atlantic Canada’s first Marine Protected Area (MPA), The Gully

MPA, located off the coast of Nova Scotia near Sable island (see Figure 2.3), under

the federal Oceans Act, originally intended to protect Northern Bottlenose Whales,

also benefits the numerous deep-sea coral species found in the Gully which contribute

to the region’s biodiversity. Further research and the discovery of other coral hotspots

has lead to fisheries closures in two additional areas in the Maritimes Region (The

Northeast Channel, and the Stone Fence) specifically as coral conservation zones

(Breeze and Fenton, 2007).

The distribution of coral species off the coast of Newfoundland and Labrador

were mapped by Wareham and Edinger (2007) and Edinger et al. (2007) based on

coral samples and fisheries bycatch records obtained between 2000-2007. Data were

compiled from Department of Fisheries and Oceans multi-year fisheries and scientific

survey reports listing coral bycatch, and more recently through the use of in situ

video footage obtained using the ROPOS ROV (Edinger et al., 2007; Baker et al.,

2012). Forty-five coral species have been documented and mapped in Newfound-

land and Labrador and adjacent Arctic waters (Wareham, 2009). The distribution

of large gorgonian coral species, a subset of the Order Alcyonacea off the coast of

Newfoundland and Labrador is shown in Figure 2.3.

Unlike the Maritimes region, there are currently no permanent measures in place

to protect deep-sea coral habitat in Newfoundland and Labrador waters (i.e. no exist-

ing Marine Protected Areas or Fishery Closures). There are now however numerous

coral closure zones in place outside of Canada’s Exclusive Economic Zone (EEZ) in

which bottom trawling and any other commercial fishing activity involving the sea

bed are prohibited. These zones have been established by the North Atlantic Fish-
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eries Organization (NAFO). Within Newfoundland and Labrador waters there is a

fishing industry led coral protection zone in the Northern Labrador Sea. Also in New-

foundland waters is the CAD-NAFO Coral Protection Zone, a mandatory temporary

closure, jointly agreed upon by the Canadian government and NAFO, originally im-

plemented in 2007, which was due to expire at the end of 2012 but has now been

renewed until December 31, 2014. The zone is located on the slope of the Grand

Bank in NAFO regulatory division 3O between 800-2000 m, encompassing an area of

14,040 km2, see Figure 2.3.

In Newfoundland and Labrador waters, deep-sea corals are located with great-

est density at the mouths of shelf-crossing troughs on the Grand Banks, Northeast

Newfoundland Shelf, and Labrador Shelf (Edinger et al., 2011). The most common

large gorgonian species in Newfoundland and Labrador waters are Keratoisis ornata

(now synomized with Keratoisis grayi, and Paramuricea spp. (a mix of Paramuricea

placomus and Paramuricea grandis). Unlike Primnoa and Paragorgia, the dominant

large gorgonian species in key coral areas of the Maritimes, Keratoisis (also found in

high-current settings elsewhere) is thought to better tolerate the low-current regimes

which characterize several coral hot spots in Newfoundland waters (Edinger et al.,

2011), its range also extends deeper than either Primnoa or Paragorgia.
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Figure 2.3: Distribution of deep-sea corals from the Order Alcyonacea (large gorgoni-

ans) off the coast of Newfoundland and Labrador. Data was compiled from multiple

fisheries surveys between 2000-2007. Map prepared by V.E. Wareham, May 2010,

based on maps in Wareham (2009), used with permission.



Chapter 3

Experimental Site Characteristics

and Instrumentation

This chapter describes instrument deployments carried out in Haddock Channel, on

the slope of the southwest Grand Banks (SWGB), approximately 250 km south of

Newfoundland in mid July, 2007. Two Doppler profilers were deployed on the sea

bed via the ROPOS (Remotely Operated Platform for Ocean Science) ROV operated

from the Canadian Coast Guard vessel Hudson, during a two week research cruise

(2007 ROPOS Discovery Cruise, hereinafter ROPOS 2007). The instruments were

deployed to characterize the turbulent benthic boundary layer (BBL) in a coral thicket

as part of a larger, ongoing study of the ecology of deep-sea corals off the coast of

Newfoundland and Labrador (Gilkinson and Edinger , 2009).

Section 3.1 gives a basic overview of Haddock Channel, southwest Grand Banks,

with respect to deep-sea corals. Section 3.2 discusses St. Pierre Bank, which was used

as a predictor of general flow conditions prior to deployment. Section 3.3 explains the

Doppler Effect and the instrumentation specifications used during the experiments.

Section 3.4 discusses instrument mounting on specially designed settlement plates,

22
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instrumentation configurations, and deployment procedures. Section 3.5 provides de-

tails on the specific site characteristics. Finally, Section 3.6 addresses troubleshooting

issues that were encountered during the deployment as well as recommendations for

future deployments.

3.1 Haddock Channel, Southwest Grand Banks

Haddock Channel, located on the slope of the southwest Grand Banks, was chosen

for the deployment of Doppler Profilers during the ROPOS 2007 cruise due to the

presence of large gorgonian corals, which were known to exist in the area based on

previous coral distribution studies (Edinger et al., 2007). Specifically, clusters of

Keratoisis grayi colonies, known as thickets, were present in the channel. Gorgonians

such as Keratoisis, are characterized by rigid to semi-flexible skeletons which are com-

posed of calcium carbonate branches with joints made up of a protein called gorgonin.

Keratoisis ornata (order Alcyonacea, family Isididae), commonly referred to as bam-

boo coral, are colonial octocoral which attach themselves to hard substrates such as

bedrock, cobbles or boulders. They can range in height from tens of centimeters to

1.5 m. Keratoisis are suspension feeders; each coral polyp contains eight tentacles

that are used to capture prey such as plankton or particulate matter suspended in

the water column, which is carried into range by the local currents, turbulent eddies,

or falls down from the above water column.

The location of Keratoisis thickets in Haddock Channel, southwest Grand Banks

(NAFO Div. 3Ps), that were explored during the ROPOS 2007 cruise are shown

in Figure 3.1. They are located just outside the CAD-NAFO Coral Protection Zone

(NAFO Div. 3O) and are therefore still susceptible to damage from commercial fishing

activity (Gilkinson and Edinger , 2009).
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Figure 3.1: Preliminary results of unique deep-sea coral habitats on the southwest

Grand Banks from NL ROPOS Discovery Cruise (2007). Locations of undisturbed

thickets of Keratoisis ornata Haddock Channel,outside the CAD-NAFO Coral Pro-

tection Zone. The green square represents the deployment area for the two Doppler

profilers used in the field measurements discussed in this thesis. The red square rep-

resents the location of a previous DFO current meter deployment to St. Pierre Bank.

Map prepared by V.E. Wareham, May 2010, based on maps in Wareham (2009), used
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3.2 St. Pierre Bank Currents

As part of the cruise planning stage, current measurements from the nearest available

station - St. Pierre Bank, were obtained from the Science Branch of DFO in order

to get preliminary estimates of the local current regime in the Haddock Channel

area. St. Pierre Bank, 44.83 N, 55.83 W, is approximately 100 km west of Haddock

Channel, the location of the St. Pierre Bank current meter is denoted by a red square

in Figure 3.1. A current record from an Aanderaa current meter, deployed from

April 29th to November 19th, 2000, at a depth of 683 m is shown in Figure 3.2.

The mean speed at this location was 3.6 cm s−1, with a maximum speed of 18 cm

s−1. Because of the design of the Aanderaa RCM-8 current meter, the instrument

is unable to register speeds below a minimum starting speed which accounts for the

visible data cutoff at 1.1 cm s−1 in the speed plot. The dominant current direction

was southwest, with a tidal component in the southwest/eastward directions. The

temperature record indicates suitable conditions for cold water coral. We anticipated

that these observations were representative of velocities we expected to see at the

Haddock Channel location.
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Figure 3.2: Time series of (a) temperature, (b) speed, and (c) current direction

(heading) on St. Pierre Bank during the period 29 April - 19 November, 2000. Data

from an Aanderaa current meter, deployed at a depth of 683 m, maximum depth at

station is 703 m.
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3.3 ROV and Instrumentation

3.3.1 ROPOS Remotely Operated Vehicle

The deployment of instruments and visual survey of the Haddock Channel coral

thickets was carried out using the ROPOS (Remotely Operated Platform for Ocean

Sciences) ROV, shown in Figure 3.3, which is owned and operated by the Canadian

Scientific Submersible Facility of Victoria (North Saanich), BC. The ROPOS ROV

is a 40 HP science/work class ROV, it is a tethered vehicle which is controlled and

powered from a mobile operating station onboard CCGS Hudson. ROPOS can be

configured for maximum dive depths of 1000, 3000 and 5000 m depending on the

mission requirements. The ROV is equipped with an array of video and still cameras

as well as two hydraulically powered, robotic manipulator arms which can perform

various tasks such as sample collection and instrument placement. In the mid-depth

dive configuration the ROV weighs 2400 kg.



Chapter 3. Experimental Site Characteristics and Instrumentation 28

Figure 3.3: The ROPOS ROV deployed from CCGS Hudson, July 17, 2007. Doppler

Profilers are attached to ROPOS for deployment to the sea floor.
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3.3.2 Doppler Current Profilers

Doppler current profilers were used during this experiment. Acoustic transducers

transmit short pulses of sound (pings) at a constant frequency into the water. As

these pulses radiate through the water column they encounter sound scatterers such

as particles of sediment, organic material, or plankton, which are suspended in and

assumed to move at the same speed at the water. These scatterers reflect a portion of

the outgoing pulse back to the transducer. The portion of the pulse which is reflected

to the transducer is Doppler shifted in frequency due to the relative motion between

the scatterer and the instrument. The Doppler shifted frequency fd, according to

Medwin and Clay (1998) is given as

fd = 2ft
v

c
(3.1)

where ft is the frequency of the transmitted pulse at the transducer, v is the relative

velocity between the sound source and receiver, and c is the speed of sound in water.

The frequency shift of the backscatter is then used to calculate the relative velocity

of the scatterers and therefore the velocity of the current. The factor of two in the

equation arises because the scatterer behaves as both a receiver and a transmitter

of the sound pulses which are, in a sense, Doppler shifted twice. Doppler profilers

typically use three or four transducers which necessarily point in different directions.

Each transducer beam measures a different component of the water velocity parallel

to the major axis of the acoustic beam. Data from multiple beams are therefore

required to reconstruct the velocity of the current. Since echoes or backscatter from

scatterers at different distances in the water column arrive back at the transducer at

different times, the instrument can sort data into depth cells (bins), a method known

as range gating, and therefore create velocity profiles over a range of different depths.
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The choice of transducer frequency is an important consideration in choosing

the correct Doppler profiler for use in a given experiment. While higher frequen-

cies provide higher spatial resolution because of higher bandwidth, sound attenuation

increases with frequency thereby decreasing the profiling range. Lower operating fre-

quencies increase the profiling range of the instrument since lower frequency sound

travels further and suffers less attenuation. Critically, the choice of transducer fre-

quency is a compromise between spatial resolution and profiling range. Depending

on the application, one may desire to profile a large portion of the water column (i.e.

hundreds of meters), with relatively low spatial resolution, 2 to 4 meter bins using

frequencies of several hundred kHz, or a small section of the water column, on the or-

der of tens of meters or less, with smaller depth cells of 1 meter to tens of centimeters,

with frequencies in the higher kHz or MHz range.

Another important consideration is the nature and quantity of backscatterers

present in the water column. More backscatterers provide increased signal intensity as

more of the outgoing signal is reflected back, and these associated higher signal levels

enable greater profiling ranges. Conversely, insufficient backscatter concentrations

results in lower signal intensity which leads to reduced profiling range.

3.3.3 Nortek Aquadopp Profiler

The Nortek 2 MHz Aquadopp Doppler profilers used in the Haddock Channel ex-

periment are high resolution instruments designed for stationary deployments on the

sea floor, for use on moorings or other fixed structures, or attached to buoys. They

were chosen specifically for their ability to operate in deep sea environments; the

operational maximum depth rating is 2000 m. The instrument uses three acoustic

transducers with beams slanted at 45◦ to vertical, sending pings at a frequency of
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2 MHz. Sample bin size was set at 1 m, with a blanking distance of 0.20 m. The

blanking distance is the minimum distance away from the instrument for which mea-

surements can be obtained due to the requirement of the transducer to completely

relax after transmitting an outgoing pulse before listening for incoming backscatter

signals. The accuracy stated by Nortek is 1% of the measured value or ± 0.5 cm

s−1. The maximum profile range for these profilers is 4 to 8 meters depending on the

turbidity of the water being sampled, with acoustically turbid water offering better

range than clear water due to availability of acoustic scatterers. Profilers can be con-

figured to output velocity in Beam, XYZ, or East North Up (ENU) coordinate axis,

conversion between coordinate systems is discussed in Chapter 4. The profilers are

equipped with standard sensors including an embedded thermistor for temperature,

an internal compass, tilt sensor, and pressure sensor.

3.4 Experiment

3.4.1 Settlement Plates and Instrument Mounting

The two Nortek Aquadopp 2-MHz Doppler profilers (AQD1 and AQD2) were deployed

on July 17, 2007, via the ROPOS ROV and recovered on July, 21, 2007. Both profilers

were configured for high duty cycles meaning a higher sampling rate which resulted

in increased power consumption and shorter battery life. Each profiler was coupled

to the side of a stainless steel box, referred to as a settlement plate (Figures 3.4

and 3.5). The settlement plate with attached Doppler profiler is 121 cm long, 45

cm wide, and 30 cm in height. The settlement array (grid of twelve steel plates)

was originally intended to serve as platform for an extended biological study of coral

polyp grown on various substrate types which were to be attached to the plates. Due
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to the short nature of the profiler deployment, the biological experiment was carried

out on several stand-alone settlement arrays which were placed in the same coral

thicket (Baker et al., 2009). The basic experiment configuration, shown in Figure

3.6, involved placing a Doppler profiler within a coral thicket to measure any possible

effects on the bottom boundary layer due to the presence of coral, which might impede

or create drag on the flow.

Figure 3.4: Settlement plate with Nortek Aquadopp 2 MHz Doppler profiler at the

Ocean Sciences Centre, Logy Bay, Newfoundland, during initial fitting of the profilers

and settlement plates. The settlement plate with attached Doppler profiler is 121 cm

long, 45 cm wide, and 30 cm in height. The settlement plate was originally designed

for remote recovery by acoustic release, which would protect the settlement substrates

inside the large stainless steel box.
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Figure 3.5: Front view of the Nortek Aquadopp profiler mounted on the side of the

settlement plate box. The Aquadopp’s transducer head is 26 cm above the bottom

of the box.
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Figure 3.6: Basic deployment concept: the upward looking Doppler profiler, labeled

ADCP, is mounted on a settlement plate which is positioned on the sea floor inside a

coral thicket. The instrument’s transducer beams then record velocity profiles within

the bottom boundary layer and any potential influence on the flow regime due to the

presence of the coral structures.
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3.4.2 Instrument Configuration

The instrument’s sampling rate was one velocity profile every 5 seconds (later post

deployment averaging reduced this to one profile every 2.7 minutes). The bin size

was programmed for 1 m, with 8 bins in total, and a blanking distance of 20 cm.

Velocity measurement were recorded in Beam coordinates; the instrument measures

velocity components parallel to the direction of the transducer beams. Velocity mea-

surements were transformed post-deployment into East North Up (ENU) coordinates

using MatLab code provided by Nortek USA.

3.4.3 Deployment Procedure

The choice of Haddock Channel as the deployment location was based upon high

bycatch ofKeratoisis ornata in several DFO survey trawls, specifically the deployment

target was chosen midway along the path of a 0.8 mile trawl that recovered K. ornata.

The two deployment sites, denoted by the green square in Figure 3.1, within Haddock

Channel were then selected based upon visual assessment using real time video feed

from the ROPOS ROV. Aquadopp profilers were carried down to the sea floor via

ROPOS on July 17, 2007. The area of sea bed where the ROV reached the bottom was

characterized as suitable coral habitat, but devoid of corals, the first Doppler profiler

(AQD1) was positioned here. A coral thicket comprised of multiple, large Keratoisis

individuals, was discovered approximately 100 m from the location of AQD1 during

the same transect. The second Doppler profiler (AQD2) was positioned amongst the

corals, to study the effects of coral on the bottom boundary layer. Both sites are

located at a depth of approximately 700 m. The coordinates, deployment duration,

and depths for both sites are listed in Table 3.1. AQD1 was deployed at the site lacking

corals, which was used as a control or reference site, and subsequently referred to as
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the Mud Site. AQD2 was deployed in the coral thicket, referred to as the Coral Site,

with the front of both settlement plates facing due North. The Doppler profilers were

approximately 26 cm off the sea bed. Total deployment time for each instrument was

∼85 hours.

Site Name Lat. Long. Deployment

Date

Recovery

Date

Depth (m)

Site 1: Mud Area N 44 49.8023 W 54 29.0484 17/07/2007

17:10 UTC

21/07/2007

17:24 UTC

707

Site 2: Coral Thicket N 44 49.7639 W 54 29.1070 17/07/2007

21:10 UTC

21/07/2007

17:30 UTC

696

Table 3.1: Location and Depth of Doppler Profiler Deployments in Haddock Channel,

July 2007.

3.5 Site Characteristics

The location of Aquadopp profiler AQD1, referred to as Mud Site, shown in Figure

3.7, is at a depth of 707 m. The site is typical of the topography of Haddock Channel;

the sea bed is flat, with no large surface features. The substrate consists of dense

mud, silt, and cobbles. The area is devoid of coral, and as such was chosen as a

suitable control or reference site to characterize the local bottom boundary layer, free

from the potential effects of coral thickets.
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Figure 3.7: The Mud Site, with settlement plate and attached Doppler profiler. This

location is typical of the benthic environment in Haddock Channel.

The Coral Site, located at a depth of 696 m, consists of a thicket ofKeratoisis grayi,

with individual colonies ranging in height from tens of centimeters to approximately

1.5 meters (visual inspection from ROV video). Figure 3.8 is a still frame from video

of the thicket taken by ROPOS during instrument deployment. The sea floor in this

area consists of the same muddy substrate with scattered cobbles that is found at the

Mud Site.

Analysis of the ROPOS video log from the profiler deployment dive was used to

identify approximate locations of coral along the transect from the Mud Site to the

Coral Site. Each time a coral was seen in the video the time index corresponding

to when the ROV passed closest to it (usually within a couple of meters or less)

was recorded. The set of recorded times was then matched with the coordinate log

from the ROPOS ROV’s Ultra-short baseline (USBL) acoustic positioning system, to

obtain the corresponding latitude and longitude of the coral colonies. The locations

of individual Keratoisis within the thicket, and those coral encountered during the
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ROV transect from the Mud Site to the Coral Site are shown in Figure 3.9. The two

sites are approximately 100 meters apart.

The relative location of Keratoisis grayi colonies directly adjacent to the Doppler

profiler in the coral thicket as estimated using the ROPOS video log, are shown

in Figure 3.10. The position of large coral relative to the placement of the Doppler

profiler is important when examining any directional biases present in the flow regime.

Figure 3.8: Keratoisis ornata thicket in Haddock Channel at a depth of 696 m. The

settlement plate and attached Doppler profiler are pointed due north.
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Figure 3.9: Approximate location of coral colonies (red dots) in the Doppler profiler

deployment area of Haddock Channel based on visual analysis of the ROPOS video

log. The blue square represents the location of the Mud Site, the yellow square is the

location of the Coral Site within the Keratoisis thicket. The cyan line is the ROPOS

ROV transect. The sites are approximately 100 m apart.
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Figure 3.10: Approximate locations of coral colonies relative to the settlement plate

and attached Doppler profiler at the Coral Site based on ROPOS video log. 1 m

horizontal scale indicates distance from settlement plate. Height estimates for large

coral 0.5 - 1 m and above, medium coral 0.25 - 0.5 m, small coral 0.1 - 0.25 m.
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3.6 Temperature and Duty Cycle Considerations

The Nortek Aquadopp profilers used in the deployment were new and untested in

this type of environment: deep water, low temperature (mean bottom temperature

of 4.5◦C during deployment). Analysis of the onboard battery voltage record (Figure

3.11) showed a voltage drop from 8.5 V at the time of deployment to 8.1 V approxi-

mately 40 minutes later. The battery then showed some voltage recovery, as expected

for lithium batteries, but approximately 78 hours after the initial battery drop the

voltage began to cycle between 8 and 8.3 volts which was insufficient to maintain

the original 5 second sampling rate, thus changing the period between acquisition of

velocity profiles.

Based on personal communication with the manufacturers it was determined that

the low voltage is due to the combination of high duty cycle (short period between

profiles) and low temperatures (≤ 10◦C). Essentially, the low temperature environ-

ment, combined with a configuration for short term deployment and maximum data

acquisition, resulted in insufficient time for the cell chemistry to recover and avoid

the excessive voltage drop. For future deployments using these Nortek instruments

it is recommended that the sampling rate be decreased to mitigate the effects of the

low temperatures (∼ 4◦C) on the battery voltage.

Data obtained after ∼ 78 hours into the deployment was considered unreliable

because time intervals between profiles were not consistent after this time. The low

operating voltages were also seen to introduce velocity offsets in data of AQD1 (Mud

Site). Details of how data were recovered are provided in Section 4.1.1.
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Figure 3.11: Top: Battery voltage for AQD2 during deployment, note the voltage

oscillation. The two blue lines represent the deployment period. Bottom: Time

difference between profile intervals.



Chapter 4

Analysis of Doppler Profiler Data

This chapter describes the processing and analysis of data from Aquadopp Doppler

Profilers deployed at two locations in Haddock Channel in July 2007. The main focus

of the chapter is the fitting of velocity profiles from both experiment sites to the

logarithmic law of the wall, and subsequently obtaining values for friction velocity and

bottom roughness as these are important parameters for characterizing the bottom

boundary layer.

Section 4.1 discusses the raw acoustic backscatter and velocity in beam coordinates

as well as detailing the cropping of data due to battery voltage issues discussed in

Section 3.6. Section 4.2 presents an analysis of power spectra. This analysis provides

insight into appropriate cutoff frequencies for subsampling of the data and attempts

to determine if the power spectra exhibit a characteristic −5/3 slope, thereby link-

ing energy transfer in the inertial subrange in spectral space with the logarithmic

layer in physical space. Section 4.3 discusses the selection of velocity data based on

minimum amplitude thresholds arising from an instrument hardware issue whereby

velocity measurements corresponding to low backscatter intensity display a bias. The

transformation of velocity data from Beam coordinates to the East North Up coor-

43
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dinate systems is also discussed. Section 4.4 presents mean velocity profiles as well

as detailing a directional decomposition method to assess any directional dependence

present in the data as well as mean velocity profiles for four directional quadrants.

Section 4.5 details the fitting of data to the logarithmic law of the wall and presents

the results; estimates of bottom roughness zo, friction velocity u∗, and the regression

of u∗ versus speed.

A variety of data analysis approaches were explored. Multiple averaging periods

were examined for use in constructing mean velocity profiles, thereby limiting the

effects of changes in the flow on estimates of friction velocity and bed roughness

(Gross and Nowell , 1983; Grant et al., 1984; Cheng et al., 1999). Alternatively,

velocity data from each Doppler Profiler measurement point was sorted into speed

bins for which a series of log fits was carried out over a range of speeds following Lacy

and Sherwood (2004). Both approaches to velocity profiles were examined.

Individual profiles were screened to identify those that are consistent with the log-

arithmic law of the wall. Velocity profiles which have high correlation coefficients r2,

in the log-linear least squares regression of U(z) and ln(z) were considered acceptable

for further analysis, and other profiles were rejected (Frechette et al., 1989). Drake

et al. (1992) note that confidence intervals on u∗ and zo from the log profile technique

depend on the number of profile points used and the correlation coefficient r2, and

will have excessively large error bars if r2 is less than 0.994. Therefore only velocity

profiles with r2 greater than 0.994 were selected for further analysis. However, Cheng

et al. (1999) and Reidenbach et al. (2006a) apply a less stringent cutoff value, and

reject only velocity profiles having an r2 value less than 0.8 which allows them to

average more data into their final analysis thus reducing uncertainties. Overall, three

variations on the velocity profile processing approach, each yielding different numbers

of usable profiles for use in the regression, were examined and the results and analysis
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of all three variants are presented.

4.1 Acoustic Backscatter Intensity

Doppler sonar profilers rely on acoustic backscatter from particulates suspended in

the water column. If there are inadequate concentrations of such scatterers, the signal

level becomes too low to extract accurate velocity estimates. Backscattered intensity

always decreases with increasing range due to spherical spreading and absorption

(see Chapter 5) and this imposes a maximum profiling range on the instrument. It is

possible in cases of extremely high concentration (that might occur in a river or close

to the bottom in a very high velocity flow), that backscatter from greater distances

is masked by the high concentrations closer to the instrument: this situation is not a

concern in the present study.

Preliminary analysis of the acoustic backscatter from both the Coral and Mud

sites indicated that of the eight meters of water column above the seabed that were

profiled, only the bottom four meters provided sufficient backscatter signal strength to

yield reliable velocity measurements. Figures 4.1 and 4.2 show profiles of the acoustic

backscatter as uncalibrated digitizer counts, and velocity from transducer beam 3 at

the Mud and Coral Site, respectively. At both sites, signal strength from the upper

four meters was relatively low (< 30 counts) and homogeneous with minimal visible

structure. The velocity data at both sites show a similar lack of water column velocity

structure associated with the reduced backscatter intensity beyond ∼5.5 above the

seabed.
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Figure 4.1: Mud Site a) Backscatter intensity (counts) from AQD1, transducer Beam

3, b) Beam velocity (m/s) from AQD1, transducer Beam 3.
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Figure 4.2: Coral Site a) Backscatter intensity (counts) from AQD2, transducer Beam

3, b) Beam velocity (m/s) from AQD2, transducer Beam 3.
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4.1.1 Data Cropping Due to Instrument Voltage Issues

As discussed in Section 3.6, the low temperature and high duty cycle regime im-

posed upon the instruments during the deployment resulted in a battery voltage that

dropped below minimum operating levels in 3 days. This caused the sampling rate to

fluctuate due to insufficient power, see Figure 3.11. The data recorded after 78 hours

into the deployment was not deemed acceptable.

Data quality was assessed by plotting component velocities from individual trans-

ducer beams from each profiler and inspecting for any inconsistencies in the velocity

records. An inconsistent bias was visually identified in the bin 1 velocities, relative

to bins 2 through 4, of two beams of AQD1 (Mud Site). This bias can be seen as

a velocity offset across all velocities in bin 1 relative to bin 2, as shown in Figure

4.3, (all three time series were filtered to remove noise for the purposes of clarity in

the figure). For example, in Figure 4.3 panel c, all bin 1 (Blue) velocities of Beam

3 clearly show a positive bias relative to bin 2 (Red). Bin 1 speeds are consistently

offset from bin 2 by approximately +2.1 cm s−1. Similarly, bin 1 (Blue) of Beam 1

(Figure 4.3 panel a), exhibits a negative velocity bias, of -0.94 cm s−1 relative to the

respective bin 2 (Red) speeds. No bias was observed in Beam 2. It is important to

note that these biases are present in bin 1 only, and are not observed in the higher

bins. The biases were determined to be the result of a DC voltage offset present

in the hardware of the AQD, and are associated with a voltage “draw down” that

occurs when the instrument transmits sound into the water. Bin 1 is most affected

because it is the first bin processed by the instrument, however for subsequent bins,

the voltage has recovered.

Correcting the issue requires a velocity bin from each transducer with no offset to

be used as a reference to correct data for each respective beam. Velocity data from
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the reference bin was subtracted from the bin with an offset to yield a time series

of the bias signal which was then filtered with a third order Butterworth filter with

cutoff frequency of 1 × 10−3 Hz (Equation 4.1). The mean of the filtered bias signal

was then subtracted from the affected velocity bin to remove the offset (Equation

4.2). That is:

VB = VO − VR (4.1)

where VR is the reference bin velocity, VO is the offset bin velocity, and VB is the

velocity bias signal, and the corrected velocity was arrived at as:

VC = VO −mean(VFB) (4.2)

where VFB is the filtered velocity bias signal, and VC is the corrected bin velocity.

The corrected bin 1 velocities (Black dashed) are shown in Figure 4.3.
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Figure 4.3: Beam velocity records for a) Beam 1, b) Beam 2, and c) Beam 3 of AQD1.

Solid blue line is bin 1, red line is bin 2, and black dashed line is bias corrected bin

1.
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4.2 Power Spectral Density

Power spectra of the data were analyzed in order to determine important time scales

in the data, such as tidal and inertial forcing terms or the frequency at which mea-

surement noise begins to dominate the signal. The spectral shape can also reveal

the nature of turbulent energy transfer characteristic of the inertial subrange where

energy is only transferred by inertial forces i.e. vortex stretching (Kundu and Cohen,

2004). Within the boundary layer, turbulent kinetic energy (TKE) is transferred from

larger eddies, which may be the width of the boundary layer, to smaller and smaller

scale eddies. Both production and dissipation are small in the inertial subrange in

the frequency domain corresponding to the inertial sublayer or logarithmic layer in

physical space. Ultimately, at the smallest scale of the turbulent eddies, known as

the Kolmogorov microscale, the turbulent energy is dissipated via molecular viscosity

(Kundu and Cohen, 2004).

The power spectral density (PSD) for profile bins 1, 2, and 3, were examined for

both the Coral and Mud sites to determine if the power spectra exhibited a −5/3

slope (Reidenbach et al., 2006a; Lacy and Sherwood , 2004). Figure 4.4 is a plot of

the PSD at the Coral Site, 3.46 m above the seafloor, for all three beams. Power

spectra are estimated using the Welch method with a 4096 point Hamming window,

overlapped at 50% on time series of 50363 points sampled at 0.2 Hz. At frequencies

greater than approximately 3 × 10−3 Hz the power spectrum has the characteristics

of white noise. At lower frequencies the spectrum is more characteristic of red noise

likely resulting from large scale geophysical processes. Also shown in Figure 4.4 is a

power spectrum with no averaging from Beam 3 (Blue dashed) in order to show the

peak at 3.5 × 10−5 Hz (1̃2 hours) representing the semi-diurnal tidal signal, which

is the only forcing visible in the PSD. The absence of the −5/3 slope in the power
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spectra for the Coral Site suggests that the data does not resolve the inertial subrange

above the range of the measurement noise. Based on this power spectral analysis,

data at frequencies above 3 × 10−3 Hz are dominated by noise and subsequent data

have been filtered to eliminate these high frequency components.
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Figure 4.4: Coral Site: Power spectral density for Beams 1, 2, and 3, bin 3, 3.46

m above the bottom. The blue dashed line represents Beam 3 without averaging to

show the peak at 3.5× 10−5 Hz (1̃2 hours).



Chapter 4. Analysis of Doppler Profiler Data 54

4.3 Data Selection Based On Amplitude Thresh-

old

The quality of the velocity measurements made by the Doppler Profilers is directly

related to the signal amplitude or backscatter intensity. If the backscatter intensity

is too low then the velocity measurements will not be reliable. Additionally, based

on personal communication with the manufacturer, it was known that at low signal

strength the Aquadopp Profiler can yield biased (negative or positive) velocity mea-

surements. It is important to note that this bias issue is separate and independent of

the biases discussed in Section 4.1.1 where backscatter strength was not an issue.

As seen in Figures 4.1 & 4.2, the range at which backscatter signal levels become

insufficient for data analysis occurs between approximately 4.46 m and 5.46 m above

the bottom (bins 4 and 5 respectively). For both the Mud and Coral Site, bin 4 is

taken as the maximum range from which good data could be recovered. In order to

ensure that only reliable data was selected from bin 4, only velocity data with cor-

responding backscatter strength above a minimum intensity threshold was accepted.

To determine an appropriate minimum backscatter thresholds for the Mud and Coral

site, the difference in velocity between bins 4 and 3 (∆V4−3) were plotted (Figures

4.5 and 4.6) as a function of backscatter intensity (counts), for each beam. Assuming

a uniform distribution of velocity and direction, we would expect there to be no sys-

tematic bias in the ∆V4−3 values. Where there is evidence of a bias associated with

a reduced backscatter level, it indicates a threshold below which data from bin 4 are

unreliable.

At the Mud Site (Figure 4.5), for backscatter intensities lower than ∼ 37 counts,

there is a significant negative bias ∆V4−3. Above 37 counts, the difference in velocities

is uniformly centered about zero as expected since there should be no significant
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variation in velocities between bin 3 to bin 4 for any given backscatter intensity.

At the Coral Site (Figure 4.6), the negative bias occurs at backscatter intensities

of 30 counts or lower. For each instrument, the observed velocity biases occur at

approximately the same backscatter intensity in each of the three transducer beams,

which is consistent with an instrument hardware issue. Based on this bias analysis,

data for which signal amplitudes fell below 37 counts in the Mud Site (AQD1) and

30 counts in the Coral Site (AQD2) were omitted from further analysis.
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Figure 4.5: Mud Site: backscatter (counts) versus velocity difference (m s−1) between

bins 4 and 3. Minimum amplitude threshold (black line) for A: Beam 1 (Red), B:

Beam 2 (Blue), C: Beam 3 (Green) at the Mud site. For all three beams, there is

a negative bias in ∆V4−3 at amplitudes below approximately 37 counts. Note that

∆V4−3 for Beams 1 and 3 have been offset from zero by -0.4 m/s and +0.4 m/s

respectively in the plot for the purposes of clarity.
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Figure 4.6: Coral Site; backscatter (counts) versus velocity difference (m s−1) between

bins 4 and 3. Minimum amplitude threshold (black line) for A: Beam 1 (Red), B:

Beam 2 (Blue), C: Beam 3 (Green). For all three beams, there is a negative bias in

∆V4−3 at amplitudes below approximately 30 counts. Note that ∆V4−3 for Beams 1

and 3 have been offset from zero by -0.4 m/s and +0.4 m/s respectively in the plot

for the purposes of clarity.
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4.3.1 Averaging the Velocity Data Based on Amplitude Thresh-

old

The power spectrum (Figure 4.4) indicates that the data are dominated by noise at

frequencies above fc = 3 × 10−3 Hz. The data as collected is therefore highly over

sampled and needs to be resampled at a rate consistent with the fc = 3×10−3 Hz cutoff

frequency. Velocity data meeting the minimum intensity threshold were identified and

a new resampled data set was created for each beam. This resampling was achieved

by using a 33 point average. To avoid aliasing and to ensure reconstruction of the time

series requires a minimum sampling rate, referred to as the Nyquist rate, defined as

twice the highest frequency present in the signal. In this case, it is based on the highest

frequency containing meaningful information before the signal becomes dominated by

noise. The Nyquist rate is therefore fN = 6 × 10−3 Hz, with a corresponding period

of T =166.6 seconds. With the original data sampled at a rate of one sample every

five seconds, the number of averaged data points required to meet the new sampling

rate is 33 (166.6 x 0.2 Hz).

4.3.2 Transformation of Coordinate System: Beam to ENU

Individual beam velocity data as measured by the three acoustic beams must be

converted to an Earth coordinate system. This conversion is accomplished in a two

step process: First the observed beam velocities are used to estimate the velocity (u,

v, and w) relative to the doppler profiler itself. The instrument referenced velocities

are then rotated using measured heading, pitch and roll to recover Earth referenced

coordinates. The three beam velocities expressed in terms of u, v, and w for the

Nortek Aquadopp are:
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B1 = 0 + v sin θ + w cos θ

B2 = 0− v sin θ + w cos θ

B3 = u sin θ + 0 + w cos θ

(4.3)

where u, v, and w are the x, y, and z components of the flow velocities relative to the

instrument, and θ = 45◦ which is the transducer tilt angle from vertical.

A transformation matrix T can be defined from Equation 4.3:

T ≡













0 sin θ cos θ

0 − sin θ cos θ

sin θ 0 cos θ













. (4.4)

such that

~B =













B1

B2

B3













= T ~U (4.5)

Equation 4.5 can be rearranged to solve for ~U given ~B (the measured beam velocities):

~U = T−1 ~B. (4.6)

Velocity data were transformed using Equation 4.6 with the MATLAB routine ‘Trans-

form.m’ obtained from Nortek.

The velocity components u, v, and w calculated with Equation 4.6 are in a co-

ordinate system with respect to the instrument. Rotation of the velocity data into

the Earth coordinate system (East-West, North-South, and Up) is carried out using

the pitch (p), heading (h), and roll (r) of the instrument, along with a correction

for local magnetic declination as the heading is measured with respect to magnetic
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north. These parameters are then used to make heading and tilt matrices, H and P

respectively,

H =













cosh sin h 0

− sin h cosh 0

0 0 1













(4.7)

P =













cos p − sin p sin r − cos r sin p

0 cos r − sin r

sin p sin r cos p cos p cos r













(4.8)

which are combined with T to create a resultant transformation matrix, R = H ×

P × T . When linearly multiplied by R, the three beam velocity components: B1, B2,

and B3, can be converted directly into ENU coordinates
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
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. (4.9)

4.4 Mean Flow Conditions

Profiles of velocities in the East, North, and Up directions for both the Mud and

Coral Site are shown in Figures 4.7 and 4.9, respectively. Maximum East-West and

North-South velocities at both sites are on the order of 10 cm s−1. Overall, flow

speeds magnitudes are consistent with those seen in the St. Pierre Bank record. Tidal

analysis was inconclusive, due to the short duration of the deployment (i.e. insufficient

number of tidal cycles available to analyze). The decrease in backscatter intensity

above 4 m is also visible in the velocity profile at both sites. Profile averaged time
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series (mean of bins 1 to 3) of East, North, and Up components are shown in Figures

4.8 and 4.10 for the Mud and Coral Site, respectively.
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Figure 4.7: Mud Site: ENU Velocities for bins 1 to 4 (1.46 to 4.46 m above the

bottom). A) East-West flow, with positive flow to the East, B) North-South flow,

with positive flow to the North, C) Vertical flow, with positive flow upwards, and

negative flow toward the seafloor. Time axis is days in July, 2007, at 12:00 AM and

12:00 PM respectively.
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Figure 4.8: Mud Site: ENU Profile averaged velocities (mean of bins 1 to 3). A)

East-West flow, with positive flow to the East, B) North-South flow, with positive

flow to the North, C) Vertical flow, with positive flow upwards. Time axis is days in

July, 2007, at 12:00 AM and 12:00 PM respectively.
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Figure 4.9: Coral Site: ENU Velocities for bins 1 to 4 (1.46 to 4.46 m above the

bottom). A) East-West flow, with positive flow to the East, B) North-South, flow

direction with positive flow to the North, C) Vertical flow, with positive flow upwards.

Time axis is days in July, 2007, at 12:00 AM and 12:00 PM respectively.
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Figure 4.10: Coral Site: ENU Profile averaged velocities (mean of bins 1 to 3). A)

East-West flow, with positive flow to the East, B) North-South, flow direction with

positive flow to the North, C) Vertical flow, with positive flow upwards. Time axis is

days in July, 2007, at 12:00 AM and 12:00 PM respectively.
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4.4.1 Mean Speed Profiles and Directional Decomposition of

ENU Velocities

Mean speed profiles s(z) as a function of height above the sea floor were created

to characterize the bottom boundary layer. The magnitude and direction of mean

currents at both sites were obtained using Euler’s Formula with the East (E) and

North (N) velocities represented as components of the complex number along the real

and imaginary axes respectively, shown in equation 4.10,

S = E + iN (4.10)

which can also be written in as

S = |S|eiφ = seiφ (4.11)

where |S| = s is the velocity magnitude, and the direction of the current is φ =

tan−1N
E
.

Speeds from each bin sz(t), were normalized by dividing by the bin 3 speed s3(t),

therefore removing the time component from the data:

s(z) =
sz(t)

s3(t)
. (4.12)

Normally the velocity bin furthest away from the bottom would be used as the free

stream or reference velocity for normalization. However, bin 3 was selected to be

the reference bin due to larger uncertainties in the bin 4 data associated with low

backscatter intensity. A minimum speed threshold of 2 cm s−1 was imposed on data

from each bin to compensate for higher uncertainties in directions associated with

lower speeds, in other words, only speeds greater than 2 cm s−1 were accepted.
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The entire normalized speed data set was then averaged to produce a single rep-

resentative speed profile stotal(z). Characteristic profiles created in this way for both

the Mud and Coral Site are shown in Figure 4.11.
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Figure 4.11: Mean normalized speed as a function of height above the bottom at the

Coral (Red) and Mud Site (Blue), see Equation 4.12, Error bars are 95% confidence

intervals. There are no error bars on bin 3 because it is used as the reference depth

for normalization.

A weakness in the present study is that observations are only available at one

location in a coral thicket. That weakness can be somewhat overcome by breaking

the data down by flow direction. In a sense, observations from different flow directions
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sample flow conditions downstream of separate coral areas and support the assertion

that the observations as a whole are characteristic of flow in the respective coral area.

Directional dependence is suppressed in the characteristic velocity profile, due

to averaging of data from all directions. φ was therefore divided into four sub-sets

representing different directional quadrants, centered on the North East, North West,

South West, and South East directions. Corresponding speed sub-sets were created,

and again speeds less than 2 cm s−1 were discarded. Table 4.1 gives the number of

mean speed data points in each directional quadrant for both the Mud and Coral

Site. This approach has the advantage of essentially simulating four independent

data sets from a single deployment, with different directional flow regimes and coral

distributions.

The directional distribution of the flow was evaluated using rose plots. Figure

4.12 are rose plots of the flow distribution, in bin 3 (3.46 m above the bottom), by

directional quadrant, divided into ten degree bins (polar angles) for both the Mud

and Coral Site. At both locations, the dominant flow directions appear to be to

the North East and South East, with little flow toward the North West. The speed

distribution within each directional quadrant are plotted separately in Figures 4.13

and 4.14. Again, for both the Mud and Coral Site, flows to the North East and

South East show a good distribution of speeds and number of occurrences, although

lower magnitude values tend to dominate. For the Mud Site, speed distributions

and occurrences from the North East, South West, and South East quadrants appear

comparable with the Coral Site data. For the Coral Site, the histograms reflect

the same North East and South East flow dominance seen in the rose plots of flow

direction. While there is general agreement between the histograms for both sites,

the magnitude of the flow speeds in the South West quadrant is noticeably higher at

the Mud Site when compared to the Coral Site.
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Directional Quadrant Mud Site Coral Site

North East 451 (40%) 430 (46%)

North West 79 (7%) 93 (10%)

South West 278 (25%) 127 (14%)

South East 318 (28%) 279 (30%)

Table 4.1: Number of mean speed data in each of the four directional quadrants (data

points as a percentage of total).
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Figure 4.12: Flow distribution by directional quadrant: number of mean speed data

in ten degree intervals (polar coordinates, 90 deg = True North) for the Mud (Blue)

and Coral Site (Red).
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Figure 4.13: Mud Site: Histograms of mean speeds (average of mean speeds from

bins 1 to 3) in each directional quadrant, speeds are binned in 0.25 cm s−1 intervals.
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Figure 4.14: Coral Site: Histograms of mean speed (average of mean speeds from bins

1 to 3) for each directional quadrant, speeds are binned in 0.25 cm s−1 intervals.
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4.4.2 Speed Profiles by Quadrant

Mean speed profiles for both sites were created for the four directional quadrants;

North East, North West, South West, and South East. These are shown in Figure

4.15.

Overall, speed profiles at the Mud Site, Figure 4.15 (Blue), are self similar for the

North East, South West, and South East. This similarity supports the assumption

of bottom homogeneity. At the Coral Site, Figure 4.15 (Red), profiles for the North

East (top right) and South East (bottom right) quadrants shows speeds which are

less than those at the Mud Site, which is consistent with the interpretation that the

bottom boundary layer is influenced by the presence of corals. In the North West

quadrant, Figure 4.15 (top left), the Coral profile is not consistent with boundary

layer theory as it shows speeds at 2.46 m above the bottom which are higher than

those in the bins above it (i.e. increasing speed with depth rather than the reverse).

Table 4.1 and Figure 4.12 show that there is relatively little flow in the North West

quadrant (7% of total flow at the Mud Site, 10% of total flow at the Coral Site), which

results in significantly higher errors in those quadrants because of the poor statistics

i.e. low sample size. The primary comparison is between flows to the North East and

South East, where there is sufficient data and flow distribution. In these quadrants

we conclude that the directional profiles at the Coral Site do show consistent evidence

of increased drag due to the presence of corals. Furthermore, consistent behaviour

between quadrants supports the assumption of no directional dependence in this data

which is consistent with the impression of uniformly distributed corals shown in Figure

3.10.
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Figure 4.15: Mean speed profiles for the four directional quadrants for both the Mud

Site (Blue), and Coral Site (Red); A) North West, B) North East, C) South West,

and D) South East.
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4.5 Logarithmic Regression

The logarithmic law of the wall model is used to characterize the bottom boundary

layer and in particular to define the values of u∗ and zo. Rewriting the law of the wall,

according to Cacchione and Drake (1982) for mean speed distributions, Equation 2.9

takes the form:

s =
u∗

κ
ln(

z

zo
) (4.13)

where s is the mean flow speed at height z above the bottom (z positive upwards), κ

= 0.41 is von Karman’s constant, and zo is the bottom roughness height.

Equation 4.13 can be expanded as:

s =
u∗

κ
ln(z)−

u∗

κ
ln(zo) (4.14)

and shows that the slope of the log-linear line is u∗/κ, from which u∗ can be extracted.

Values of the bottom roughness height zo can then be obtained from the intercept

u∗(t)
κ

ln(zo). Rather than average all of the velocity data into a single profile yielding

one value for u∗ and zo, it is advantageous to create multiple profiles averaged over

shorter time periods to obtain a set of values for both parameters in order to see any

time dependence. Alternatively, since u∗ is related to the flow speed, data can be

sorted by speed which allows for greater averaging of data and greater accuracy in

the u∗ and zo estimates

4.5.1 Multiple Analysis Methods: Criteria for Mean Speed

Profiles and Curve Fitting

Cacchione and Drake (1982); Drake et al. (1992) used time-averaged speed profiles

s(z) to obtain fits to the logarithmic law. The results of these log-linear regressions

of selected velocity profiles yields a time series for u∗ and zo. This analysis method
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is referred to as the Drake Approach. Two variants of the Drake Approach; the ‘All

Data Binned’ and the ‘Binned Drake’ approaches, were also used to analyze the data.

The results of the three techniques will be compared.

Mean speed profiles are constructed by averaging the speed data at each of the

bottom four bins. It was not clear a-priori what averaging interval would be opti-

mal, therefore four different averaging periods: 5.5, 13.75, 27.5, and 57.75 minutes,

corresponding to 2, 5, 10, and 21 data point averages were examined, similar to the

approach used by Grant et al. (1984). Profiles were discarded if the bin 3 mean speed

s3 < 2 cm s−1. Fit quality was assessed based on the goodness-of-fit Q value and the

correlation coefficient r2.

The goodness-of-fit Q value is used to evaluate the agreement between the data

and the fit, and is given as a value between 0 and 1. Q is calculated using the

Chi-Square Distribution, also known as the Chi Square Merit Function, defined for a

linear regression of y = bx + a as

χ2(a, b) =
N
∑

i=1

(
yi − a− bxi

σi

)2 (4.15)

where σi are the individual uncertainties associated with N measurements of the

variables yi and xi. χ2 is a measure of the quality of the agreement between the

data and the model (Press et al., 1986), it allows for the calculation of best-fit model

parameters and associated errors. In this case it is used to determine how well the

individual speed profiles x = ln(z )), agree with the log profile curve fitting technique.

After calculating respective best-fit model parameters, estimating uncertainties,

and χ2, the incomplete gamma function Q is used to provide a quantitative measure

of how well the data and fit agree:
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Q = f(
χ2

2
,
N − 2

2
). (4.16)

.

where N is the number of data points in the fit.

Q is the probability that the calculated value of χ2 corresponding to the best-fit

parameters should occur by chance. If Q is larger than, say, 0.1, then the goodness-

of-fit is believable. If Q > 0.001, then the fit may be acceptable. However, if Q <

0.001 then the model and/or estimation procedure could be questionable, therefore

data with Q < 0.001 should be rejected (Press et al., 1986) .

The choice of an acceptable regression coefficient (r2) threshold was also examined.

Drake et al. (1992) argued that u∗ and zo will have excessively large errors bars if

the r value is below 0.997 (r2 ≤ 0.994) and therefore used only mean profiles with r2

> 0.994. However, Cheng et al. (1999) and Reidenbach et al. (2006a) used profiles

with r2 ≥ 0.8, with both groups citing acceptable results. The Drake et al. (1992)

r2 > 0.994 criteria proved too stringent in the present analysis and resulted in an

unacceptably low number of profiles for use in the analysis (only 3 Coral Site velocity

profiles met the r2 > 0.994 criteria).

Normally, the quality of the regression statistics alone would be the primary in-

dicator of the most appropriate time average to use. However, the availability of

a larger set of u∗ values, resulting from a shorter averaging interval, contributes to

better fit agreements and reduces error in subsequent linear regressions of u∗ and s.

The optimal averaging interval was determined by comparing the results of the

regression considering 1) the number of mean speed profiles produced from each

averaging interval, and 2) the percentage of profiles having r2 > 0.8 and Q > 0.001.

The results of the comparison of the four averaging intervals for both the Mud and
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Time

Interval

(minutes)

No. Points

Averaged

Profiles Created

(Mud / Coral)

(2 cm s−1 thresh-

old)

No. Profiles

w/ r2 > 0.8, Q

> 0.001 (Mud /

Coral)

% Profiles

(Mud /

Coral)

5.5 2 376/416 104/141 28/34

13.75 5 184/185 60/66 33/36

27.50 10 96/110 30/44 27/46

57.75 21 47/59 24/23 41/49

Table 4.2: Comparison of averaging intervals and regression statistics for log linear

fits.

Coral Site are given in Table 4.2.

It was concluded that a 13.75 minute averaging period (5 data point average)

presented the best compromise between the requirements for r2 and Q from the

logarithmic fit, and the number of u∗ values available for use in further analysis.

The 306 realizations of the mean speed profile at the Coral Site, resulting from a

13.75 minute (5 point) average, are shown in Figure 4.16. The four red boxes isolate

one representative profile. Use of the 2 cm/s minimum speed threshold reduces the set

to 185 profiles. Further thresholding these points for r2 ≥ 0.8 and Q > 0.001, results

in 66 acceptable profiles for the Coral Site. It is from these profiles that estimates of

u∗ and zo are obtained.
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Figure 4.16: Multiple realizations of the velocity profile resulting at the Coral site.

Each profile is composed of a 13.75 minute (5 point) average of the speed data,

yielding a maximum of 306 profiles. The four red boxes isolate one individual profile.
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4.5.2 Drake Approach: Results of Log-Linear Regression

Time series of u∗ values estimated from mean speed profiles which met the regression

criteria outlined in Section 4.5.1 are shown in Figure 4.17 for the Mud Site (panel a)

and Coral Site (panel b), representative speeds from bin 3 of the Coral Site are shown

in panel c. At the Mud Site, on July 19, between midnight and noon, there is a gap

in the distribution of u∗ values where no profiles meet the regression criteria. Coral

Site u∗ values are distributed more uniformly in time suggesting no temporal bias in

terms of which profiles meet the regression criteria. The mean friction velocity at the

Mud Site is u∗ = 0.46± 0.20 cm s−1, and at the Coral Site u∗ = 0.43± 0.15 cm s−1.

Peak u∗ values at the Coral Site coincide with spikes in flow speed. There are no

significant differences between mean friction velocity values at the two sites.

Overall bed roughness is a complicated function of material grain size diameter at

the bed interface, form drag due to bed forms, and sediment transport near the bed

(Cheng et al., 1999). In situ variable bed roughness could result from changes in bed

morphology, increasing drag effects related to mean flow conditions, or various other

causes. In the present case, given the short duration, no changes in bed roughness are

expected. Time series of bottom roughness are shown for the Coral Site, Figure 4.18

panel a, and the Mud Site, Figure 4.18 panel b, again representative speeds from bin

3 of the Coral Site are shown in panel c. Error bars are large and have been omitted

from the plot for the purposes of clarity. The mean value of the bottom roughness

parameter at the Mud Site is zo = 11 ± 13 cm and at the Coral Site is zo = 10 ± 10

cm, these values appear larger than expected. Resorting the data by flow speed

shows that at both locations, larger zo values are observed at low flow speeds (Figure

4.19). This variable bed roughness, and the trend toward more stable zo values with

increasing flow speed was also observed by Cheng et al. (1999). The trend observed
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in Figure 4.19 is suggestive of measurement error. Increased uncertainties at low flow

speeds explain the higher corresponding roughness values, which decrease as flow

speed increases. This is due to the fact that the log law profile fits are better defined

at higher speeds as velocity uncertainties become a smaller proportion of the observed

velocity at higher speeds. Bed roughness and bottom structure are not expected to

change over the time frame involved in this experiment and given that roughness

estimates at the highest speeds are most reliable, values of zo are likely well below the

10 cm level suggested in the averages shown in Figure 4.19. This behaviour is also

seen by Reidenbach (2004), who notes that “at low flows, values of zo overestimate

actual bottom roughness.”
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Figure 4.17: Drake Method: Time series of u∗ values from a) Mud Site, b) Coral Site,

which meet the regression criteria, c) Coral Site representative speed in bin 3 (3.46

m above the bottom).
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Figure 4.18: Drake Method: Comparison of bottom roughness parameters for a) Mud

Site, b) Coral Site, which meet the regression criteria, and c) Coral Site representative

speed in bin 3 (3.46 m above the bottom).
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Figure 4.19: Drake Method: Bottom roughness parameter zo estimates for the Mud

Site (Blue circles) and Coral Site (Red triangles).
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4.5.3 Drake Approach: Regression of u∗ and Speed

The set of u∗ values obtained from the log-linear fit were plotted versus the mean flow

speed at a height of 3.46 m and a line of best fit was found. The results are shown

in Figure 4.20 for both the Mud and Coral Site. Both sites show a linear agreement

between between u∗ and the flow speed which is consistent with the dependence of

friction velocity and turbulence, on mean flow conditions. The slope at the Coral Site

(slope = 0.064 ± 0.019) is steeper than at the Mud Site (slope = 0.047 ± 0.032), but

the difference is not significant given the measurement uncertainty. Data at the Mud

Site show more scatter and this would tend to flatten the slope of the line of best fit.

The data at the Coral Site show less relative scatter and suggest the presence of a

better formed bottom boundary layer. However, for this data, the Drake approach

does not produce a convincing difference between the two sites in terms of turbulent

effects due to the presence of corals.
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Figure 4.20: Drake Method: u∗ versus mean flow speed at 3.46 m above the bottom

for a) Mud Site (Blue) (slope = 0.047 ± 0.032), and b) Coral Site (Red) (slope =

0.064 ± 0.019). Only friction velocity values where the log linear fit to the speed

profile had an r2 ≥ 0.8 and Q > 0.001 were used in this regression. Note also that

the 2 cm s−1 minimum speed threshold is used here as well.
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4.5.4 All Data Binned Approach

The second data processing approach, referred to as the All Data Binned Method,

differs from the Drake Approach in that it foregoes temporal averaging of the speed

data to produce velocity profiles. Instead, the entire speed data set is sorted into

speed categories, and velocity profiles are created for each speed category. Speed

data for each measurement point above the bottom are divided into speed categories

based on an average of speed values from bins 1 through 3, beginning with 2 cm

s−1 and increasing by 1 cm s−1 steps for each successive category (i.e. 2-3, 3-4, 4-

5 cm s−1, etc.). An average of bins 1 to 3 for speed category binning reduces overall

uncertainty, suppresses errors from any one bin contribution and leads to a more

consistent binning of the data with this larger, noisier data set. All data points in

each speed category at height Z above the bottom are averaged to create a mean

speed profile for each speed bin. This method of speed binning was also used by

Reidenbach et al. (2006a) and Lacy and Sherwood (2004) to create average velocity

profiles, as opposed to creating profile time series. The resultant speed profiles are

then used in the log profile technique to obtain u∗ and zo parameters. While many

more temporal velocity profiles are created using the Drake Approach (see Table 4.2),

the number of data points averaged together to create each profile is small whereas

here in the All Data Binned approach, many more individual speed data points were

averaged to produce each of the five speed category velocity profiles.

The average speed profiles for five speed categories, for both the Mud Site (Blue)

and Coral Site (Red), are plotted in Figure 4.21. Bottom roughness parameters for

each speed range are shown for both sites in Figure 4.22. Mean zo at the Mud Site is

zo = 0.27 ± 0.40 cm, and at the Coral Site is zo = 0.51 ± 0.28 cm. The bed roughness

at the Coral Site is consistently higher, and does not change with speed, as compared



Chapter 4. Analysis of Doppler Profiler Data 86

to the Mud Site. This difference could be due to noise alone, as higher noise biases

zo upward. A comparison of the u∗ estimates for both the Mud and Coral Site are

shown in Figure 4.23. Regression fits for u∗ versus speed give the Mud Site slope =

0.08 ± 0.03, and Coral Site slope = 0.06 ± 0.02. Large uncertainties in the values

preclude any other meaningful analysis.
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Figure 4.21: Speed profile comparison for the Mud Site (Blue) and Coral Site (Red)

using the All Data Binned approach.
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Figure 4.22: Bottom Roughness Parameters as a function of speed for a) Mud Site

(Blue) mean zo = 0.22 ± 0.67 cm, and b) Coral Site (Red) mean zo = 0.56 ± 2.2 cm,

using the All Data Binned Approach.
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Figure 4.23: Comparison of linear regressions of u∗ versus bin 3 mean speeds for the

Mud Site (Blue) (Slope = 0.08 ± 0.03), and Coral Site (Red) (Slope = 0.06 ± 0.02)

using the All Data Binned approach.
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4.5.5 Binned Drake Method

For the present data, the Drake approach suffered from high uncertainties due to poor

data quality. The Binned Drake approach provides a means of averaging greater data

to improve accuracy. A two step process is taken to the log-linear regression. Like

the Drake Method, for the Binned Drake approach it was determined that the 13.75

minute average was the most acceptable interval. The 13.75 minute averaged speed

data were then subjected to the same log-linear regression as in the Drake Method

with the same regression criteria (r2 ≥ 0.8 and Q > 0.001). Those averaged speed

data meeting the regression criteria were then selected for use as the speed data set

for further processing. In effect, the initial regression step is used to inform as to

which speed data will yield the best speed profiles, thereby high grading the data

prior to proceeding with further processing.

The high graded speed data for each measurement point above the bottom are

divided into speed categories based on the speed in bin 3, beginning with 2 cm s−1

and increasing by 1 cm s−1 steps for each successive category (i.e. 2-3, 3-4, 4-5 cm

s−1, etc.).

The average speed profiles for five speed categories, for both the Mud (Blue), and

Coral Site (Red), are plotted in Figure 4.24. The boundary layer at both sites appears

to become more well defined as the mean speed increases. Near the bottom, at low

speeds, the Coral Site profiles seem to indicate lower speeds, suggesting higher drag

effects.

Bottom roughness parameters for each speed range are shown for both the Mud

(Blue) and Coral Site (Red) in Figure 4.25. Mean zo at the Mud Site is zo = 2.5 ±

2.1 cm, and at the Coral Site is zo = 6.5± 4.2 cm . Data at the Mud Site suggest that

bottom roughness increases as a function of speed, while roughness values at the Coral
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Site are higher at lower speeds. However, uncertainty increases with speed at the Mud

Site, while at the Coral Site uncertainty were more uniform with speed. Given that

larger uncertainties lead to larger zo values, the trends here might be driven by these

uncertainty values. There is significant error in the bottom roughness estimates due

to the combined uncertainties associated with the calculation of zo from the log profile

technique. Since estimates of zo depend on both the slope and intercept of the log fit

the associated errors in both contribute to higher uncertainties in bottom roughness.

Bed roughness values at the Coral Site are generally higher at low speeds compared

to the Mud Site, possibly indicating that the coral are affecting the hydrodynamic

roughness at low speeds. As in the Drake Method, friction velocity (u∗) values are

plotted against the speed data (bin 3 mean speeds), shown in Figure 4.26. Rather

than plotting u∗ against a bin centered value, u∗ is plotted against mean bin velocity

for the bin profile category. Notice in Figure 4.26, at higher speed categories, where

there is less data in the bin category, the mean speeds do not fall at the middle of

the speed bin, as the distribution of speeds within the bin is not uniformly centered

within the bin. Regression fits for u∗ versus bin 3 mean speeds give the Mud Site

slope = 0.1 ± 0.04, and Coral Site slope = 0.07 ± 0.06. While u∗ values for six

speed categories are shown in Figure 4.26 for the purposes of completeness, for the

Coral Site, only the first five data points are used to calculate the line of best fit.

The data point for the highest speed category (7-8 cm s−1) was not included in the

fit calculation due to excessively large error bars. At low speeds, u∗ values at the

Coral Site are consistently higher compared with the Mud Site, indicating increased

turbulence due to the presence of coral.

The advantages of the Binned Drake approach compared with the Drake Method

are that the initial regression step in the Binned Drake approach is used to pre-screen

the speed profiles based on the regression criteria. This pre-screening provides better
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quality data for the log-linear fit and thus more confidence in the resulting parameters.

The binning of this high graded speed data based on speed ranges then allows for the

averaging of more data into a single profile which should provide a better fit to the

law of the wall, compared with a mean speed profile based on a temporal average of

a smaller number of points.
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Figure 4.24: Binned Drake Method: Comparison of speed profiles for each speed

category for both the Mud Site (Blue) and Coral Site (Red).
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Figure 4.25: Binned Drake Method: Bottom Roughness Parameters as a function of

mean speeds in bin 3 for both the Mud Site (Blue) and Coral Site (Red).
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Figure 4.26: Binned Drake Method: Comparison of linear regressions of u∗ versus bin

3 mean speeds for both the Mud Site (Blue) (Slope = 0.1 ± 0.04), and Coral Site

(Red) (Slope = 0.07 ± 0.06).
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4.6 Comparison of All 3 Methods

Results of u∗ versus speed bit fits from all three methods are shown in Figure 4.27.

Panels a and d are results of the Drake Method, (Mud Site (Blue) and Coral Site

(Red)), b and e the Binned Drake Method, and c and f are the All Data Binned

results. The Coral Site fits are also plotted as a red dashed line on the Mud Site

panels to aid in comparison. At low speeds, u∗ values are consistently higher at

the Coral Site, suggesting increased turbulence relative to the Mud Site. As flow

speeds increase, the enhancement of turbulence due to the coral structure appears

less significant, as friction velocities at both sites appear more closely matched, with

less appreciable difference between the two sites.

4.7 Comparison of Results from studies in other

Cold-Water Coral Areas

At the time of the deployment and recovery of instruments in Haddock Channel

described in this thesis there were admittedly few studies or reports involving direct

in situ current measurement within cold-water and or deep-water coral areas (thickets,

reefs, carbonate mounds) however several studies have since been published detailing

such measurements in relation to understanding coral habitat characteristics, food

supply mechanisms, and coral impacts on the bottom boundary layer and current

regime. The primary hot spot for this type of deep-water coral research has been the

Northeast Atlantic, with current measurements obtained on or above coral mounds,

reef complexes, and submarine canyons off the coast of Ireland, Scotland, Norway,

and France (Duineveld et al., 2007; ?; Lavaleye et al., 2009; Guihen et al., 2013;

Khripounoff et al.).
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Figure 4.27: Comparison of fits of u∗ versus speed from a) & d) Drake Method, Mud

(Blue) Coral (Red), b) & e) All Data Binned, and c) & f) Binned Drake. The Coral

Site fits are also plotted as a red dashed line on the Mud plots to aid in comparison.
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Additionally, in the Gulf of Mexico, at least one set of direct current measurements

using an ADCP have been obtained around cold-water corals in the Gulf of Mexico

as part of proof of concept instrumentation platform (mini-lander) deployment (Fogel

and Dullo, 2011). This study involved a short (28 hour) deployment of an upward

looking ACDP in which four distinct current direction phases were observed.

Duineveld et al. (2007) reports on the trophic structure of a cold-water coral

mound community of Lophelia pertusa and Madrepora oculata in Rockall Bank, NE

Atlantic, with relation to the near-bottom particle supply and current regime. As

with the experiment described in this thesis, previous current data on the cold-water

coral area was limited. As part of the Duineveld et al. (2007) study the differences

between bottom currents over coral mounds and non-coral sites (gully or plain) were

examined. For the study point source current measurements were collected using

a Aanderra current meter situated 0.5 m above coral mound (depth 750-778 m),

attached to a benthic lander. The authors report that near bottom current speeds

on the coral mound were lower than in the non-coral habitat (?). The most frequent

near bottom current speeds observed were between 2 and 10 cm s−1 (Duineveld et al.,

2007). The authors suggest that more moderate currents on the coral mound, relative

to the gully or plain areas could be the result of flow deceleration by the dense coral

framework. They also did not find substantial differences in turbidity between the

coral mound and non coral sites Duineveld et al. (2007). The authors also indicate

that their results may point to an optimum intermediate current speed for feeding

cold-water corals. The authors also state that the similarity in suitable coral substrate

in the non-coral areas, as well as the observed reduction in flow speeds on the coral

mound, suggests that the higher current speeds in the non-coral areas prevent coral

from colonizing off-mound habitat.

At present the studies situated on the coral reef carbonate mounds in the Skagerrak
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Strait area of Norway (Tisler Reef) offer the best opportunity for boundary layer flow

dynamics comparison they also used the logarithmic law of the wall approach for

data analysis Guihen2013,Lavaleye2009. Unlike the work described in this thesis the

authors were able to use two different approaches to estimating the magnitude of the

near seabed shear stress (friction velocity), the first being the logarithmic law of the

wall approach and the second being direct measurement of the Reynolds stress, with

results being comparable for both approaches. Guihen et al. (2013) found that for any

given flow speed, higher shear stresses were observed within the live coral area than in

the area comprised of dead coral. Acoustic backscatter data was also used as a proxy

for relative suspended particulate matter concentrations. The results indicated that

re-suspension of suspended material was more likely to occur in the live coral area.

Guihen et al. (2013) indicate that the high measured shear stress inside the coral area

may enhance the level of re-suspension for a given flow speed, thereby providing more

food for the corals.



Chapter 5

Backscatter Intensity and

Suspended Material

5.1 Introduction

The doppler shift of the acoustic backscatter signal is used by the Doppler Profiler

to determine the velocity of the water. Signal amplitude or backscatter intensity can

be used as a proxy for estimating the concentration and size of suspended material

such as organic matter, sediment, or other particulates, in the water column. As flow

speeds increase, turbulence is expected to increase. This increase in turbulence can

result in resuspension of material on the bottom into the water column, leading to

higher backscatter amplitudes. Increased backscatter intensity as a function of flow

speed may therefore result from an increase in turbulent activity. Such events are

important because they may influence the amount of organic material available to be

captured by coral polyps as well as highlighting the coral structure’s ability to induce

turbulence and therefore impact available the food supply.

98
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5.2 Calibration of Backscatter Intensity

Acoustic backscatter data must be calibrated in order to estimate the suspended ma-

terial in the water. Relative calibration involves first converting the data from the

internal instrument units of backscatter (counts) to a linear or log scale (decibels) us-

ing an instrument specific conversion factor. Secondly, the data must be normalized

by range to account for the attenuation of signal amplitude due to 1) acoustic spread-

ing of the signal as it propagates through the water column, 2) water or chemical

absorption of the signal, and 3) particle attenuation.

From Lohrmann (2001), the amplitude of the range normalized echo level (EL) or

backscatter, in units of dB, is approximately:

EL = 0.43A+ 20log10(R) + 2αw(R) + 20R

∫

αpdr (5.1)

where A is the instrument recorded amplitude in counts, 0.43 is the conversion factor

in dB/count, R is the range in meters along the transducer beam, αw is the absorption

coefficient due to water, and αp is the loss due to particle attenuation.

The second term in Equation 5.1 represents spherical spreading, which is a purely

geometric effect due to reduction of intensity as the scattered signal propagates away

from the scatterers. Spherical spreading loss associated with propagation toward

the scatterers (i.e. away from the transducer), is countered by an increase in sample

volume.

The third term represents water or chemical absorption, this occurs due to the

change in pressure associated with the propagation of sound through the water. As

the signal propagates through the water energy is lost as the water is compressed.

The salt magnesium sulfate and its ions, and to a lesser extent boric acid, are the

predominant contributors to the absorption of sound in seawater (Medwin and Clay ,
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1998). The magnesium sulfate, boric acid, and their respective ions, exist in equi-

librium in the water, which is dependent upon temperature and pressure. Chemical

relaxation occurs when magnesium sulfate and boric acid undergo an equilibrium

shift, due to the change in pressure, from salt to ions (ionic dissociation), and then

return to equilibrium. The factor of 2 in the third term takes into account the fact

that signal attenuation occurs twice: once as the outgoing signal propagates away

from transducer and again when the backscatter signal returns.

The fourth term in Equation is 5.1 is amplitude loss via particle attenuation. If

the number of scatterers in the water column is high, the amplitude of the signal will

be reduced significantly due to increased scattering and absorption of acoustic energy

by the particles. At low concentrations of suspended material, particle attenuation is

small and the last term in Equation 5.1 can be ignored.

5.3 Backscatter and Speed

Comparison of the backscatter intensity as a function of speed at the Mud, and Coral

sites is useful for understanding how the coral thicket structure affects the turbulent

characteristics of the local bottom boundary layer. Figure 5.1 shows the normalized

backscatter for the Mud (Blue), and Coral (Red) Site. Backscatter intensity values

used in Figure 5.1 are an average from all three transducer beams. Speed data was

sorted into 1 cm s−1 bins, backscatter values in each speed category were sorted into

corresponding bins. Binned data were then averaged to yield a mean backscatter value

for each speed category. Mean backscatter values were normalized by subtracting the

value of the backscatter in the first bin. The resulting plot indicates backscatter

values relative to levels at the lowest speed (2.5 cm s−1).

In Figure 5.1 backscatter intensity increases more quickly at the Mud Site than
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at the Coral Site. This does not indicate the presence of greater concentrations

of suspended material at one site versus the other since absolute calibration of the

instruments has not been possible. In fact, this behaviour is consistent with the

results from the friction velocity analysis, which shows friction velocity increasing

faster with flow speed at the Mud Site relative to the Coral Site (see Figure 4.27).

Below 7 cm s−1 there is clearly an increase in scattering at both sites associated with

increased flow speeds which is indicative of increased resuspension of material, with

more resuspension at the Mud Site relative to the Coral Site for a given speed. Above

7 cm s−1, the backscatter at the Coral Site increases significantly relative to the Mud

Site which decreases.

Events occurring above 7 cm s−1 are tantalizing, and suggestive of something

happening at the Coral Site. It appears as if a trend becomes apparent in the last two

data points (highest speeds), with backscatter increasing rapidly as speed increases at

the Coral Site, and decreasing backscatter at the Mud Site. Either this is caused by

insufficient sample size; limited backscatter data quantities in the two highest bins, or

at these speeds we enter a new flow regime. If we presume that the data is accurate

above 7 cm s−1, there is evidence of a different flow regime with backscatter increasing

at the Coral Site and decreasing at the Mud Site. It is worth noting that the graph

might mix flow speed and flow direction such that speed data in one interval (i.e.

7-8 cm s−1), might all come from the same period in the speed data set.
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Figure 5.1: Relative backscatter intensity versus speed for both the Mud (Blue), and

Coral Site (Red). Error bars are 95% confidence intervals. Only two backscatter data

points were averaged in the highest speed bin for the Mud Site, and eight data points

averaged for the Coral Site, compared with 396 and 349 backscatter points for the

lowest speed bin, for the Mud and Coral sites, respectively.



Chapter 6

Conclusions

The work presented in this thesis is part of a larger, ongoing study of deep sea corals

and their habitat in Atlantic Canadian waters. Deep sea corals have been identified

as important parts of the marine ecosystem, both in terms of the diversity of coral

species, and serving as habitat for other species, which also contributes to increased

ecosystem bio-diversity. The need to better understand all aspects of deep sea corals

is driven not only by pure scientific pursuit, but also to inform policy makers involved

in conservation efforts intended to protect deep sea corals and their habitat.

Since deep sea corals are benthic organisms, their interaction with currents in the

bottom boundary layer is an important factor for understanding many aspects of their

biological and physical processes. As well, understanding the structure and flow of

bottom currents is necessary for predicting which areas may be suitable habitat for

a given coral species. The interaction of bottom currents with the characteristically

rough topography of coral reefs and thickets allows for the application of turbulent

bottom boundary layer theory to determine if, and how, the coral influence the local

current regime, which as stated, has implications for biological aspects of coral ecology

such as nutrient supply and uptake. An experiment was carried out in Haddock

103
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Channel, Southwest Grand Banks, off the coast of Newfoundland, to characterize the

bottom boundary layer in an area containing the deep water coral species Keratoisis

ornata (now synonymized with Keratoisis grayi).

Two Doppler Profilers were deployed via remotely operated vehicle (ROV) to make

measurements of the bottom boundary layer currents; one instrument was placed in

an area characterized as suitable coral habitat, but containing no corals (Mud Site),

the other in a Keratoisis ornata thicket (Coral Site). This arrangement allowed for

a comparison of the bottom boundary layer with and without the presence of deep

water corals. The two primary questions we sought to answer were:

1. Based on the values of the flow parameters, does the local bottom boundary

layer at the Coral Site agree with the logarithmic “law of the wall” theory which is

used to describe turbulent boundary layers?

2. Does the presence of corals and their characteristic roughness affect the velocity

profile, friction velocity, and mixing properties in a turbulent bottom boundary layer

flow?

The instrument deployment was limited to three days due to the need to recover

the Doppler Profilers via ROV and the available ship time schedule. The short de-

ployment allowed for a comparatively high sampling rate, but unfortunately, this

high sampling rate gave rise to data collection and data quality issues. Specifically,

because of the short deployment time the instruments were configured for maximum

high sampling rate, necessitating higher demands on the instrument power supply and

less time for battery cell chemistry recovery. Ordinarily, this high duty cycle would

not be a critical issue, however, because the battery chemistry is sensitive to low tem-

peratures, such as those in the cold water environment (4◦C) of the Grand Banks,

the batteries were eventually unable to maintain adequate voltage levels leading to a

change in sample intervals and unusable data.
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The Doppler Profilers were configured to collect one profile every five seconds (12

profiles per minute, later averaged to one profile every 2.7 minutes) with data in 1

meter depth bins, eight bins total. Due to backscatter conditions and the instrument

configuration, the maximum number of useable bins came to 4 and often, depending

on the backscatter conditions, only 3 bins provided usable data. Bin 4 data was iden-

tified as acceptable if backscatter levels were above a minimum intensity threshold.

An additional data quality issue that arose was the presence of an obvious veloc-

ity offset in the first data bin of transducer beams 1 and 3 on the Mud Site Doppler

Profiler (AQD1): this bias was removed by making the mean (component of veloc-

ity measured by the beam) velocity in bin 1 (centered about 1.46 meters above the

bottom) to be consistent with the mean velocity in bin 2 of affected beams. This

approach assumes that the mean (component) velocity is consistent with depth: ob-

viously greater speeds are seen at greater heights above the bottom, but with the

observed average component speed near zero, this approach should reasonably re-

move the observed bias.

Mean velocity profiles for both the Mud and Coral Site show velocity decreasing

as a function of depth, as expected. Normalized speeds at the Mud Site appear higher

than those at the Coral Site for the lowest two bins, suggesting possible drag effects

due to the presence of corals. Overall, the two profiles did not reveal significant

insight into differences between the two locations.

Although data was collected at only two sites, it was possible to simulate condi-

tions at locations with different mean flow conditions by sorting the data according

to direction. Velocity profiles for four directional quadrants were examined. At the

Mud Site, speed profiles in three of the four quadrants are generally self similar for

the North East, South West, and South East which supports the assertion of bottom

homogeneity. At the Coral Site, speed profiles in the North East and South East are
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considered accurate due to sufficient directional data (percentage of total data set)

and good distribution of speeds over a range of values. Comparison of flows at both

sites for the North East and South East quadrants show evidence of increased drag

due to the presence of corals (see Figure 4.15). Overall, consistent behaviour between

quadrants supports the conclusion that there is no strong directional dependence in

this data at either site.

Once the data had been sorted for quality, three different averaging and data

sorting approaches, labeled the Drake Method, the All Data Binned Method, and

the Binned Drake Method were explored. The basic objective was to create velocity

profiles averaged or sorted in some way so that the resulting profile could be fit to the

law-of-the-wall profile thereby extracting friction velocity u∗ and bottom roughness

values zo.

In the Drake Method, profile quality was assessed based on the number of velocity

profiles with acceptable correlation coefficients r2 and goodness-of-fit Q values. Data

was averaged over 5.5, 13.75, 27.50 and 57.75 minute intervals. More averaging cre-

ates smoother overall data, but provides fewer profiles for further analysis. The final

analysis was based 13.75 minute averaging intervals which was the optimal compro-

mise between the number of velocity profiles and the requirements for high r2 and

Q, which, when combined with other data high grading criteria, yielded 60 velocity

profiles for the Mud Site and 66 for the Coral Site. Profiles were then fitted to the

law of the wall to obtain friction velocity and bottom roughness parameters for each

individual profile. To demonstrate that u∗ evolves with flow speed as expected and

is consistent with independent observations (Reidenbach et al., 2006a), the friction

velocity estimates were then regressed against speed.

Results from the Drake Method showed little differentiation between the Mud

and Coral Site and it is not convincing in terms of the impact of coral presence
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on boundary layer flows. Friction velocity and bottom roughness parameters are

comparable at both locations. There is significant uncertainty in parameters at both

sites and zo values are likely overestimated: it is mathematically impossible to have

negative zo values so noise leads to a bias toward larger zo values. Regression of

friction velocity against speed for both sites does show a linear agreement between u∗

and speed. This is consistent with the dependence of friction velocity and turbulence

on mean flow conditions, and supports agreement with the law of the wall theory.

In the All Data Binned Method, temporal averages are eschewed in favour of

sorting all the speed data for each measurement bin into five speed categories based

on the average speed from the bottom three measurement bins. Velocity profiles

are then created by averaging data from each speed category for each of the four

measurement bins. An average of bins 1 to 3 is used for sorting to reduce overall

uncertainty and suppresses errors from any one bin contribution. Resulting profiles

are then fitted to the law of the wall using the log profile regression technique. While

the number of profiles created is small (i.e. only five speed categories), the number

of data points averaged together to create each profile point is an order of magnitude

higher than in the Drake Method.

The All Data Binned Method yields bottom roughness values that are consistently

higher at the Coral Site (mean zo = 0.51 ± 0.28 cm), compared to the Mud Site (mean

zo = 0.27 ± 0.40 cm). As for analysis of friction velocity, the fit of u∗ and speed shows

that friction velocity values are higher overall at the Coral Site for low speeds, but

u∗ increases faster at the Mud Site as speed increases. These differences are not

significant given the stated uncertainties.

In the Binned Drake Method, speed data are again sorted into speed categories to

produce speed profiles. The Binned Drake approach relies on sorting speeds based on

the mean speeds in bin 3. This sometimes results in entire speed profiles being binned
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into the wrong speed category as bin 3 speeds by themselves suffer measurement

uncertainties. At times, the corresponding values at other measurement heights would

actually indicate an overall higher speed category for the data. An average of bins 1

to 3 was considered but was shown to yield no appreciable improvement in the final

analysis. Average speed profiles at the Coral Site show lower speeds relative to the

Mud Site near the bottom, suggesting higher drag effects due to the presence of Corals.

Bed roughness values at the Coral Site are generally higher at low speeds compared

to the Mud Site, possibly indicating that the coral are affecting the hydrodynamic

roughness at low speeds. Friction velocity values plotted against speed (Figure 4.26)

show that at low speeds, u∗ estimates are consistently higher at the Coral Site; Mud

Site u∗ values are ∼ 30% to 80% of Coral Site estimates, again pointing to increased

turbulence due the presence of coral. However, friction velocity increases faster at

the Mud Site (Slope = 0.1 ± 0.04) compared to the Coral Site (Slope = 0.07 ± 0.06)

as speeds increase, suggesting that at higher speeds coral induced bottom roughness

is less important to friction velocity. The Binned Drake method results in the lowest

overall error in the fits and was considered the most reliable of the three approaches

used to analyze the data. While the All Data Binned method supplied more data for

the analysis, the quality of data in the Binned Drake method resulting from a more

rigorous screening process yields marginally better results.

The All Data Binned and Binned Drake method both show the same trend of

higher friction velocities at low speeds at the Coral Site, with u∗ increasing faster at

the Mud Site. The higher u∗ values at low speeds at the Coral Site are consistent with

the hypothesis that enhancement of turbulence due to coral structure is significant

only at low flow speeds, enabling coral polyps greater opportunities to extract organic

material from the water column i.e. improving coral feeding opportunities due to

resuspension of organic material from the sea bed due to turbulence.
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In conclusion, we find that the Binned Drake method yields better results by

virtue of having smaller error bars on the fits of u∗ versus speed compared to the All

Data Binned method, and showed a more appreciable difference between Coral and

Mud Site u∗ values at low speeds, albeit still the same within error. As for bottom

roughness parameters, the All Data Binned method presents a more interesting sce-

nario since it appears to show more static and very small zo values (error bars are

also very small) at the Mud Site compared to larger zo values at the Coral Site (larger

error bars). Additionally, we conclude that the Binned Drake method is favourable in

terms of speed profile comparisons, since it shows lower speeds at Coral Site compared

to the Mud Site, closer to the bottom, which is consistent with an increase in drag

caused by the presence of coral colonies, the caveat being that the All Data Binned

method has tighter error bars.

The backscatter intensity as a function of speed for both sites was examined, in

addition to the law of the wall approach and fits of friction velocity versus speed.

As flow speeds increase, turbulence is expected to increase. Increased turbulence

can lead to an increase in resuspension of material from the sea bed into the water

column, which would be indicated in the data as an increase in backscatter intensity.

Normalized backscatter values as a function of speed (Figure 5.1) increased faster at

the Mud Site relative to the Coral Site for speeds between 2.5 and 7 cm s−1, which

is consistent with the results of the log liner regressions (Figure 4.27) where friction

velocity increases faster at the Mud Site. Backscatter results from both locations

suggest increased resuspension of material as speeds increase, as expected, up to

7 cm s−1. It is impossible to make relative absolute comparisons between the two

sites in the absence of calibrated backscatter values.

Events occurring above 7 cm s−1 show a dramatic increase in backscatter intensity

at the Coral Site, and a similar decrease in intensity at the Mud Site. The reason for
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this change in trend is unclear. Possible causes include a transition into a different flow

regime whereby increased flow speeds interact favourably with the rough topography

of the Coral Thicket, enhancing turbulence and increasing the resuspension of material

from the seabed. Alternatively, the results could be due to the low number of data

points available for averaging at the two points above 7 cm s−1 at both sites. As well,

this trend is not reflected in the log linear regression technique results. However,

the data used in the backscatter versus speed analysis is subject to less overall data

averaging or processing, compared to the log linear approach, which makes us more

confident that the result was actually observed and not an artifact of data processing.

The areas in Haddock Channel involved in this study were considered good rep-

resentations of cold water coral habitat. It is possible that the control site had previ-

ously experienced bottom trawling thereby creating an area of coral habitat devoid of

coral, given the close proximity of the coral thicket involved in the study. The area of

coral habitat in Haddock Channel was characterized as a low speed current regime.

An area with higher flow speeds would provide a different environment in which to

characterize the response and interaction of rough coral topography with a broader

range of speeds. Additionally, a longer duration deployment would have likely meant

a slower sampling rate, ironically eliminating some of the data quality issues resulting

from the combination of high duty cycle and low temperature effects on the battery

chemistry.

Suggestions for a follow up study involve a longer deployment and sampling of a

higher energy environment. In 2010, the two Acoustic Doppler Profilers used in this

study were deployed 50 meters apart in the the Gully Marine Protected Area, a well

documented coral habitat, at a depth of approximately 600 m, again via the ROPOS

ROV. Two weeks of data was collected, with a sampling rate of 5 minutes/profile,

using fifteen 10 cm bins. Maximum observed speeds were 30 cm s−1. Velocity profiles
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were logarithmic and conformed to the law of the wall. Analysis of this data is

ongoing.
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