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Abstract

This study investigates the sediment transport processes in the microtidal San

Jacinto Estuary under variable hydrologic and hydrodynamic conditions. This was

done through a combination of laboratory, field, and numerical modeling experi-

ments. The laboratory tests were run to formulate the relationship between an

acoustic Doppler velocimeter (ADV) backscatter and suspended sediment concen-

tration (SSC). For the field study, knowledge gained from the laboratory was used to

collect needed data to determine the critical shear stress parameters with the ADV.

This information was then used as part of the required input to numerically model

the general sediment transport processes within the estuary under variable hydrologic

conditions.

In the laboratory work, a 6 MHz Nortek Vector velocimeter was tested in a water

tank with suspensions of four different synthetic and natural muds. For concentrations

less than 1500 mg/l, a region of linearity between the logarithm of concentration and

time-average SNR was found and a calibration equation could be developed. However,

the exact calibration coefficients were strongly dependent on the sediment grain size

distribution.

The field measurements of the critical erosion shear stress were made at three

sites containing mixtures of sand, silt, and, clay under different hydrodynamic con-

ditions. This was done by deploying the ADV over a tide cycle to measure mean

and turbulent velocity as well as SSC and significant changes in boundary elevation.

Six different techniques were used to convert velocity time series to bed shear stress

time series. Two of the sites yielded estimates of the critical shear stress condition

for erosion of 0.14 N/m2 and 0.06 N/m2 respectively.

Two synthetic freshwater inflows, simulating dry and wet conditions, were used
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in the numerical modeling experiments. Simulations showed that the change in fresh-

water inflow has significant impact on the distribution of salinity within the system

but does not greatly change sedimentation patterns. This indicates that ecosystems

sensitive to salinity level change in the estuary are vulnerable to extreme droughts

and floods, but that the overall sediment transport patterns are relatively less affected

by seasons of drought. The work does not however account for hurricanes which could

strongly alter sediment transport patterns.
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Chapter 1. Introduction

Estuaries are valuable natural resources that provide an ideal habitat for wildlife

and significant commercial benefits. These commercial benefits come primarily in the

forms of shipping, fishing, tourism, and recreation. Two important physical processes

in estuaries that influence natural and anthropogenic activities are, (1) the mixing of

fresh and saltwater; and (2) the transport and deposition of sediment.

The naturally sheltered waters of estuaries make them well suited locations for

harbors and ports. However, the low energy environment also means that sediment

being delivered from rivers will have a tendency to deposit, thereby filling in the

sheltered zones of the estuary with mud that is composed of both inorganic and

organic sediment ranging in size from clay to fine sand (Winterwerp and van Kesteren,

2004). Deposits in navigation channels and harbors can block shipping routes or halt

the operation of a harbor. To deal with the deposition, expensive dredging operations

and bank protections are often needed (Normant, 2000).

The deposited clay and silt sized sediment in estuaries adds a cohesive element

to the mud that leads to increased resistance to movement of sediment from the bed

to the water column and brings added flocculation dynamics to sediment suspended

in the water column. The effective size and density of suspended sediment changes

spatially and temporally as a function of turbulence and salt levels within the system

(Berlamont et al., 1993; Partheniades, 2009; Kumar et al., 2010). Complex mud trans-

port properties along with the fresh and saltwater processes in the tidally influenced

zone makes understanding and predicting sediment transport, shoaling, and erosion

patterns in estuaries interesting and challenging. Knowledge of sediment movement

in estuaries is not only important for understanding the natural processes and how

to minimize dredging needs, but also for understanding the fate and transport of in-

dustrial pollutants since the cohesive fractions can absorb pollutants from the water
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column (Piérard et al., 1996; Winterwerp and van Kesteren, 2004). Zones of the es-

tuary bed may then act as long-term sources of stored pollutants that slowly release

toxins back into the water column. Additionally, because the pollutants can bind to

sediment, predicting the movement of the cohesive mud within the system becomes

important to understanding the time and space distribution of pollutants throughout

system and designing remediation strategies.

These examples show that knowledge of sediment movement and storage in an

estuary is essential for understanding the short, medium, and long-term geomorphic

and environmental trajectory of a system. However, this is complicated by the fact

that estuaries are very complex systems with large ranges in sediment grain size,

the addition of cohesive sediment dynamics, complex bathymetries, river and tidal

influences, and density stratification.

This research was designed to study sediment transport processes in the San

Jacinto Estuary and Galveston Bay region. The San Jacinto Estuary, located near

Houston, TX (Fig. 1.1), feeds into the larger Galveston Bay and holds the Houston

Ship Channel which links, among other ports, the Port of Houston and is one of

the leading energy centers in the world and one of the busiest estuaries in the USA,

ranking number one in foreign waterborne tonnage and imports; second in export

tonnage and total tonnage. A 2012 study by Martin Associates, prepared for Port

of Houston Authority, stated that estuary business associated with the waterbody

contributes to more than 1 million jobs throughout Texas. The overall objective of this

research is to better understand the sediment transport processes in the microtidal

San Jacinto Estuary under variable hydrologic conditions. The worst drought in in

recent Texas history occurred during 2011 and had a devastating effect on desiccating

the crops in the land, leading to massive wildfires, increasing the salinity level of the

estuary and decreasing the amount of nutrient inputs to the region (Texas A & M

University. Sea Grant College Program, 2011).

2



Eagle Point 

Smith Point 

Barbour’s
CutBarbour's 

Cut

Smith Point 

Eagle Point 

Figure 1. Houston Ship Channel area map. 

Figure 1.1: San Jacinto Estuary along with its sub-bays and Houston ship channel route
[Image: US Army Corps of Engineers].

Here the focus is on evaluating its effect on estuaries. Freshwater inflow plays a

major role in estuary habitat. It can change the salinity distribution within the water

body and endanger the living organisms that can only live in a specific salinity range.

The other impact that extreme drought could have on the systems, specifically in

microtidal estuaries having very small tidal range, might be to significantly alter

deposition patterns or rates in the estuary. The latter is investigated in this study

through modeling of both dry and wet conditions and comparing the sedimentation

pattern of the two. The four specific research questions addressed by this study are:

1. Can standard acoustic Doppler velocimeters (ADVs) be used to simultaneously

measure velocity and suspended sediment concentration time series?

2. What are the conditions for erosion and deposition in the San Jacinto Estuary,

and how do they change under different dominant hydrodynamic processes such

as currents and waves?

3. How will changes in freshwater input change the sedimentation pattern of the

San Jacinto Estuary?
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4. Where do scalar and non-scalar particles arriving in the system from the San

Jacinto and Trinity rivers end up under wet conditions over a time scale of one

year.

In this research a multi-pronged approach is taken to address the research questions

by using field data obtained via a new approach for measuring suspended sediment

and turbulent flow, that was refined as part of the research, coupled with 3D hy-

drodynamic and morphodynamic modeling. Short overviews of what motivated these

questions and approach followed to answer them are given in the following paragraphs.

Research question 1: Measuring suspended sediment concentration (SSC) is

a fundamental and important procedure for determining sediment flux and under-

standing transport processes in rivers, bays, estuaries, and the marine environment.

SSC time series data is also essential for detecting the incipient motion condition

of a particular sediment bed. Typically, SSC time series are gathered with physical

samples or an optical backscatter sensor (OBS). The other data component required

for determining flux and entrainment is the velocity time series. The velocity can be

obtained with propeller type current meters, but is most often measured using acous-

tic Doppler velocimeters and current profilers (ADVs and ADCP). Because acoustic

Doppler systems operate based on sound waves scattered from particles in the water

column, there has been a growing interest in examining if ADVs and ADCPs can

be used to simultaneously collect both velocity and suspended sediment concentra-

tion data (Holdaway et al., 1999; Thorne and Hanes, 2002; Gray and Gartner, 2009;

Best et al., 2010). The results of Fugate and Friedrichs (2002) and Voulgaris and

Meyers (2004) are particularly encouraging; suggesting that this is possible because

they show that estimates of SSC made with their ADV system were as good, if not

better in some cases, than those made with an OBS and a LISST-100x. While the

method is promising, more work needs to be done to develop methods and guidelines
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for translating ADV backscatter time series to SSC time series under different condi-

tions. This part of the research will seek to determine, (1) how the ADV-measured

acoustic backscatter responds to different sediment grain-size compositions; (2) how

user-defined velocity settings for the ADV impact the acoustic return and the ability

to extract SSC information; and (3) a suitable filtering scheme for smoothing out

unreasonable fluctuations in ADV derived SSC time series.

Research question 2: Widely used expressions for erosion and deposition of

marine muds are, (1) the erosional model based on the data of Partheniades (1965);

and (2) Krone’s depositional model (Krone, 1962). These equations are highly de-

pendent on the critical condition for the onset of erosion and deposition respectively.

The Krone-Partheniades equations are used both as boundary conditions in com-

putational packages such as Delft3D and MIKE, and as general process relations.

Therefore, the use of Krone-Partheniades equations requires accurate estimates of

the critical bed shear stress conditions to properly understand and predict sediment

transport in estuarine environments. Two working hypotheses of this question were,

(1) grain size distribution and percentage of fine particles play an important role in

defining the incipient motion condition; and (2) erosion in an estuary is rare under

non-storm tidal and riverine conditions.

Research question 3: Sediment movement in estuaries occurs largely during

episodic events (Cooper, 2002). Different physical processes may dominate at high and

low flows and translate into changes in shoaling patterns under different hydrologic

conditions. For example, higher flows may result in higher erosion rates compared

to lower flow conditions. Reading literature and studying similar estuaries can help

give one a better understanding of the different processes involved in controlling

sedimentation pattern in a given estuary of interest, but conducting research on each

specific estuary is needed to fully understand processes involved in each estuary.

While many of the important estuaries in the US have received extensive attention,
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the San Jacinto Estuary and Galveston Bay complex have received relatively little.

The working hypothesis for this question is that the change in river discharge from

month to month and from season to season can influences sediment deposition and

erosion patterns within the San Jacinto Estuary.

Research question 4: In some estuaries, a fraction of the river sediment may

remain in suspension and pass through the estuary without being trapped in the bed.

However, it is likely that much of the sediment delivered to any estuary may only

pass through the system after many deposition and resuspension cycles. Schubel and

Meade (1977) claimed that estuaries are ephemeral features of the landscape that

will eventually fill in and die out. This means that estuaries should act as a long

term sink to sediment from both incoming riverine and marine sources. However,

over shorter time scales, an estuary might be a source to the coastal zone as a result

of specific events such as a large flood or storm. The working hypothesis for this

question was that the microtidal San Jacinto Estuary is a complete sink for fluvial

sediment entering from Buffalo Bayou, the San Jacinto River, and the Trinity River.

In general, studying these aspects of an estuary is important because it enables

us to predict the response of an estuary to different natural or anthropogenic bound-

ary forcing and provides useful information for planners, ecologist, and engineers

managing the water body systems and designing navigation channels, harbors, docks,

and water intakes.
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Chapter 2. Background and Research Overview

2.1 ESTUARY CLASSIFICATION

An estuary is a semi-enclosed water body with one or more rivers flowing into

it, a free connection with the open sea, and measurably diluted salinities from fresh

river water (Herbich and Bauer, 1992). Estuaries are highly variable and dynamic

in their physical, chemical, and biological properties, and the combined effects of

wind-waves, tides, freshwater inflows, sediment characteristics, river input sediment,

salinity gradients, intricate coastline, and bathymetries make each estuary rather

unique and complex (Chen, 2001; Liu et al., 2002; Ji et al., 2007; Dronkers, 1986).

Estuaries are primarily classified based on, (1) their morphology; (2) how fresh and

saltwater mix with the estuary; and (3) their tide range.

Morphologically, an estuary is classified as a drowned river valley, a fjord, or

a bar-built estuary (Dyer, 1995); see figure 2.1 for examples of each. Drowned river

valleys, such as the Chesapeake and Galveston bays, were formed after the last ice age,

about 6,000 years ago, when sea level rose to its current level and flooded river valleys

that were free of marine influence during the period of low stand. Drowned rivers

valleys are the most common type of estuary, and they are easy to spot because they

retain the branching network of the old river system. Fjords, such as College Fjord in

Alaska, were originally glaciated valleys that were again flooded with the last marine

transgression and are typically deeper with steep rocky sides and relatively straight

channels compared with those of drowned river estuaries. Bar-built estuaries, such as

the Mississippi River, are found at river mouths where sediment deposits have built up

to make islands or spits offshore. They are shallow and linked to other estuaries and

lagoons in long systems, thereby blurring the distinctions between estuaries, coastal

bays, and lagoons (Pritchard, 1952).

Estuary classifications based on mixing of fresh and saltwater are known as
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Figure 2.1: Different type of estuaries classified based on their morphology. (a) Chesa-
peake Bay, (b) College Fjord, Alaska, (c) Mississippi River [Images from NOAA and NASA,
2006].

salt wedge, partially mixed, and well-mixed estuaries (Herbich and Bauer, 1992).

Salt wedge estuaries are highly stratified, with buoyant freshwater from the river

flowing out on top of the more dense sea water and relatively little mixing between

the layers (Fig. 2.2A). The Mississippi River is a typical example of a stratified

estuary (Herbich and Bauer, 1992). Partially-mixed estuaries have a more gradual

mixing of salt and freshwater, and salinity increases in the water column from the

surface to the bottom (Fig. 2.2B). They occur when there is less river flow relative to

tidal action. The Chesapeake and Narragansett bays are two examples of partially-

mixed estuaries (Kennish, 1986). In well-mixed conditions, momentum from the

tidal exchange dominates the river flow and removes vertical salinity stratification

(Fig. 2.2C). The third estuarine classification is based on the magnitude of the tide

range alone (Kennish, 1986). In this classification, estuaries are differentiated into

microtidal, mesotidal, and macrotidal systems when the tide range is less than 2 m,

between 2 and 4 m, and higher than 4 m respectively (Hayes, 1979; Nicholls, 1989).

The water bodies of interest in this study are the Galveston Bay and San Jac-

into Estuary region (Fig. 1.1). The region is a large, shallow estuary composed of

four major sub-bays: Galveston, Trinity, East, and West bays. It is classified as a

microtidal, drowned river valley estuary (Lester and Gonzalez, 2002). The circulation

pattern of this estuary changes from season to season based on the rate of freshwater
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Figure 2.2: Different type of estuaries classified based on their mixing of fresh and saltwa-
ter. (a) Salt Wedge, (b) Partially-Mixed, (c) Well-Mixed [Redrawn from Garrison (2008)].

inflow, salinity levels, and wind strength and duration (Wang, 1994). The San Jacinto

and Trinity rivers are the two major sources of freshwater to the estuary making up

approximately 85% of the total freshwater input. They are also the major source of

sediment to the region. The local bayous and other ungaged areas contribute fresh-

water input of approximately 9% and 6% respectively (Lester and Gonzalez, 2002).

Tidal range is less than 1 m and the tide patterns change from diurnal to semidiur-

nal based on time and location within the bay. The dredged Houston Ship Channel

(HSC) is the busiest waterway in US and cuts through the region providing a conduit

for ocean-going vessels between the Gulf of Mexico and Houston-area shipyards. The

hydrodynamics of the region are subject to different forcing and internal processes

such as tides, river discharge, wind-waves, storms, and salinity stratificaiton.

2.2 FLOW AND SEDIMENT TRANSPORT MODELING IN THE SAN

JACINTO ESTUARY

The previous section discussed estuary classification based on dominant bathy-

metric and process characteristics. One might suggest that the general behavior of an

estuary could be found by extrapolating conditions and processes from a different, but

similarly classified, estuary. However, the complex combination of boundary condi-

tions, internal processes, and sediment complexity makes the generalization of results

from one estuary to another difficult to impossible in some cases (van der Wegen et al.,
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2011). The result then is that each estuary has its own unique sediment transport

processes and patterns. For example, the combination of geometry and depth pattern

in one estuary might cause the tide amplitude to be constant (synchronous), increas-

ing (hypersynchronous), or decreasing (hyposynchronous) in the riverward direction

(Dyer, 1995). van der Wegen et al. (2011) noted that even knowing the major hy-

drodynamic processes in a specific estuary is not really sufficient for making detailed

predictions of the morphologic evolution due to high nonlinearity interaction among

the various controlling processes. This again shows the importance of studying each

estuary to understand its unique behavior.

Despite the San Jacinto Estuary’s importance, there has been a relatively small

amount of research into the physical sediment transport processes of the system when

compared with other important estuaries such as the Chesapeake and San Francisco

bays and the Hudson and Delaware rivers (Wang, 2002; Woodruff et al., 2001; Sanford

and Halka, 1993). Previous work in the San Jacinto Estuary has focused mainly on the

geological (Anderson et al., 1992; Lankford and Rogers, 1969), environmental (Minello

and Webb Jr., 1997; Santschi et al., 2001), and hydrodynamic (Berger et al., 1995;

Wang, 1994) aspects of the region and not as much on modeling sediment transport

processes. Furthermore, fewer studies have been conducted in shallow microtidal

estuaries compared to meso- or macro-tidal ones.

In relation to the hydrodynamic and circulation of the region, three main stud-

ies are briefly reviewed. Shankar (1975) presented mathematical, hydrodynamic, and

salinity transport models suitable to the study of tidal inlet effects on estuaries hav-

ing the morphology similar to ones in U.S. coastal regions, specifically, the Gulf of

Mexico. The San Jacinto Estuary was used in his study to show the effect of different

parameters such as tidal inlet size, freshwater inflow and theoretical removal of shell

reefs on circulation and salinity distribution. Wang (1994) developed a 3D hydro-

dynamic and salinity model and investigated the circulation and change of salinity
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in this region over a one month period. The effects of tides, wind and river inflows

were all considered in the model. The study stated that freshwater inflow was an

important factor in salinity distribution within the bay. Overall, the model predicted

a well-mixed condition, but a partially-mixed situation was noticed during a 10 day

period for several points within the model domain due to the combined effects of tide,

freshwater inflow, and geometry. The third major hydrodynamic study of the region

was conducted by Berger et al. (1995) using the 3D RMA10-WES code. The Berger

et al. (1995) study had two main objectives. The first was to evaluate the effect of

deepening the existing ship channel on circulation and salinity, and second was to

use the output from a hypothetical deepening to evaluate oyster population response

to change in salinity. They considered the effect of low, medium and high freshwater

inflow years in their model. They also predicted the situation for years 2024 and

2049. The study found that the major effect of deepening the channel was to increase

salinity in regions with low salinity by approximately 5 ppt, including the upper west

side of the bay across the channel from Atkinson Island, and the upper bay channel.

They saw a very slight salinity increase in Trinity Bay. Some areas in the south end

of the bay near the navigation channel occasionally showed a decrease in salinity with

the deeper channel configuration. They also noticed higher stratification in deepened

channels. The stratification increased towards Buffalo Bayou and the San Jacinto

River due to the increase in freshwater inflow.

The only known sediment transport modeling within the region was that con-

ducted by Tate et al. (2008). They used the finite element TABS-MDS package to

model the 3D hydrodynamics, salinity transport, and suspended sediment transport.

The objective of the study was to look at the change in the shoaling rate due to deep-

ening of the channel. They assumed that the change in bed elevation did not have

any effect on the hydrodynamics of the region. Making this assumption allows for the

hydrodynamics to be uncoupled from the bed evolution that results from erosion or
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deposition. For the Tate et al. (2008) study, field data such as bed sediment composi-

tion and suspended sediment concentration was collected at several points seaward of

Morgans Point. In the modeling they considered the effects of tides, wind-generated

waves, ship traffic, freshwater inflow, and salinity circulation. The boundaries were

set in a way that they remained wet at all times. The US Army Corps of Engineers

(USACE) published their work as a series of technical reports. They concluded that

common wind-waves are not a major driver of erosion in the region. They did not

find any effect due to seasonably dry or wet conditions flow year on the sediment

pattern.

2.3 ESTUARINE SEDIMENT TRANSPORT MODELING BASICS

The complexity of sediment transport modeling in estuaries is in part related to,

(1) dynamic hydrodynamic driving forces such as tides, wind-waves, river discharge,

storms, sea level rise, and the Coriolis force; (2) sediment sizes ranging from clay

to sand with both inorganic and organic constituents; (3) internal processes such as

flocculation, erosion and deposition, bed liquefaction, and bed consolidation; and (4)

irregularly shaped bathymetries. Several approaches have been used to describe and

predict morphological change. de Vriend et al. (1993) distinguished these into two

basic categories as being global behavior models and detailed computational mod-

els. Global behavior models focus on finding empirical relation between geomorphic

development and hydrodynamic parameters. For example, it has been common to

relate inlet cross sectional area to the tidal prism using a power law or other func-

tion (O’Brien, 1969; Jarrett, 1976; Seabergh et al., 2001). Similarly, Escoffier (1940)

proposed an equation to relate inlet cross-sectional area and maximum velocity, and

others have related the inlet tidal prism to the sand stored in the ebb delta (Mehta

et al., 1976; Bruun, 1978). Detailed process-based computational models are based

on a mathematical description of the underlying physical processes and discretization
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of the governing equations over the domain of interest.

The use of these rather complex process-based models has increased tremen-

dously over the past 20 years due to an improved understanding of the physical phe-

nomenon and increased computational power. Their basis is the dynamic interaction

between hydrodynamic, sediment, and bed-topography change. Process based models

first evolved from analytical to 1D (e.g., Friedrichs et al., 1990; van Dongeren and

de Vriend, 1994; Schuttelaars and de Swart, 2000). Then 2D depth-averaged (2DH)

codes were developed for river applications (e.g., Struiksma, 1985). In order to deal

with the complex flow in river bends, models often were equipped with quasi-3D mod-

ules. Using these models for coastal engineering necessitated adding wave generation

and forcing. Quasi-3D models developed more and were able to handle cross-shore

processes such as tidal and wave asymmetry, bed slope, and return flow (e.g., Watan-

abe et al., 1986; Bos et al., 1996). However, the efforts were not completely successful

especially in coastal regions. Due to irregular patterns, the sensitivity of transport

models to small disruption were rather high. A 3D morphological code was devel-

oped by Pechon and Teisson (1996) which was able to couple the near-bed velocity

with a local transport equation. The results were promising but still gave irregular

patterns associated with the assumption of local equilibrium transport. Bedload and

suspended transport solvers were separated in a 3D model developed by Gessler and

Hall (1999) for studying river morphodynamics. The code was able to handle nu-

merous sediment size fractions and keep track of bed changes during each time step.

Nevertheless, 2DH morphological models were still more popular for modeling large-

scale tidal inlets and estuaries. Increases in the computational power have now made

longer-term morphological modeling,i.e., years to decades, achievable for coastal en-

gineers (e.g., Steijn et al., 1998; Roelvink et al., 2001). Nowadays, models consist

of a number of integrated modules (e.g. hydrodynamic, sand transport, mud trans-

port, and particle tracking) which can interact with each other and handle modeling
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complex phenomenon available in estuaries.

The goal of process-based models is to simulate the physics of the problem

through solving the mass conservation equation, the Reynolds-averaged Navier-Stokes

equations (including the effect of turbulence and variable density) together with the

conservation equations for salinity and temperature. The first two major equations

are presented as follows,
1
ρc2
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∂t
+ ∂uj
∂xj

= SS, (2.1)
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where i and j range from 1 to 3, ρ is the local density of the fluid, cs the speed of

sound in seawater, ui the velocity in the xi-direction, Ωij the Coriolis tensor, P the

fluid pressure, gi the gravitational vector, νT the turbulent eddy viscosity, δ Kro-

necker’s delta, k the turbulent kinetic energy, and t denotes the time. SS refers to

the respective source-sink terms and thus differs from equation to equation. In most

3D models the fluid is assumed incompressible. However using the divergence-free

(incompressible) mass equation, the set of equations will inevitably form a mathe-

matical ill-conditioned problem. In most models this is solved through the hydrostatic

pressure assumption whereby the pressure is replaced by information about the sur-

face elevation. In order to retain the full vertical momentum equation, an alternative

approach known as the artificial compressibility method (Chorin, 1997) is often used.

In this method an artificial compressibility term is introduced whereby the set of

equations becomes hyperbolic dominated.

To account for sediment processes, the combined boundary exchange processes

and transport through the water column are modeled using the advection-dispersion

equation modified for non-scalar sediment particles in a turbulent flow (e.g., Wu et al.,
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2000; Winterwerp and van Kesteren, 2004).

∂C

∂t
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∂xi
(uiC) = ∂

∂xj

(
εj
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)
+ SS, (2.3)

where C is s scalar such as concentration, salinity, or temperature, ε the dispersion

coefficient, and SS = D − E the net sedimentation where E and D are erosion and

deposition respectively.

(1− λp)
∂Z

∂t
= D − E, (2.4)

where λp denotes the bed porosity, Z the bed elevation.

Widely used expressions for erosion and deposition of marine muds are the ero-

sional model based on the data of Partheniades (1965), and Krone’s depositional

model (Krone, 1962). These two models are now briefly discussed as they show the

importance of obtaining accurate values for the onset of erosion and deposition in

muddy sediment.

The Partheniades erosion equation, as parameterized by Ariathurai (1974) and

generalized for depth and time-varying critical shear conditions, is defined as follows:

E =
[
d(hC)
dt

]
erosion

= M

(
τB

τe(z, t)
− 1

)n
, (2.5)

In equation (2.5), E is the erosion rate (or mass flux rate from the bed to the water

column), h is the flow depth, C is the depth averaged concentration, z is the vertical

direction, t is the time domain, τB is the bed shear stress, τe is the time and depth

dependent critical shear stress for the onset of erosion, M is the so-called erosion rate

parameter, and n is a constant which is typically taken as unity. It is clear from this

type of parameterization that the erosion rate of the sediment bed is highly dependent

on the critical condition for the onset of erosion, τe. The model assumes that erosion

only occurs when τB > τe, and that the rate of erosion is dependent on the ratio of

the fluid applied shear stress and the critical erosional stress (i.e., τB/τe).
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Krone’s depositional equation is similar in form and considers the product of the

sediment fall velocity and the near bed concentration (flux towards boundary).

−D =
[
d(hC)
dt

]
deposition

= −wscb
(

1− τB
τd

)
, (2.6)

Here, D is the deposition rate (or mass flux rate from the water column to the bed),

ws is the fall velocity, cb is the concentration near the bed, and τd is the critical bed

shear stress for deposition. D ranges from 0 to −wscb as a function of the ratio of

τB to τd. Analogous to equation 2.5, sediment deposition only occurs when τB < τd.

The Krone-Partheniades equations (Eqs. 2.5 and 2.6) are used both as boundary

conditions for numerical models, and as general process relations in computational

packages, e.g., Delft3D and MIKE. There are other empirical equations that are used

as models for erosion and deposition. However, most of these also rely on the concept

of a critical shear stress for erosion and deposition (Winterwerp and van Kesteren,

2004; van Rijn, 2007). Therefore, independent of the use of equations 2.5 and 2.6

as boundary conditions in numerical models, or the use of other such relations, the

task remains to accurately characterize the critical conditions, τe and τd, to properly

understand and predict sediment transport in the estuarine environments.

For sands and gravels, reasonable estimates for the critical conditions can often

be made when grain size and sorting are known. However, this is not the case with

cohesive muds. Mud erodibility is dependent on the flow history, water content of the

bed, salinity, clay percentage, level of consolidation, and the biological community

structure at a particular site (e.g., Rhoads, 1974; Nowell et al., 1981; Widdows and

Brinsley, 2002). These factors all make τe and τd site specific for muds. In general,

measurement of these two parameters are possible by either bringing a sample of

the bed material back to the lab for testing, or by making in situ experimental

measurements. When testing sediment erodibility in the laboratory, one can, (1)

obtain a grab sample from the field and remold the sediment in a sample tray that
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can then be placed in a flume or pipe for testing (Mehta et al., 1981; Mehta, 1991);

(2) obtain a grab sample from the field, mix it with water in a flume or tray, wait

for a self-deposited bed to develop, and then run the erosion and deposition test

(Mehta et al., 1981; Dennett, 1995); or (3) obtain an undisturbed sample in the field

and place the sample in a flume or pipe for critical parameter estimation (Vermeyen,

1995; McNeil et al., 1996). The laboratory methods mentioned above are based on

determining τe and τd using flowing water and measurement of suspended sediment

concentration. Of these methods, method 3 comes closest to testing the true depth

and time dependent nature of the critical erosion and deposition stress. However, it is

quite difficult to obtain an undisturbed sediment sample from the field for laboratory

testing. Additionally, bringing the sample back to the laboratory for testing removes

the sample from the greater surrounding sediment and flow context. For these reasons,

estimates of the critical values from in situ measurements are desirable. In situ testing

can be done using the natural flow conditions as the eroding agent (e.g., Soulsby, 1980;

Kim et al., 2000; Pope et al., 2006; Andersen et al., 2007) or devices that generate

artificial shear stress on the bed (e.g., Amos et al., 1997; Austen et al., 1999; Tolhurst

et al., 1999).

Latteux (1995) noted that morphological changes become apparent, most of the

time, over time scales to the order of months, years, or decades. Hydrodynamic and

sediment transport should be modeled successively to capture these changes. How-

ever, hydrodynamic is derived by forces such as wind and tide which are happening

in far shorter time scale than morphological one. The stability of the hydrodynamic

model dictates short time steps, to the order of a few seconds. Therefore, in order to

see the effect of hydrodynamic on morphology, a large number of calculation should

be done. This makes the numerical modeling time consuming. Different techniques to

deal with this issue have been developed such as tide-averaging, continuity correction,

rapid assessment of morphology (RAM), online, and parallel online approaches. A
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detailed description and accuracy of each of these methods are presented in Roelvink

(2006). He stated that of the various techniques, the online method has some advan-

tages over the others. This is implemented in major computational models such as

MIKE, Delft3D, and ROMS. In this technique the computational time is shortened

by multiplying the bed change in each time step by a so-called morph factor, “Mf”.

The general form of the equation is,

Zn+1 = Zn + ∆znMf , (2.7)

where n and n + 1 are the present and next time steps respectively, ∆zn = D − E

the net sedimentation. Therefore, after modeling the morphological changes over

one tide cycle we have in fact modeled the morphological changes over Mf cycles.

Finding the right Mf value and the sensitivity of the result to this parameter should

be considered.

2.4 RESEARCH OVERVIEW

Equations 2.5 and 2.6 show that critical shear stresses for erosion and deposition

of sediment are two essential input parameters for sediment transport modeling. Lack

of such data for the San Jacinto Estuary, especially above Morgans Point (Fig. 1.1),

necessitated measurement of these parameters. To do this, a new method was used to

couple the suspended sediment and turbulent flow measured by an acoustic Doppler

velocimeter (ADV) to estimate the bed shear stress that caused erosion in different

wave environment in the estuary. Since the ADV is originally designed to measure

the turbulent velocity, the first task of this research (research question 1) was to per-

form laboratory experiments to formulate the relationship between ADV backscatter

and SSC with different sediment types and instrument settings. Once completed, the
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knowledge gained from the laboratory experiments was used to conduct field measure-

ments using the ADV to determine the critical shear stress parameters at different

locations upstream of Morgans Point (research question 2). The goal of the third

and fourth research questions were to better understand general sediment transport

processes in the microtidal San Jacinto Estuary under variable hydrologic conditions.

This was done by building a numerical laboratory of the estuary and looking at how it

responded to idealized changes in freshwater input and by tracking sediment released

from the freshwater sources through the domain. The laboratory, field, and numerical

modeling will be presented in the next following chapters respectively.
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Chapter 3. Laboratory Work

3.1 INTRODUCTION

Measurement of suspended sediment concentration (SSC) is a fundamental and

important procedure for estimating sediment flux and understanding transport pro-

cesses in rivers, bays, estuaries, and the marine environment. Three broad method-

ological categories for collecting SSC data are: 1) direct physical sampling of a sus-

pension; for example, using depth-integrated or point-integrated suspended sediment

samplers and various pumping systems (Gray et al., 2000; Diplas et al., 2008); 2)

the use of optical backscatter methods which rely on the amount of scattered light

emanating from a source submerged in the water, e.g., optical backscatter sensors

(OBS) (Downing, 2006; Gray and Gartner, 2009) and Sequoia’s LISST (Fugate and

Friedrichs, 2002; Thorne et al., 2007); and 3) acoustic backscatter methods, which in-

clude dedicated single and multi-frequency acoustic backscatter systems, multi-beam

systems, and use of acoustic return strength in single-frequency acoustic Doppler cur-

rent profilers (ADCPs) and acoustic Doppler velocimeters (ADVs) (Holdaway et al.,

1999; Thorne and Hanes, 2002; Gray and Gartner, 2009; Best et al., 2010).

Each of these acoustic instruments give varying degrees of information about

the suspended matter in the water column. On the upper end, true multi-frequency

systems have the ability to determine both concentration and particle-size distribution

information through semi-analytic inversion techniques (e.g., Hay and Sheng, 1992;

Thosteson and Hanes, 1998; Thorne and Hanes, 2002; Betteridge et al., 2008; Moate

and Thorne, 2009). On the lower end, commercially available ADVs and ADCPs

record a form of the acoustic backscatter that can be mined to infer concentration

estimates. However, the instruments themselves are designed for measurement of

turbulent velocity and cannot provide particle size information if multi-sized particles

are present in suspension because the instruments only emit a single frequency.
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Commercially available acoustic Doppler velocimeters are common tools for mea-

suring time varying turbulent velocity signatures in both field and laboratory set-

tings (Voulgaris and Trowbridge, 1998; Nikora and Goring, 2000; Maddux et al.,

2003; Strom and Papanicolaou, 2007). Since Doppler systems measure the fluid ve-

locity using acoustic reflections from small particles, they also inherently record a

form of information concerning the suspended particulate matter in the water col-

umn (Lohrmann et al., 1994; Lohrmann, 2001; Nikora and Goring, 2002; Hosseini

et al., 2006). If a usable and physically meaningful form of this information can be

extracted, then ADV systems can be used to simultaneously measure velocity and

suspended sediment concentration. This is an attractive option and has led to several

studies which use the strength of the acoustic return in ADV data as a surrogate

for suspended sediment concentration once a suitable calibration curve has been de-

veloped (e.g., Fugate and Friedrichs, 2002; Nikora and Goring, 2002; Voulgaris and

Meyers, 2004; Hosseini et al., 2006; Chanson et al., 2008; Ha, 2008; Salehi and Strom,

2009).

Several of these studies have observed a linearity in the logarithm of SSC and

the time-averaged acoustic backscatter strength (Fugate and Friedrichs, 2002; Nikora

and Goring, 2002; Voulgaris and Meyers, 2004; Chanson et al., 2008; Ha, 2008). This

information has then been used in field settings to make estimates of in-situ settling

velocity (Fugate and Friedrichs, 2002; Voulgaris and Meyers, 2004; Ha and Maa,

2010) and suspended sediment flux (Andersen et al., 2007; Trevethan et al., 2007;

Chanson et al., 2008). Of these studies, the results of Fugate and Friedrichs (2002)

and Voulgaris and Meyers (2004) are particularly encouraging because they suggest

that estimates of SSC made with their ADV system were as good, if not better in

some cases, than those made with an OBS and a LISST-100x. The broad goal of

this study is to further explore the use of ADV instrumentation for simultaneous

measurement of turbulent-scale velocity and SSC time series.
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3.1.1 Acoustic backscatter and SSC

A foundation for linking ADV recorded acoustic information to suspended sedi-

ment concentration can be built by assuming that the suspended sediment particles

generate acoustic scattering in the Rayleigh regime and that this can be modeled with

the sonar equation (Urick, 1983). Within the Rayleigh regime (kr < 1 where k is the

acoustic wave number, k = 2π/λ, λ is the wavelength, and r is the particle radius),

scatter theory implies that the volume backscatter strength of the signal, Sv, takes

the following functionality with SSC (Hoitink and Hoekstra, 2005) for uniform sized

suspensions,

Sv = 10 log
(

3φk4r3

ρs
SSC

)
, (3.1)

where φ is a material property, ρs is the sediment density, and SSC is the suspended

sediment concentration (sediment mass/volume of the mixture). For a given emitted

frequency and sediment type and size, Eq. 3.1 shows that,

Sv ∝ 10 log(SSC), or SSC ∝ 10Sv/10, (3.2)

when kr < 1. It should be noted that the above relation is for uniform sized suspended

spheres and that the strength and form of the backscatter also depends on the shape

of the particle-size distribution and the shape of the particles themselves (Moate

and Thorne, 2009). For our purposes it is sufficient to say that the strength of

the backscatter should be proportional to the logarithm of the suspended sediment

concentration.

For the acoustic Doppler system, the strength of the backscatter can be mod-

eled using the following version of the sonar equation in dB units (Lohrmann, 2001;

Gartner, 2004; Hoitink and Hoekstra, 2005),

Sv = Kc(E − Er) + 20 log(R) + 2αR + c, (3.3)
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Here, E is echo strength (counts), Er is the reference receiver noise (counts), Kc is

a conversion factor (dB/counts), α is a water and sediment absorption factor, R is

the range to the sampling volume (for an ADV, R is a constant), and c is a constant

with units of dB. The last two terms in Eq. 3.3 are known as the major contributors

to the two-way transmission loss, 2TL, in acoustic energy as a wave travels from the

emitter to the sampling volume and back,

2TL = 20 log(R) + 2αR, (3.4)

The first and second terms of Eq. 3.4 account for loss due to spreading and absorption

respectively. The absorption coefficient, α, can be decomposed into sound absorption

due to the water and absorption due to sediment, α = αw + αs. αw is a function of

pressure, salinity, and frequency. However, for the fixed frequencies used with ADVs,

αw can be taken as a constant that does not vary with salinity; for the Nortek Vector

used in this study (f = 6 MHz) αw can be taken as αw = 9 (dB/m) over the range of

typical fresh and salt water salinities (Lohrmann, 2001). αs is a function of sediment

concentration, density, radius and size distribution as well as the emitter acoustics.

For uniform sized particles, the relationship for αs is defined as(Urick, 1983; Hoitink

and Hoekstra, 2005),

αs =
[
k4r3

96ρs
+ ks(SG− 1)2

2ρs(s2 + [SG+ δ]2)

]
20

ln(10)SSC, (3.5)

where, s = [9/(2βr)][1+2/(βr)], β =
√
πf/ν, f is frequency, ν is the kinematic viscos-

ity of water (m2/s), SG is the specific gravity of the sediment, δ = [1+9/(βr)]/2, and

SSC is the mass concentration (kg/m3). It should also be noted that the particle-size

distribution of the suspended matter also impacts the exact form of the attenuation.

For an ADV, R and αw are constants (R is ≈ 0.15 m for the Vector used in this
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study), and combining Eq. 3.2 and 3.3 gives,

log(SSC) = Kc(E − Er)
10 + c

′ + c
′′
αs, (3.6)

where c′ and c
′′ are constants for fixed R and αw values, and αs = αs(SSC). For

reasonably low concentrations (SSC less than approximately 1000 mg/l), c′′
αs is small

compared to the other terms in Eq. 3.6 and can be neglected. TakingKc(E−Er)/10 ∼=

c1SNR and taking c2 = c
′ , results in a linear relationship between the signal to noise

ratio, SNR (dB), and the logarithm of SSC,

log(SSC) = c1SNR + c2, or SSC = 10(c1SNR+c2), (3.7)

The coefficients c1 and c2 are sediment and velocimeter dependent parameters that

can be found through linear regression applied to measurements of SSC and the

corresponding time-averaged SNR values. It should be noted that due to the theory,

assumptions, and simplifications used to arrive at Eq. 3.7, the values of c1 and

c2 are a function of particle size, particle-size composition, sediment mineral and

organic composition, absorption, and instrument dependent conversions. As such,

they should be thought of as calibration coefficients in the SSC-SNR relationship

which are only valid for the sediment conditions and instrument settings for which

they were developed.

3.1.2 Study objectives

Investigation into the nature of the relation between backscatter strength and

SSC with Doppler based velocimeter systems has been ongoing since the instruments

inception (Thevenot and Kraus, 1993; Kawanisi and Yokosi, 1997). Much of the work

in this vein has focused on measuring concentration with profiler based instruments

(e.g., Thevenot and Kraus, 1993; Gartner, 2004; Hoitink and Hoekstra, 2005) and
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has benefited from the extensive development of single and multi-frequency acoustic

backscatter profilers (Vincent et al., 1991; Thorne et al., 1991; Hay and Sheng, 1992;

Lee and Hanes, 1995). The focus of this study is on the use of ADV point measurement

instruments for extracting SSC information from mixtures of suspended muds, and is

related to the work of Fugate and Friedrichs (2002), Hosseini et al. (2006), Chanson

et al. (2008), and Ha et al. (2009).

The first objective of the work is to further examine the functionality in the time-

averaged SNR response with changing concentration for different sediment types, dif-

ferent particle-size distributions, and different instrument settings using a velocimeter

collecting data at rates needed for turbulence scale studies. The objective addresses

the questions of, how do the calibration coefficients change between different sedi-

ment mixtures, and how sensitive are they to changes in the particle diameter of the

suspended sediment? The second objective is to examine the sensitivity of the devel-

oped SSC-SNR relationships, and the third is to investigate two practical questions

that arise when using SNR data as a surrogate in field settings. These two questions

are, what types of smoothing need to be done before using the SSC time series data

derived from SNR and the calibration equations; and, do changes in turbulent flow

conditions produce spurious changes in SSC when using SNR and the developed cal-

ibration curves? In preliminary work in this study, and previous studies by others

(e.g., Ha et al., 2009), applying calibration equations to data collected at turbulence-

level sampling rates usually results in unrealistically large fluctuations in calculated

concentrations. To date, no systematic methodology for filtering or smoothing this

data has been proposed. The second question is also important since turbulence levels

vary in tidally influenced zones even for samples taken at a fixed distance from the

boundary. If changes in turbulent energy affect the recorded SNR by the velocimeter,

then it would be important to know the form of this variation so that systematic
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changes in SNR can be accurately interpreted as being either modifications in sus-

pended sediment concentration or turbulent energy levels.

3.2 CALIBRATION EXPERIMENTS

A set of calibration experiments were run to examine the relationship between

SNR and SSC using a Nortek Vector ADV over a range of suspended sediment concen-

trations with four different particle-size mixtures of mud. All experiments presented

here were conducted in a laboratory tank (0.67× 0.50× 0.50 m) using tap water and

varying amounts of added sediment (Fig. 3.1). The Vector has an emitter frequency

of 6 MHz, an internal sampling frequency of 100-250 Hz, a data output range of 1-64

Hz, an echo intensity resolution of 0.45 dB, and a dynamic echo intensity range of 90

dB. For the experiments, the Vector was fixed to a frame above the tank, oriented

downward, and programmed to take velocity and SNR data at 32 Hz in 3 min bursts

(5760 points per 3 min time series). The sampling volume of the Vector is located

approximately 15 cm from the transducer head and was placed approximately 70 mm

above the bottom of the tank to avoid the instrument weak spot. Transmit length

and sampling volume length were fixed to 8 mm and 22 mm respectively.

Figure 3.1: Schematic of experimental tank with rotating paddle, Vector, and syphon
tube for physical SSC sampling.
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Figure 3.2: Map of Galveston Bay and Houston Ship Channel (HSC) region with marked
sampling sites.

The four muds used in the test included suspensions of commercial kaolinite

clay and three samples taken from the Galveston Bay and Houston Ship Channel

region near Houston, TX (Fig. 3.2); these field samples are referred to as sites 1,

2, and 3. Cumulative particle-size distributions by mass, or volume as measured by

a Malvern Mastersizer, of the four muds are drawn in Fig. 3.3, and Table 3.1 lists

the sediment size statistics and the kr values based on mean particle radius for both

the number and mass particle-size distributions. By mass or volume, site 1, site 2,

and kaolinite muds were all very similar in clay to silt ratios, mean particle diameter,

standard deviation, and cumulative particle-size distribution. Within this group, the

site 1 mud had a slightly lower mean particle diameter comparatively to site 2 and

the kaolinite (dm = 7.9 µm instead of dm = 8.3 µm, see the Table 3.1 caption for

definitions of dm), as well as a slightly lower standard deviation (Table 3.1). Sediment

from site 3 was significantly coarser than the others and contained 20% fine sand and

had a mean diameter, by mass, of dm = 46 µm (Table 3.1).

For the SSC-SNR calibration experiments, each of the four runs started with

a baseline case of no added sediment and then increased in a stepwise manner by
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Figure 3.3: Cumulative particle-size distributions for the four muds; d is particle diameter.

adding known amounts of sediment to the tank and allowing the sediment to fully

mix before recording any velocity and SNR information. The sediment was kept in

suspension with a variable-speed rotating paddle, and a vane was installed to eliminate

the formation of large vertical vortexes induced by the paddle. By eliminating the

vortex, the vane also reduced air entrainment from the vortex and thereby greatly

reduced the number of bubbles in the tank. Bubble generation at the edge of the

rotating paddle was also checked in a clear water test case, but the only visible

bubbles in the experimental system were found to be generated at the interface of

the vertical vain and the free surface; these bubbles did not penetrate down to the

Vector sampling volume.

At each concentration level, four different 3-min velocity time series were col-

lected with the Vector using permutations of high and low transmit power level and

user-set velocity range settings of 1 and 2 m/s. To measure the true suspended

sediment concentration at the time of velocity measurement, physical water samples

were collected close to the Vector sampling volume at each concentration level using

a syphon tube. Individually collected samples were filtered through pre-dried and

weighed 1 µm glass microfiber filters according to ASTM standard using a vacuum

system (ASTM, 2007); the entire water and sediment sample were passed through

the filter to ensure accurate measurement of the SSC (Gray et al., 2000). The filters
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Table 3.1: Sediment particle-size distribution statistics for each of the four muds sorted
according to the mean particle diameter of the mass distribution. *FS:S:C is the fine-
sand:silt:clay content percentages. The m-subscripts correspond to mass distribution statis-
tics and the o-subscripts are for the particle number distributions. dm and do are the mean
particle diameters of the mass and number distributions respectively. dm and do are cal-
culated as dm,o =

∑n
i=1 dipi, where pi is the percentage by number or mass of particles in

size fraction i; di is the mean diameter of size fraction i defined as, di = 2−Φi , where Φi is
the mean size in Φ-units (Φ = − log2 d where d is in mm), Φi = (Φi + Φi−1)/2. d50 is the
grain size for which 50% of the material is finer than by weight, and rm and ro are equal
to dm/2 and do/2 respectively. The standard deviation of the distributions is calculated as,
σm,0 = [

∑n
i=1(di − dm,o)2pi]0.5.

Sample FS-S-C* dm σm d50 do σo krm kro

(%) (µm) (µm) (µm) (µm) (µm)
Site 1 0:51:49 7.9 4.2 5.2 0.8 0.3 0.10 0.01
Site 2 0:52:48 8.3 4.4 5.4 0.8 0.3 0.10 0.01

Kaolinite 0:56:44 8.3 4.9 5.3 0.6 0.2 0.11 0.01
Site 3 24:51:25 46.2 23.1 20.9 0.8 0.3 0.58 0.01

were dried in an oven, and the mass difference between the dried filters with and

without sediment was used to calculate the concentration with the known volume of

the water-sediment mixture.

The quality of collected velocity time series was checked before examining the

relationship between time-average SNR and the measured SSC values. Cumulative

distributions of average correlation values show that less than 0.2% of the recorded

points had correlation values less than 70 when any amount of sediment was mixed

in the tank. However, for the case of pure tap water without any added sediment,

significant portions of the time series had correlations less than 70 due to low vol-

umes of scattering material, i.e. 33% and 92% of the data had average correlations

below 70 for high and low transmit power settings respectively. The pure tap water

experiments are not included in the proceeding analysis. Some physically unrealistic

velocity values with high correlations were observed in the time series. These were

removed using phase-space despiking (Goring and Nikora, 2002), and the SNR values

corresponding to the filtered velocity data points were also removed and replaced
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with linear interpolation. For the calibration analysis, the despiked SNR time series

were first averaged in time and then averaged over each of the three receivers to pro-

duce a single, ensemble-averaged SNR value for each power level and velocity range

permutation at each concentration level.

3.3 CALIBRATION RESULTS

Ensemble-averaged SNR was plotted against the physically sampled SSC mea-

surements for each mud mixture and transmit-power and velocity-range permutation

for the purpose of, 1) finding the range over which Eq. 3.7 was valid, 2) finding the

value of the calibration coefficients c1 and c2 in this range, and 3) for visually exam-

ining the impact of different sediment types, transmit power level, and velocity-range

settings on the SSC-SNR relationship. The linear proportionality between SNR and

the logarithm of SSC was observed for all sediment samples in the range of SSC val-

ues from zero to some critical upper limit value of SSC (Fig. 3.4). Some variation

in the upper SSC limit for this functionality was observed among different sediment

types, but in general Eq. 3.7 was able to reasonably model (R2 > 0.98) the response

of ensemble-averaged SNR to changes in SSC for SSC values less than 1.5 g/l; in

some cases this limit was as great as 3 g/l. Above the critical SSC upper limit, SNR

decreased with increasing sediment concentration. This was likely due to increasing

absorption (Lohrmann, 2001) (Fig. 3.5). The decrease of SNR with increasing SSC

was most noticeable for the kaolinite suspension since SSC was taken up to 7 g/l (Fig.

3.5).

Results from the kaolinite test showed that the user-set velocity range setting

had little impact on the SSC-SNR functionality (Fig. 3.5). For this reason, time series

data collected with suspensions of natural mud (sites 1, 2, and 3) were collected at a

velocity range setting of 2 m/s only. Changes in transmit power level were found to

influence both the c1 (slope) and c2 (y-intercept) values of the calibration equation.
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Figure 3.4: Log(SSC)-SNR relationships for the four sediment samples at high and low
transmit power levels.

Due to the effect of power level on both coefficients, samples at high and low transmit

power level were collected for all kaolinite and field samples.

Within the observed range of linearity between SNR and log(SSC), linear regres-

sion was used to obtain values for c1 and c2 in Eq. 3.7 for each of the muds at the two

different transmitter power levels (Fig. 3.4). A summary of the calculated coefficients

for both power level settings along with their associated 95% confidence intervals and

R2-values is given in Table 3.2. A discussion pertaining to the variation in the co-

efficients among the different muds is given below along with a presentation of the

sensitivity of calculated SSC values to changes in the calibration coefficients. This is

followed by further discussion regarding the practical use of SNR as a surrogate for

SSC measurements in field deployments.
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Table 3.2: Calibration coefficients for each experimental run along with the ± 95% confi-
dence intervals. R2 values are the correlation coefficient for the regression calibrated models.
The regression was made using SNR values in dB units and SSC in mg/l.

High Transmit Power Low Transmit Power
Sed. Type c1 c2 R2 c1 c2 R2

Site 1 0.081±0.002 -1.035±0.098 0.994 0.099±0.003 -1.253±0.119 0.992
Site 2 0.083±0.002 -1.373±0.112 0.996 0.103±0.003 -1.677±0.106 0.997

Kaolinite 0.101±0.004 -2.124±0.159 0.993 0.125±0.005 -2.440±0.189 0.994
Site 3 0.137±0.008 -5.230±0.440 0.987 0.171±0.011 -5.670±0.520 0.984

3.4 DISCUSSION OF CALIBRATION RESULTS

3.4.1 Variation among different sediment samples

Fig. 3.6 shows a plot of the SSC-SNR response curves (Eq. 3.7) with the

calibration coefficients for the four muds and the Vector settings of high transmit

power and a velocity range setting of 2 m/s. All four sites have different slope and

y-axis intercept values, c1 and c2 respectively, but values for site 1, site 2, and the

kaolinite are more closely clustered together compared to those from site 3 (Fig. 3.6).

This is expected since the particle-size distributions for these three muds are similar

(Fig. 3.3, Table 3.1). Note that the difference between c1 values for sites 1 and 2 is

negligible since the expected value of each falls within the ±95% confidence intervals

of the other.
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Figure 3.6: SSC-SNR calibration lines for each of the four sediment types. Calibration
coefficients for the high transmit power level are used.

Increases or decreases in the coefficients are indicative of the following behavior in

the SSC-SNR relationship. Larger c1 values represent a steeper relationship between

the logarithm of SSC and SNR such that a change in SNR represents a larger change

in SSC relative to an equation with an identical c2 value but lower c1 value. A decrease

or lower value of c2 implies that there is more backscatter across all concentrations,

resulting in a shift increase in SNR at a given concentration, compared to a situation

which produced a larger c2 value (Fig. 3.6).

For uniform diameter or radius suspended particles within the Raleigh regime

(kr < 1), increases in particle size should produce an increase in the backscatter, or a

decrease in the model fit c2 value (Lohrmann, 2001). Backscatter is also expected to

increase with the standard deviation of the particle-size distribution for suspensions

of non-uniform sized particles and equal mean diameters(Moate and Thorne, 2009).

This occurs because the backscatter of each size class increases proportionally to (kr)2

(Thorne and Hanes, 2002), which results in the particle sizes larger than the mean

more than accounting for the particle sizes less than the mean in terms of backscatter

volume (Moate and Thorne, 2009). Therefore, an increase in the mean and standard

deviation of the particle size suspension should result in a decrease in the regression

coefficient c2. These overall trends of increasing SNR with increasing particle size
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Figure 3.7: Regression coefficient values c1 and c2 plotted against, (a) the mean diameter
of the mass based particle-size distribution, dm, and (b) the standard deviation of the
distribution, σm.

and standard deviation of the particle-size distribution are reflected in Figs. 3.6 and

3.7, which show the trend of c1 and c2 with the mean particles size, dm, and standard

deviation, σm. The data also show some indication that c1 also increases with either

or both the mean particle size or the standard deviation.

The changes in the calibration coefficient values for each of the different sediment

types, even when the particle-size statistics are fairly similar (as in the case for the

kaolinite, site 1 and site 2 data), shows the sensitivity in the calibration coefficients

to slight changes in grain-size distribution and particle material composition (Fig.

3.8). Maximum differences in the particle-size statistics for dm and σm among the

kaolinite, site 1 and site 2 samples are 0.4 and 0.7 µmrespectively. Even so, the

calibration procedure produced equations that are significantly different from one

another, especially at lower concentrations (Fig. 3.8b). For SNR values less than

30, all three calibration equations yield SSC estimates that are within 10 mg/l of

each other (Fig. 3.8a), but the measurable concentration at these SNR values is of

the same order of magnitude, which results in a high level of percent difference in

calculated SSC among the various calibration equations. These differences highlight

the fact that c1 and c2 should be thought of as calibration parameters that need to

be determined with physical sampling over the range of particle-size distributions
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encountered in the application.
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Figure 3.8: (a) The absolute difference in calculated SSC between each of the calibrated
equations for kaolinite, site 1, and site 2 as a function of SNR; and (b) the percent change
between each of the three equations. Calibration coefficients from the high transmit power
level were used in all cases.

Besides slight differences in the mean and standard deviation of the particle-

size distributions, it is possible that varying sizes and volume fractions of bubbles

in suspension or modifications of the particle-size distribution in suspension due to

flocculation could have contributed to some extent in the observed differences between

the site 1, site 2, and kaolinite calibration equations. Of these two possibilities, the

chance of alteration in particle-size distribution, and hence change in the SSC-SNR

response, due to flocculation seems the more plausible. No significant quantity of

bubbles was visually present in the water column under the range of paddle rotation

rates used in the experiments. However, because of the significant clay fraction, it is

possible that aggregation of the clay, and clay and silt, fractions may have occurred.

3.4.2 Possible impacts due to flocculation

Exactly how flocs affect the acoustic backscatter properties is still speculative

(Ha et al., 2009). Here we present some hypotheses about the way in which the

flocculation process might impact the calibration results. The hypotheses are based

primarily on the fact that flocculation processes alter the particle-size distribution of
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the material in suspension and they assume that the acoustic backscatter sees the

floc aggregate and not just the primary particles which make up the aggregate.

The presence of flocs could potentially have affected the calibration results in two

primary ways. The first would be to add variability in the within-sample calibrations,

and the second would be to complicate the between-sample comparisons when looking

at the overall response of SNR to different levels of SSC and linking this response,

and the resulting calibration coefficients, to the particle-size distribution statistics

of the samples. The first is a result of the time-dependent nature of the floc size

population to changes in tank conditions. Floc size populations are dynamic and

take time to come into equilibrium with the surrounding turbulence, salt content,

concentration, and sediment properties. Due to this, it is possible that the calibration

experiments could have been run during the time-dependent transition zone where

floc sizes are not yet fully in equilibrium with the sediment and mixing conditions in

the tank. Significant changes in the floc size distribution with time could then lead

to a relationship between the log of SSC with SNR that deviates from the expected

linear trend when using the same sediment sample. If however, the floc particle-size

distribution was at a steady-state equilibrium with the tank conditions, then the

calibration would simply be reflective of the particle-size distribution in suspension,

including the flocs, and may still be highly correlated over the range of linearity

between the log of SSC and SNR. The second way in which the presence of flocs may

have impacted the calibration results, would have been to alter the final particle-size

distribution from the original Malvern results. This could happen even if the flocs

had come into equilibrium and it would complicate the comparison of the SSC-SNR

response among the four samples and make trends in the calibration coefficients with

particle size statistics less meaningful.

An additional experiment was performed to examine if the conditions in the tank

produced large flocs, and to find how long it took for the flocs size population to come
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into equilibrium with the tank conditions. For the test, a moderate concentration of

kaolinite (150 mg/l) was added to a tank of clear tap water being mixed at the same

paddle rotation rate as the calibration experiments; the turbulent shear rate for this

paddle rotation speed and the tank properties and water volume was estimated at

G ≈ 200 s−1, which is quite high compared to estuarine conditions that are typically

less than 100 s−1. Samples of the suspension were pulled from the tank at 20 min

intervals and imaged with a floc camera system.

The experiment was run continuously for 6 hours to produce a time series of

the suspended particle-size distribution for particles and flocs greater than 10 µm in

diameter. The floc size measurements were made using the floc camera system and

image analysis procedures outlined in Kumar et al. (2010) and Strom et al. (2010)

with modifications to automatically remove particles not in focus in the image. Data

from the test showed that, 1) aggregates larger than the size indicated by the Malvern

distribution were present in the suspension; 2) that the floc particle-size distribution

was approximately constant with time throughout the run; and 3) that large, loosely

packed flocs with low density and irregular shapes were not present or were extremely

rare. The largest observed floc in the experiment was less than 100 µm in diameter.

While larger aggregates were observed with the camera system, it was not possible to

determine what fraction of the total particle-size distribution were composed of the

larger flocs due to the limiting nature of the camera which can only measure particle

sizes larger than 10 µm. Additionally, no time series tests were run with sediment

from site 1, site 2, or site 3 because all of the sediment from these samples had been

used in the calibration experiments and disposed of.

Based on the time series data from the kaolinite test, the sediment concentra-

tions (which are mostly high), the salinity (0 ppt), the turbulent shear rate estimates

(G ≈ 200 s−1), and our experience with flocculation properties of kaolinite and Hous-

ton Ship Channel sediment (Kumar, 2009; Kumar et al., 2010), it is reasonable to
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conclude that flocs in the calibration experiments reached their equilibrium size con-

ditions quickly (in less than 20 min), and that the intense mixing prevented the

formation of larger, irregularly shaped fluffy flocs that are often seen in estuarine

and marine settings. For these reasons, we conclude that the calibration data for

each sediment sample are not significantly impacted by time-dependent development

of flocs or by large fluffy flocs. The calibration curves are themselves reflective of

the particular particle-size distributions that were present in the tank (both primary

particles and flocs), but it is likely that this particle-size distribution did not change

much throughout each of the calibration experiments. However, it is possible that

flocculation affected the between experiment comparisons in ways which are not re-

flected in the Malvern particle-size distributions; although it is not possible with these

experimental techniques to say to what extent this is true due to the inability to mea-

sure the complete primary particle and floc particle-size distribution in suspension at

the same time.

3.4.3 Calibration equation sensitivity

The sensitivity of the calibrated SSC-SNR functionality was examined in two

ways to obtain a better feel for how sensitive the calibrated models are to changes

in measured SNR values and changes in the calibration coefficients. For the first

approach, the change in calculated concentration using Eq. 3.7 and each set of cal-

ibration coefficients was calculated for a reasonable unit change in SNR from initial

base concentrations of SSC equal to 10, 100, and 500 mg/l. A “reasonable unit

change” for the analysis was defined as a +1 standard deviation (σSNR) increase from

the average SNR baseline value at each concentration and transmitter power level

(Fig. 3.9). This was done by defining the standard deviation using both the raw SNR

time series and a smoothed SNR time series; a discussion on the smoothing procedure

used is given in a following section. Tabulated values of the raw and smoothed σSNR
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values are listed in Table 3.3.
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Figure 3.9: Sensitivity of calibrated equations at low and high transmit power levels to a
+1 standard deviation change in SNR for the raw and smoothed SNR time series. Changes
are referenced from base-level concentrations of 10, 100, and 500 mg/l. Sediment sample
categories are labeled on the horizontal axis as K, 1, 2, and 3 for the four sediment types:
kaolinite, site 1, site 2, and site 3.

Three main observations can be made from Fig. 3.9. The first is that a +1σSNR

increase in SNR produces a significantly greater change in calculated SSC at higher

base-level concentration; this is due to the fact that SNR is proportional to log(SSC).

For example, a +1σSNR change in SNR at a base-level SSC of 500 mg/l results in

an approximate 140 mg/l increase in the calculated SSC (i.e., increasing from 500 to

640 mg/l) when using the calibration coefficients from the kaolinite sample at the low
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Table 3.3: Standard deviation of SNR and SSC time series at 10, 100, and 500 mg/l
base-level concentrations. Values are shown for both the raw and smoothed time series
(96-point moving average). σsnr is the standard deviation of the recorded SNR and σssc is
the standard deviation of the SSC using the calibration equations. All data shown are for
high transmit power level.

Average SSC
10 (mg/l) 100 (mg/l) 500 (mg/l)

Raw Smoothed Raw Smoothed Raw Smoothed
Sed. Type σSNR σSSC σSNR σSSC σSNR σSSC σSNR σSSC σSNR σSSC σSNR σSSC

Kaolinite 2.1 8 0.4 1 1.4 36 0.2 6 1.2 179 0.2 27
Site 1 2.6 9 0.4 1 1.7 40 0.2 4 1.3 156 0.2 23
Site 2 2.2 10 0.5 1 2.0 56 0.5 13 1.6 213 0.5 53
Site 3 2.3 7 1.0 3 1.4 50 0.5 17 1.1 241 0.5 97

transmit power level with σSNR defined using the raw time series (Fig. 3.9). However,

if the base-level concentration is 10 mg/l, then a +1σSNR increase in SNR with the

same calibration coefficients produces a change in calculated SSC of 6.2 mg/l (i.e.,

increasing from 10 to 16.2 mg/l). The second main observation is that smoothing

of the time series data reduces the value of σSNR by 2.2 to 8 times its raw value.

This results in a nearly one order of magnitude reduction in the “reasonable unit

change” in calculated SSC compared to the raw case. The third observation is that

the transmit power level had no discernible effect on the amount of variation that

could be expected in the time series.

The second approach used to examine the sensitivity of the calibration equations

was to look at how the calculated SSC responded to set percentage changes in the

individual coefficient values over a range of SNR values. In particular we examined

the impact of a 10% variation in the calibration coefficients c1 and c2. Results of

this analysis using the calibration coefficients from site 1 at the high power level

are plotted in Fig. 3.10. Each line in Fig. 3.10 represents the percentage change,

[(SSCnew − SSCold)/SSCold] × 100, in estimated SSC over the range of likely SNR

values when a particular coefficient is increased by 10%; e.g., increasing from c1 =

0.081 to c1 = 0.0891, or for c2, increasing from 1.035 to 1.139. The figure shows that
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Eq. 3.7 is most sensitive to changes in c1. This is especially true for higher SNR

values. For example, a 10% increase in c1 would result in an increased prediction

of SSC of 65% and 57% for low and high power level respectively at an SNR level

of 46 (approximately 500 mg/l). Increasing c2 by 10% would result in an increased

predicted concentration of 25% and 21% for low and high power levels respectively.
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Figure 3.10: Changes in predicted SSC concentration (in % change) over a range of SNR
values from Eq. 3.7 with a 10% increase in site 1’s coefficient values.

3.5 OTHER ISSUES RELATED TO THE PRACTICAL USE OF SNR

AS A SURROGATE FOR SSC IN AUTONOMOUS DEPLOYMENTS.

3.5.1 Overview

Two further questions of practical importance when using SNR values as surro-

gates for SSC are examined in this section. The first is, how can high-frequency SNR

data be converted into SSC time-series data? The second being, does modification

in the turbulence levels impact the SNR independent of any change in SSC? Both

questions are of practical importance if the goal is to deploy a velocimeter in the field

and then retrieve SSC time series data from a calibration equation. The first ques-

tion is universally important in all settings, whereas the second is more important

in settings which experience significant change in turbulent energy, such as near the

boundary in a tidally influenced zone.
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3.5.2 Translation of SNR time series to SSC time series

Development of the calibration equation of the form of Eq. 3.7 was done with

ensemble-averaged SNR data. However, it is appealing to consider using the equation

to transform the SNR time series data into time series of SSC. Such information has

many uses, for example, estimating sediment settling velocity, flux, and incipient mo-

tion condition; this has often been done in studies making use of acoustic backscatter

information (Libicki et al., 1989; Kawanisi and Yokosi, 1997; Fugate and Friedrichs,

2002; Nikora and Goring, 2002; Gartner, 2004; Voulgaris and Meyers, 2004; Hoitink

and Hoekstra, 2005; Chanson et al., 2007; Maa and Kwon, 2007; Trevethan et al.,

2007; Ha et al., 2009).

A simple transformation of the SNR time series to a SSC time series using our

developed calibration equations produced physically unrealistic values of instanta-

neous SSC, even when the time average concentration in the tank was constant. The

range of calculated SSC varied depending on the magnitude of the true SSC, but the

magnitude and speed of the fluctuations at the full 32 Hz across all concentration

levels was significantly more than would be expected in a well-mixed tank. For exam-

ple, at a time-averaged SSC value of 100 mg/l of kaolinite, values of ±1σSNR resulted

in SSC ranges between 72 and 138 mg/l. This sort of noisiness in the high temporal

resolution backscatter data is consistent with observations from other studies (e.g.,

Libicki et al., 1989; Ha et al., 2009), and various filtering and smoothing operations

have been proposed, though no standard methodology exists.

To help address this issue, an additional experiment and analysis were performed

in which longer time series of Vector derived SSC were collected along with a series of

physically sampled SSC. Various smoothing and filtering algorithms were then applied

to the Vector derived SSC and an additional synthetic time series of SSC for which

the signal properties were known.

For the experiment, concentration in the mixing tank was set to 150 mg/l using
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kaolinite, and the Vector was programmed to take data for one hour at 32 Hz using

a velocity range setting of 2 m/s at high transmit power. Physical water samples

were taken at 15 min intervals from near the Vector sampling volume, and SSC mea-

surements were obtained through filtration and weighing. The calibration coefficient,

c2, for the transformation equation (Eq. 3.7) was set so that the 3-beam ensemble-

averaged SNR from the full 1-hr long experiment yielded the average SSC value from

the 5 physical SSC samples. The Vector derived SSC time series was then developed

using the calibrated transformation equation. Calculated SSC from this procedure

ranged from 50 to nearly 2000 mg/l. A 400 mg/l cut-off filter was applied to the series

to remove the very large spikes, which ranged from 400 to 2000 mg/l. The cut-off

filter removed 280 of the 11500 points. Even after application of the cut-off filter, the

fluctuations in the calculated SSC were still higher than would be physically expected

(50-400 mg/l).

For smoothing of the time series, a moving average, high/low/band pass filters,

FIR, and the power spectral density method suggested by Libicki et al. (1989) were

all first tested on the synthetic time series to determine which method was most

suitable for capturing a true shift in the signal mean while smoothing out the high

frequency fluctuations. This was set as a needed criteria for the smoothing/filtering

scheme because true shifts in the mean concentration would be important to capture

in the field since they could be the result of erosion, deposition, or changes in the

upstream advective sediment flux. With this in mind, a synthetic time series was

built as a linear combination of a constant value which increased in magnitude mid

way through the time series and Gaussian noise (Fig. 3.11). The synthetic time series

represents an idealized case of rapid increase in concentration at some point during

the sampling interval due to localized erosion. In the synthetic series, the shift in

the mean value occurs over a span of 400 points, which translates to a 12.5 sec time

period with 32 Hz data. Of the smoothing and filtering schemes tested, a two-sided
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moving average performed the best at reducing large spikes while retaining the shift

in average value. This trait is often highlighted as a major benefit of moving average

schemes for signal processing (Smith, 1999; Proakis and Manolakis, 1996). Examples

of the impact of different moving average window sizes are displayed in Fig. 3.11.
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Figure 3.11: Synthetic time series with different moving average window sizes.

Before applying the smoothing and finding the appropriate smoothing window

size, some criteria for what constitutes reasonable variation about the mean concen-

tration needs to be established. The guidelines developed by ASTM for physical

sampling of SSC through filtration (ASTM, 2007), state that the physically derived

SSC estimates are accurate to ±10% of the true concentration. We used this value

as an estimate of how much variation we might physically expect to see in the time

dependent SSC in a well mixed tank, and set the criteria that any smoothed or filtered

SSC time series from the Vector should produce values that all fall within ±10% of

the average value.

Different window sizes were tested on the experimental time series to find a

suitable number of points to include in the averaging window. A 96-point two-sided

moving average was found to reduce the fluctuations in the SSC time series to within

±10% of the full time-averaged value 98.6% of the time (Fig. 3.12). At 32 Hz, a

96-point average translates to a 3-sec averaging window. Inclusion of more points
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in the average further reduced the magnitude of the fluctuations, but the 96-point

average was deemed adequate for this particular case.
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Figure 3.12: SSC time series results from the 1 hr test of continuous sampling at 32 Hz
with physical syphon samples taken every 15 min. (a) percentage of points exceeding ±10%
of the average SSC (Pe) as a function of smoothing window size. (b) raw and smoothed
SSC time series based on SNR data and the calibrated equation. Smoothing of the SSC
data was done with a 96-point moving average. Horizontal lines represent ±10% of the SSC
value obtained by averaging the five physical samples.

3.5.3 Affects of turbulent kinetic energy on SNR

During the course of the experiments, it was noted that changes in paddle rota-

tion speed produced changes in the mean SNR value for fixed amounts of sediment.

To further examine this, velocity and SNR data were collected at 32 Hz for 5 min

over a range of different paddle speeds with a fixed suspended sediment concentration

of 8 mg/l of kaolinite. 8 mg/l was chosen to ensure that the tap water had plenty

of scatter material while reducing the chances of change in particulate concentration

due to settling; settling was not visually observed in any of these experiments. The

results did show that there was a weak dependence of SNR on paddle rotation rate.

These results are plotted in Fig. 3.13. Rather than using paddle rotation speed, the

change in SNR level is shown against the measured turbulent kinetic energy, which is

defined as TKE = u′iu
′
i/2, where u′i is the time varying fluctuating velocity component

in a standard Reynolds decomposition and i = 1, 2, 3. The general observed trend is
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that SNR and TKE are positively correlated over the range of observed values. Maxi-

mum variation in average SNR over the set of measured TKE values was 0.2 dB (Fig.

3.13); a 0.2 dB change is less than 1σSNR for the raw SNR and approximately equal

to the 1σSNR for the smoothed series (Table 3.3). While these values are small, any

dependence of mean SNR on the turbulent flow energy (or scale) would complicate

the use of SNR as a surrogate for SSC in field settings.
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Figure 3.13: Experimental change in SNR as a function of paddle rotation speed, which
is here represented by the measured TKE.

Changes in backscatter intensity and SNR have also been observed in both field

and lab settings as a function of velocity under constant SSC. In a field study of a

tidal inlet with an ADCP, Merckelbach (2006) noticed that ADCP estimated SSC

did not correlate well with OBS measurements for velocity higher than a specific

critical condition. Merckelbach (2006) suggested that the phenomena was a result of

suspended sediment particles regrouping as a result of small scale eddies which led to

changes in the nature of the backscatter strength when the instrument wave number

was larger than the Kolmogorov length scale (λ ≥ η). Haws (2008) also observed

changes in SNR as a function of the distance from the boundary in a flume study

without any changes in the average SSC. The reason for systematic change in SNR

with TKE in this study is not known, but the preliminary observations suggest that

future work and use of velocimeter derived SSC should be aware of the potential
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dependence of SNR on TKE.

3.5.4 Affects of sample volume size on SNR

The impact of changing the Vector’s sampling volume dimensions on SNR values

was also empirically explored in the mixing tank. 4-min SNR time series were taken

for 15 different combinations of Vector transmit length (3 different settings) and

sampling volume height (5 different settings). All data was collected at 32 Hz with a

constant paddle speed and constant SSC of 150 mg/l. Results from the experiment

are summarized in Fig. 3.14. From Fig. 3.14 we conclude that SNR values are

more strongly influenced by the transmit length when compared to sampling volume

length, and that increases in sampling volume length for a set transmit length result

in a slight reduction in the amount of variation in recorded SNR values. SNR values

were highest for the 4 mm transmit length setting. The change in recorded SNR

value with changes in sample volume size show that a consistent sample volume size

must be used when developing a dataset for obtaining calibration coefficients. Any

application of this equation should then again only be done if the sample volume size

used for time series collection matches that for which the calibration coefficients were

developed.
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Figure 3.14: Effect of changing sampling volume dimension on TKE. Error bars represent
±1σSNR of the raw time series. SSC = 150 mg/l.
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3.6 CONCLUSIONS

In this chapter the relationship between suspended sediment concentration and

the Vector measured SNR value was examined in a laboratory water tank for different

mud mixtures and instrument settings. The results from the calibration experiments

show that for a constant particle-size mixture, the ensemble-averaged SNR is linearly

related to the logarithm of SSC for concentrations less than 1500 mg/l (1.5 gr/l),

and that Eq. 3.7 does a satisfactory job in relating these two quantities with all R2

values being greater than 0.98 (Fig. 3.4). The analysis of the experimental data also

showed that the calibration coefficients are specific to the particular sediment mixture

for which they were obtained, and that the predictions of SSC with the calibrated

equations are sensitive to changes in the coefficients; for example, even small (10%)

deviations in coefficient values resulted in 20-65% changes in the predicted SSC.

Raw time series data of SNR converted to times series of SSC resulted in signif-

icant and unrealistic fluctuations in SSC at the full 32 Hz output rate. For example,

converted raw time series with average concentrations of 100 mg/l had standard de-

viations of 36 to 56 mg/l. Several smoothing and filtering schemes were examined

to reduce the magnitude of these fluctuations to more reasonable levels. A mov-

ing average with an approximately 100-point window was found to perform best at

smoothing out the majority of the large fluctuations while still retaining true shifts in

time-averaged values of SSC. Specifically, for a 1-hr time series sampled at 32 Hz, a

96-point moving average (3-sec window) reduced the percentage of Vector estimated

SSC points exceeding ±10% of the physically sampled values to 1.4%. Applying this

smoothing procedure to the SSC time series with an average value of 100 mg/l resulted

in standard deviations of the time series which ranged between 4 and 17 mg/l.

The flow state in the experimental tank, represented by turbulent kinetic energy,

and the size of the Vector sampling volume were both empirically found to alter the

instrument recorded SNR levels. In general, SNR and the turbulent kinetic energy
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were positively correlated; although for the conditions examined in this study, the

change in average SNR was small (max difference in average of 0.2 dB) compared to

other factors such as sediment type, power level setting, and sample volume size. The

largest time-averaged SNR values were recorded for a Vector transmit length setting

of 4 mm. For each transmit length setting, SNR increased in average magnitude and

decreased in variability with increasing sample volume length (size).

Overall the study suggests that once properly calibrated, the ensemble-averaged

SNR collected from the Vector can be used to reasonably estimate the time-averaged

suspended sediment concentration when SSC is between 0 and 1500 mg/l. However,

due to the nature of the instrument and the assumptions inherent in a simple calibra-

tion between SSC and SNR, the calibration must be done for each specific application

since small changes in the calibration coefficients can lead to large differences in the

estimated SSC. It is recommended that development of the calibration equation be

done using the high transmit power level setting and a constant sampling volume

size, preferably with the highest possible sample length (volume) available for a given

transmit length to reduce variability in recorded SNR data. The calibration should

be done over a range of SSC values since both c1 and c2 were found to vary among

the different sediment types. Based on the data presented, it is also recommended

that a 100-point moving average be used to smooth calculated SSC time series at 32

Hz data collection rates before using the time series SSC data.
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Chapter 4. Field Work

4.1 INTRODUCTION

In order to properly understand and predict sediment transport in the estuarine

environments, accurate characterization of the critical bed shear stress conditions for

the onset of erosion, τe, are necessary. For sands and gravels, reasonable estimates

for the critical conditions can often be made when grain size and sorting are known.

However, this is not the case with muds. Mud erodibility is dependent on the flow

history, water content of the bed, salinity, clay percentage, level of consolidation,

chlorophyll-a levels, and the liquefaction potential at a given site (Rhoads, 1974;

Nowell et al., 1981; Maa and Mehta, 1987; de Wit and Kranenburg, 1997; Austen

et al., 1999; Li and Mehta, 2000; Widdows and Brinsley, 2002; Myrhaug et al., 2006;

Andersen et al., 2007). These factors all make values of the critical bed shear stress for

erosion very site specific for muds. The main goal of this study was set to determine

the critical condition for erosion of different sediment mixtures in the San Jacinto

Estuary near Houston, Texas (USA).

In general, measurement of the critical stress can be done by either bringing

a bed sample to the lab for testing, or by making in situ measurements. When

testing sediment erodibility in the laboratory, one can (1) obtain a grab sample from

the field and remold the sediment in a sample tray that can then be placed in a

flume or pipe for testing (Mehta et al., 1981; Mehta, 1991); (2) obtain a grab sample

from the field, mix it with water in a flume or tray, wait for a self-deposited bed to

develop, and then run the erosion and deposition test (Mehta et al., 1981; Dennett,

1995); or (3) obtain an undisturbed sample in the field and place the sample in a

flume or pipe for critical parameter estimation (Vermeyen, 1995; McNeil et al., 1996).

The laboratory methods mentioned above are based on determining τe using flowing

water and measurements of suspended sediment concentration. Of these methods,
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method 3 comes closest to testing the true depth and time dependent nature of

the critical erosion and deposition stress. However, it can be difficult to obtain an

undisturbed sediment sample from the field for laboratory testing. Additionally,

bringing the sample back to the laboratory for testing removes the sample from the

greater surrounding sediment and flow context. For these reasons, estimates of the

critical values from in situ measurements are desirable. In situ testing can be done

using the natural flow conditions as the eroding agent (e.g., Soulsby, 1980; Kim et al.,

2000; Pope et al., 2006; Andersen et al., 2007) or can be made using devices that

generate artificial shear stress on the bed (e.g., Amos et al., 1997; Austen et al., 1999;

Tolhurst et al., 1999, 2000).

For this study, the critical stress for erosion of San Jacinto Estuary mud were

measured in situ using simultaneous measurement of turbulent flow, relative bed ele-

vation change, and suspended sediment concentration. A field measurement approach

was chosen for this study so that the bed could be left in its natural context. Addi-

tionally, due to lack of any universal method for measuring bed shear stress in shallow

estuarine conditions, a secondary objective of this work was to test six different meth-

ods of bed shear stress estimation in a range of current and wave conditions.

4.2 STUDY SITES

Measurements were carried out at three sites in the San Jacinto Estuary (Fig.

4.1). The site locations were chosen to capture a range of hydrodynamic conditions.

Site 1 was located in the connecting channel between Scott Bay and Crystal Bay. As

such, the conditions at the site are dominated by currents with contributions from

small wind waves and the occasional passing of small-hull boats. Site 2 was located

in Scott Bay where the hydrodynamic climate is dominated by waves generated over

the larger fetch of the bay; wave action dominated the hydrodynamic conditions at

this site throughout the entire tide cycle during the data collection periods. Site 3
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Figure 4.1: Map of the study region with sampling sites. Flows at Site 1 are dominated by
tidal exchange between Scott Bay to the south and Crystal and Burnet bays to the north.
Site 2 is dominated by waves coming in parallel to the shoreline, and Site 3 is a protected,
low energy environment with minor waves and currents.

was located in Crystal Bay and is more quiescent than both Sites 1 and 2 due to

its location on the leeward side of the landmass separating the two bays during the

flood tide. Rose plots of the mean current direction at the three sites are shown in

Figure 4.2. The San Jacinto Estuary is a microtidal drowned river valley (Lester and

Gonzalez, 2002) that has an average tide range of 0.2 to 0.6 m. Tides in the region

change from diurnal to semidiurnal, with stronger currents generated during the flood

than ebb. The two major sources of freshwater to the upper part of the estuary are

Buffalo Bayou and the San Jacinto River. Our study sites are located just seaward

of the Buffalo Bayou and San Jacinto River confluence (Fig. 4.1). Average salinity
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Figure 4.2: Rose plots of mean current direction at each of the three study sites. Radial
lengths represent probabilities in 0.1 increments.

in this region ranges between 4 and 17 ppt depending on the volume of freshwater

inflow and the time between rain events.

Bed material at each of the sites was collected using a 7.5 cm diameter core sam-

pler (Fig. 4.3). The cores were examined and photographed for general description,

and samples were taken from the top 1 cm of the cores and sized using a Malvern Mas-

tersizer to obtain the grain size distribution (Fig. 4.4). Table 4.1 lists the sediment

type, median grain size, and proportions of fine-sand, silt and clay for each site. All

sites had a mixture of fine-sand, silt, and clay with proportions of clay greater than

10%. Sediment from Sites 1 and 2 was significantly coarser than that from Site 3 and

contained 45% and 41% fine sand with a mean diameter of 93 and 42 µm respectively.

Site 3 had the finest bed material with a median grain size of 4 µm. Underwater im-

ages taken at Site 1 showed that the bed surface at the site was punctuated with

burrow holes but free of bed forms, and that a layer of loosely packed flocculated

material was resting on the surface during periods of low velocity (Fig. 4.5). The

loosely packed flocculated material was not as evident at Site 2, but the sampling

site did appear to be free of significant obstructions such as rocks, oysters, or debris.

Site 3, however, had a significant number of oysters in the region surrounding the
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sampling patch, which was an approximately 1 m2 patch of oysters-free plane bed.

Table 4.1: Site characterization data. *FS:S:C is the fine-sand:silt:clay content percent-
ages. SType, S and EL stand for the sediment type, salinity and flow energy level respec-
tively. The sediment data are based on the surface and top 20 cm of the bed for Site 3 and
two other sites respectively.

Site SType D50 FS:S:C* S Environment EL
(µm) (%) (ppt)

1 Silty Sand 93 45:30:15 7 Current, Waves High
2 Sandy Mud 42 41:37:22 16 Waves Moderate
3 Mud 4 5:37:58 15 Current, Waves Low

A

B

Surface

Surface

Crystal Bay

Scott Bay

Figure 4.3: Core samples taken at (a) Site 3 — Crystal Bay, (b) Site 2 — Scott Bay. In
both panels the bed surface is located at left-hand side of the photo. From the photo, it
is visually evident that the bed in Crystal Bay had a larger clay fraction that increased in
consolidation with depth. Sediment from Scott Bay was composed of unconsolidated sand
and silt that was uniform with depth.
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Figure 4.4: Cumulative particle-size distribution for all three sites.

Figure 4.5: Underwater image of the bed at Site 1.
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4.3 METHODS

4.3.1 Data collection

Combinations of different hydrodynamic processes such as river and tidal cur-

rents, wind waves, and ship traffic generate turbulent momentum exchange that trans-

lates to stress acting on the bed. Measurement of the stress can only be done indirectly

in the field by measuring mean and/or turbulent velocity and then back calculating a

stress using a theoretical or semi-empirical linkage between the bed stress and veloc-

ity. Therefore, to measure the critical bed shear stress in the field, velocity data must

be collected simultaneously along with information regarding whether or not the bed

is eroding or aggrading. In a closed system, erosion or deposition can be identified

by measuring the suspended sediment concentration (SSC) alone since erosion would

lead to an increase in SSC and deposition would result in a decrease. Therefore, SSC

time series data is helpful for determining the critical conditions. However, changes

in SSC should likely not be used as the sole identifier of erosion and deposition in

the field since changes in SSC could result also due to non-local erosion or deposition

(Dyer, 1989; Andersen et al., 2007). Therefore, knowing the distance from the bed to

a fixed point above it is helpful in complimenting SSC measurements when making

estimates of the critical stress condition.

For this study, a 6 MHz Nortek Vector acoustic Doppler velocimeter (ADV) was

used to simultaneously measure the three dimensional turbulent-scale velocity, SSC,

and the relative change in boundary elevation with time. The Vector has an emitter

frequency of 6 MHz, a data output rate of 1-64 Hz, an echo intensity resolution of 0.45

dB, a dynamic echo intensity range of 90 dB, and is equipped with sensors to measure

temperature, pressure, heading, pitch, and roll as well as the speed of sound in water.

While the Vector is primarily a velocimeter, it can also be used to measure the SSC

by calibrating the Vector backscatter strength with direct water samples taken at a
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point close to the sampling volume (e.g., Fugate and Friedrichs, 2002; Nikora and

Goring, 2002; Voulgaris and Meyers, 2004; Hosseini et al., 2006; Chanson et al., 2008;

Ha, 2008; Salehi and Strom, 2009). Salehi and Strom (2011) conducted a detailed

calibration study in the laboratory with this instrument and showed the capacity of

the Vector to measure SSC at common estuarine values.

Near boundary velocities were recorded over a series of one-day tide cycles using

the Vector attached to a pipe frame driven into the bed (Fig. 4.6). The main pole

of the frame was fitted with three steel fins and driven approximately 1.5 m into the

bed to give the frame stability and prevent vibrations from drag on the structure and

Vector. Care was taken in driving the frame into the bed to minimize disruption of

the bed below the instrument sampling volume and to ensure that the structure was

plumb. The Vector was orientated downward with the sampling volume located 3-5

cm above the bed and programmed to take velocity, signal-to-noise Ratio (SNR), and

pressure data in autonomous mode at 32 Hz in 3 min bursts (5760 points per 3 min

time series) with 10 min intervals between bursts.

The Vector also recorded the distance from sampling volume to the bed at 1 Hz.

The accuracy of the Vector measured distance to the boundary was investigated in

the laboratory by the authors. Based on these experiment, it was concluded that only

measured changes greater than 1 mm should be considered as true changes in the bed

elevation when using the Vector measured distance to the boundary. The velocity

range setting for the Vector, which should be higher than maximum experienced

velocity but very close to it, was set to 10 cm/s for Sites 1 (first deployment) and 3,

and was set to 30 cm/s for Sites 1 (second deployment) and Site 2. The Vector also

recorded the distance from sampling volume to the bed with 1 Hz frequency and tenth

of millimeter precision. The accuracy of this measured distance as recorded by the

Vector was investigated in the laboratory by the authors. Based on the laboratory

experiment, the authors concluded that only measured bed changes greater than 1
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mm should be considered as true changes in the bed elevation when using the Vector

measured distance to the boundary. Physical 1 liter samples of the water column were

Figure 4.6: Instrument frame installed at Site 3.

collected every hour by pumping water from near the sampling volume through a tube

to the shore via a peristaltic pump. The time was recorded for each water column

sample so that the physical SSC sample could be correlated with the nearest ADV

burst. To measure salinity, a Valeport conductivity sensor was synchronized with

the Vector and logged to the Vector data logger. Conductivity recorded by Valeport

sensor along with temperature and pressure recorded by ADV were used to calculate

the salinity time series. The methodology of Perkin and Lewis (1980) was followed to

estimate the averaged salinity for each burst. All velocity records were corrected in

each burst using the calculated true speed of sound from the measured salinity values.

The conductivity range of the Valeport sensor is 0-80 mS/cm. Conductivity recorded

by Valeport sensor along with temperature and pressure recorded by ADV were used

to calculate the salinity time series. The methodology of Perkin and Lewis (1980) was

followed to estimate the averaged salinity for each burst. All velocity records were
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corrected in each burst using the calculated true speed of sound from the measured

salinity values.

4.3.2 Data processing

The quality of collected velocity time series was checked by examining the Vector

correlation and SNR values, and by visually inspecting the time series and histograms

of each individual burst. For most bursts, less than 10 percent of the data had corre-

lations less than 70% or SNR less under 15 dB. However, some physically unrealistic

velocity values with high correlation and SNSR were still observed in the time series.

These velocity records were removed using phase-space despiking (Goring and Nikora,

2002), and the SNR values corresponding to the filtered velocity data points were also

removed and replaced with linear interpolation.

During Vector deployment, the x-axis of the instrument was aligned by eye with

the dominant current direction. However, the by-eye alignment did not fully ensure

that the primary current would always be oriented along a single x, y, z direction

at an instant in time. Additionally, the current direction might change during the

deployment and or the probe could have been slightly tilted in the vertical, which

would cause some of the horizontal velocity to leak into the vertical plane. To correct

for these alignment issues when extracting the primary longitudinal, transverse, and

vertical velocities, a coordinate rotation needed to be applied. To find the proper

angle of rotation, the unrotated x, y, z time-varying velocities of each burst, ubi =

(ub, vb, wb), were rotated to minimize the mean velocity in the transverse and vertical

directions (Roy et al., 1996; Kim et al., 2000). Once the rotation angles were found,

the time-varying rotated velocities, ui = (u, v, w), were calculated from the unrotated

velocities,

ui = Tiju
b
j, (4.1)
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using the coordinate rotation matrix, Tij,

Tij =


cos δ cosα cos δ sinα sin δ

− sinα cosα 0

− sin δ cosα − sin δ sinα cos δ

 , (4.2)

where δ and α are rotation angles around transverse and vertical flow directions

respectively.

Several of the methods for calculating bed shear stress, which are discussed

in detail below, are based on a Reynolds decomposition of velocity time series into

a time-averaged component plus a random fluctuating component. Inherent in this

type of decomposition is the assumption that the time series is statistically stationary.

Therefore, to check the stationarity of the data the Chi-square statistic was calculated

for each time series as,

χ2 =
∑
i

(
A− Ai
σi

)2
, (4.3)

where A is the mean velocity for a given time series, Ai is the measured time-varying

velocity, and σi is an estimate of the standard deviation of the Ai values; larger

Chi-square values are indicative of non-stationarity. To sort out stationary and non-

stationary time series, an empirically derived critical Chi-square value was defined

by comparing the computed Chi-square value to visually identified “stationary” and

“non-stationary” time series. All time series with Chi-square values larger than the

critical value (χ2
cr = 10 for Site 1, first deployment) were flagged and detrended using

a fifth order polynomial. Figure 4.7 shows an original and detrended velocity time

series for one burst collected at Site 3. Only 1% of the bursts at Sites 1 and 2 were non-

stationary. However, the majority of the Site 3 time series were non-stationary. Once

the data had been detrended, the time-varying rotated velocities were decomposed

with a classic Reynolds decomposition, i.e., u(t) = U + u′(t), v(t) = V + v′(t),
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w(t) = W + w′(t). In this definition, U , V and W are the time-averaged velocity

components and u′, v′, and w′, are the time-varying fluctuating velocity components.

Furthermore, for some of the methods of bed shear stress estimation (discussed in

-0.2

-0.1

0.0

0.1

0.2

V
el

oc
ity

 (
m

/s
)

69x10
36867666564

Sample Number

Chi Square = 14

 Original
 Detrended

Figure 4.7: Original and detrended time-series of velocity for one burst at Site 3.

the next section), the statistical fluctuations generated by waves and currents need

to be distinguished. To do this, we used the procedure outlined in Stapleton and

Huntley (1995). For each burst, the power spectrum of the time series was calculated

and graphed to identify the frequency limits of the wave band. A modified power

spectrum was then derived by linking the power spectrum values at the lower and

upper ends of the wave boundaries with a straight line, thereby removing the peaks

in the spectrum due to wave motion. The modified spectrum was then integrated

over all frequencies to provide estimates of the mean square of of the current-only

velocity fluctuations, i.e.,
∫ fmax

fo
φxxdf = u′2 where fmax is the Nyquest frequency. In

this way, the turbulent kinetic energy due only to turbulence was calculated at all

sites as, qc = (u′2 + v′2 + w′2)/2; the overbars on the fluctuating velocities denote

time-averaging and are calculated by integrating φxx, φyy, and φzz.

The SSC water column samples were processed in the laboratory by pumping

individual 1 liter water samples through pre-dried and weighed filters according to
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ASTM SSC measurement standards (ASTM, 2007). All water and sediment for each

sample were passed through the filter to ensure accurate measurement of the sus-

pended sediment concentration (Gray et al., 2000). The filters were dried in an oven,

and the mass difference between the dried filters with and without sediment was

used to calculate the concentration with the known fluid volume. To build the cal-

ibration dataset between SSC and SNR, each physically measured SSC sample was

tied to the nearest ADV burst record using the recorded time stamp. A single SNR

value for that burst was determined by ensemble averaging each of the SNR value

from each receiver over the length of the burst and then averaging the three receiver

values. The SSC and SNR pairings were plotted and a calibration equation of the

form, SSC = 10C1SNR+C2 , was fit to the data to determine the calibration coefficients

C1 and C2 for each deployment (Salehi and Strom, 2011). It should be noted that

developing a single calibration equation for each site assumes that the particle size

distribution and scattering characteristics of the water column did not vary over the

length of the deployment. It is possible that this unavoidable assumption was violated

to some extent during the data collection periods. The calibration was successful for

Site 1, but not for Sites 2 and 3. The calibration data for Site 1 during deployments

one and two can be found in Figures 4.8 a and b.10
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Figure 4.8: Log(SSC)-SNR relationship at Site 1 (a) first deployment, (b) second deploy-
ment.
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4.3.3 Shear stress estimates

The bed shear stress, τB, was obtained using measured velocity time series and

turbulent flow theory. Different methods have been developed for converting velocity

to bed shear stress under various field conditions and data availability. In this study,

six different methods, one with mean, one with maximum velocity and other four

using turbulent velocity data, are examined to calculate bed shear stress. The six

methods are, (1) Mean Log-Profile (LP), (2) Maximum Log-Profile (LP-max), (3)

Turbulent Kinetic Energy (TKE), (4) Modified TKE (M-TKE), (5) Reynolds Stress

(RS), and (6) Inertial Dissipation (ID). A brief description of each is presented below.

Mean Log-Profile (LP): The LP method is a classic method that is often used

for estimating the bed shear stress based on the existence of a logarithmic velocity

profile (Fig. 4.9) (e.g., Soulsby and Dyer, 1981; Dyer, 1986; Grant and Madsen, 1986;

Soulsby, 1997; Biron et al., 2004; Kim et al., 2000; Pope et al., 2006; Andersen et al.,

2007). To use this method, mean velocity is recorded at known heights above the bed

within the lower 20% of the flow. A regression line is then fit to the data following

the form of the log law,
U

u∗
= 1
κ

ln
(
zu∗
ν

)
+B, (4.4)

with the friction velocity, u∗, as a regression parameter. The bed shear stress is then

calculated from the regression derived u∗ value using the definition of the friction

velocity, τB = ρu2
∗. If velocity is made at only one point in the vertical, then u∗ is

simply calculated using the mean velocity at that point. In equation 4.4, κ is the

von Karman constant (κ = 0.4) and B is a function of the dimensionless roughness,

B = B(k+
s ), where k+

s = ksu∗/ν and ks is the Nikuradse equivalent sand grain

roughness. For hydraulically smooth beds, k+
s < 4, the parameter B is equal to

5.5, and for hydraulically rough beds, k+
s > 70, B = κ−1 ln(k+

s ) + 8.5; a hydraulic

transition zone exist between k+
s of 4 and 70 where B can be defined with a blending
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function such as the one proposed by Cebeci and Bradshaw (1977). Based on an

assumed ks of 1 mm and estimates of friction velocity at our sites, the calculated k+
s

was less than 4 for all sites. We therefore have taken B as 5.5.

Figure 4.9: Water column schematic.

Maximum Log-Profile (LP-max): Theoretically, the velocity in equation 4.4

is the time-averaged velocity. However, Andersen et al. (2007) suggested that when

trying to estimate bed shear stress in zones with strong fluctuations in velocity, it

may be more representative to use the maximum instantaneous velocity, instead of

the mean, in equation 4.4. In particular, Andersen et al. (2007) concluded that LP-

max method worked well in the presence of waves when trying to estimate the critical

bed shear stress for the onset of erosion. In this study, we also explore the use of the

LP-max method for estimating bed shear stress.

Turbulent Kinetic Energy (TKE): In the TKE method, the bed shear stress

is assumed to be linearly related to TKE,

τB = C0 ρ q, (4.5)

where, q = (u′2 + v′2 + w′2)/2 is the turbulent kinetic energy and C0 is a coefficient

set equal to 0.2 (Soulsby and Dyer, 1981) or 0.19 (Stapleton and Huntley, 1995; Kim
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et al., 2000; Pope et al., 2006). In this study C0 = 0.19 was used.

In the standard definition of u′, only currents are assumed to be present. How-

ever, in the presence of waves, the fluctuating component of the velocity can be

divided further into a current and a wave component; i.e. u′ = u′w + u′c, where w

and c subscripts refer to wave and current contributions respectively. In the TKE

method, velocities used to compute q should be the fluctuations related to the cur-

rent only since wave motion is periodic mean motion that shows up in a standard

decomposition as very large fluctuations. Figure 4.10 demonstrates how large of an

impact the wave component can have on bed shear stress estimates when calculating

q.
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Figure 4.10: Estimates of the bed shear stress from the TKE method with and without
contributions from waves.

Modified TKE (M-TKE): To decrease the affects of orbital velocity on the

calculation of TKE, Huntley and Hazen (1988) recommended that q be calculated

using only the vertical velocity since it is less susceptible to orbital motion. When

using the vertical velocity component only, Kim et al. (2000) suggested that the

proportionality constant should be set to 0.9. Therefore, the bed shear stress can be
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calculated as,

τB = 0.9 ρw′2, (4.6)

Reynolds Stress (RS): The Reynolds stress is typically used to estimate the

bed shear stress by making use of 2D flow theory and the resulting linear distribution

of the total shear stress over the depth. To calculate the bed shear stress, a straight

line is fit to the linear region of the Reynolds stress in the lower and core of the flow

and then extrapolated back down to the bed. The shear stress value at z = 0 in

the linear regression equation is then used as an estimate for the bed shear stress.

However, in the case that velocity is measured at a single location in the vertical,

making the velocity measurement close to the bed within the log layer may suffice

for estimating the bed shear stress. Tennekes and Lumley (1972) showed that the

following relation is valid in a log layer,

−u′w′
u2
∗

= 1− 1
κu∗z/ν

= 1− 1
Re

, (4.7)

Therefore, for high Reynolds number flows, Re� 1, close to the bed and within the

log layer, the bed shear stress can be calculated from a single point measurement as,

τB = ρ(−u′w′). Doing this assumes that there is a constant stress layer and that the

velocity measurements are made within this layer.

One drawback to this method is that it has been found to be sensitive to the

probe orientation (Soulsby and Humphey, 1990). This can make the method prob-

lematic in field deployments. Soulsby and Humphey (1990) reported that the method

resulted in 156 and 10 percent error per degree of tilt under wave and current dom-

inated conditions respectively. They recommended that any probe tilt should be

limited to one-tenth of a degree for this method.

Inertial Dissipation (ID): This method was originally developed by Deacon

(1959) to estimate the bottom stresses in atmospheric boundary layers and was later
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modified by Champagne et al. (1977) for use in rivers and estuaries; Grant et al. (1985)

and Huntley and Hazen (1988) have both used it to estimate seabed stresses on the

continental shelf. The technique is valid if the measurement of turbulent spectra is

done at a height above the seabed that is small enough to be within the constant

stress layer. For a log layer, a balance between production, P , and dissipation, ε, of

turbulent kinetic energy exists (Tennekes and Lumley, 1972) such that,

P − ε = −u′w′∂U
∂z
− ε = 0, (4.8)

Taking the derivative of the log law (Eq. 4.4) and using the constant shear layer

assumption, u2
∗ = −u′w′, allows equation 4.8 to yield u∗ as a function of the dissipation

rate,

u∗ = (εκz)1/3, (4.9)

To calculate the dissipation rate, the magnitude of the 1D power spectrum from

within the inertial subrange can be used following Kolmogorov’s hypothesis (Hinze,

1975),

φii(ki) = αi ε
2/3 k

−5/3
i , (4.10)

Here, i ranges from 1 to 3 with i = 1 being the longitudinal direction and i = 2, 3

corresponds to transverse and vertical directions respectively. ki is the wave number

component in the direction of i. The Kolmogorov constant, α, is an experimentally

defined parameter that takes on values of α1 = 0.51 and α2 = α3 = 4α1/3 (Kim et al.,

2000). Combining equations 4.9 and 4.10 gives u∗ as,

u∗ = (φii k5/3
i /αi)1/2(κ z)1/3, (4.11)

Turbulence measurements made with an ADV are in the form of time series. There-

fore, they provide spectra as a function of frequency and not wave number. To convert
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between the two, Taylor’s frozen turbulence hypothesis is applied such that,

φii(k) = φii(f)U / 2π, (4.12)

Inherent in equation 4.12 is the assumption that the integral time scale of the flow

is larger than the time it takes for an eddy to advect past the point of measurement,

kφii(k)/u2 � 1.

When processing data from the sites, the authors noticed that the horizontal

velocities often contained a significant level of noise, which prevented the development

of a well defined inertial range with φ ∝ f−5/3. For this reason, the spectrum from

the vertical velocity was chosen for use in the ID method,

u∗ = (φww f 5/3/α3)1/2(2πκ z/w)1/3, (4.13)

Vertical energy spectrum (Fig. 4.11) showed compatibility with idealized -5/3 fall-

off rate. Huntley and Hazen (1988) have shown that the ID method is relatively

insensitive to probe alignment, yielding only 0.8 percent stress estimation error per

degree of misalignment.
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Figure 4.11: Example of the vertical velocity energy spectrum for one burst at Site 1.
The inertial range for this burst is between 2 and 6 Hz.
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4.4 RESULTS

The overall goal of the field measurements was to obtain in situ estimates of the

critical conditions for erosion and to test the six different methods of bed shear stress

estimation in a range of current and wave conditions in the San Jacinto Estuary. In

addition to this, where applicable, estimates of critical stress for deposition, τd, are

also given. Summaries of the measured data and results are presented by site below

followed by an integration of the data in the discussion and conclusions.

4.4.1 Site 1

Site 1 was located in the approximately 300 m wide connecting channel between

Crystal and Scott bays (Fig. 4.1). This current-dominated site had the highest

hydrodynamic energy level of the three sampling sites. The channel bed during

the deployments was composed of silty sand and flow depths in the channel ranged

from approximately 0 to 2 m depending on the location within the channel and

tide elevation. Two deployments of the sampling equipment were made at this site.

The first deployment was made during the tidal-range maximum for the year. This

condition was chosen because it offered the greatest chances of current generated

erosion occurring. However, after analysis of the data, the authors concluded that

only the first 6 hours of velocity data from the deployment could be trusted since

the remainder of the data contained a significant amount of aliased velocity data.

These first 6 hours or record captured the transition from low to high water during

the flood, and the data for this time period is analyzed and presented because the

transition from low to high water produces the largest velocities during a given tide

cycle. In the second deployment, data was collected over a full tide cycle from low

water to low water during a slightly lower tidal exchange.
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Site 1, first deployment

For the first deployment, data was collected from December 31, 2009 to January

1, 2010; results are presented for the flood only, which lasted from approximately 3

pm to 8:30 pm on the 31st. During this time, the water depth at the site increased by

0.6 m and salinity fluctuated between 7 and 7.5 ppt. Physical SSC measurements were

collected and processed to develop a calibration equation for the site (Fig. 4.8a). This

equation in turn was used to produce a time series of SSC from the Vector recorded

SNR. Figure 4.12 summarizes the following measured data: (a) depth and mean lon-

gitudinal velocity, U (note that positive velocity denotes a mean current moving up

the estuary and negative velocity denotes flow in the seaward direction); (b)-(g) the

bed shear stress estimates using the six different methods; and (h) the physically sam-

pled SSC, SNR derived SSC time series, and the Vector measured distance between

the sampling volume and the bed. All six methods used for estimating the bed shear

stress show an increase in the stress during the first half of the flood followed by a

decrease in the second half and a second increase near high water. This second zone

of increasing stress is most prevalent in the LP, LP-max, TKE, and M-TKE methods,

and is likely due to the increase in mean velocity after the flow direction reversal as

river current momentum overcomes the flood current (Fig. 4.12a).

During the first peak in the bed shear stress (first 30 min of deployment), a

simultaneous increase in SNR derived SSC was observed with a peak concentration of

25 mg/l occurring at the peak in stress and mean velocity (Fig. 4.12h). Following the

peak, both the estimated stress and the SSC reduced over the next 1.5 hr to values

of shear stress that were approximately one-third of their peak values. This lull in

stress and SSC took place during the mean velocity minimum that occurred midway

between low and high water. During the stress peak, an increase in the distance

from the Vector sampling volume to the bed was also observed; note that an increase

in the distance corresponds to erosion and a decrease to deposition. This increase
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commenced just before the estimated bed shear stress reached its peak and continued

on until just before the stress reached its minimum. At this point, around 5:20 pm,

the distance from the Vector sampling volume began to slowly decrease. This mild

trend then continued on throughout the rest of the flood (Fig. 4.12f).
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Figure 4.12: Data summaries for the first deployment at Site 1. (a) depth and mean
velocity, (b-g) bed shear stress estimates, and (h) SNR derived SSC time series and the
distance from the Vector sampling volume to the bed. Individual markers are the actual
calculated values for each burst and the dashed lines are 5-point moving averages.
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Based primarily on the distance from the Vector sampling volume to the bed,

the erosion and deposition thresholds can be associated with the estimated bed shear

stress values at approximately 3:50 pm and 5:20 pm respectively. Table 4.2 summa-

rizes the shear stress values for these two parameters based on the different stress

estimation methods. Magnitudes obtained from the LP, TKE and M-TKE were all

very close, and we have taken stress estimates from these three methods as those likely

to be the most representative of the true bed shear stress. Of the six methods, the

LP-max method resulted in the largest estimates and the RS and ID methods yielded

the lowest. In general, the SSC time series derived from the Vector SNR correlated

Table 4.2: Critical shear stress for erosion and deposition estimated at Sites 1 and 2 using
the six different methods. τe and τd are critical shear stress for erosion and deposition
respectively.

Site Bed Shear Stress Estimates (N/m2)
LP LP-max TKE M-TKE RS ID

τe τd τe τd τe τd τe τd τe τd τe τd
Site 1, 1st 0.14 0.05 0.39 0.14 0.12 0.06 0.12 0.09 0.03 0.02 0.08 0.02
Site 1, 2nd 0.15 - 0.45 - 0.17 - 0.18 - 0.09 - 0.12 -

Site 2 0.001 - 0.20 - 0.10 - 0.06 - 0.07 - 0.02 -
Site 3 - - - - - - - - - - - -

well with the stress estimates. When stress increased, the SSC also increased and

vice versa. However, this same tight correlation was not observed between the stress

estimates and the distance between the Vector sampling volume and the bed. The

bed did display erosion followed by deposition as the stress first increased and then

decreased, but the trend in the distance to the sampling volume was more diffused

and lagged that of the stress and SSC estimates. In particular, in the time between

the beginning and cessation of the increase in the distance from the sampling volume

to the bed (3:50 pm and 5:20 pm), SSC decreased as the apparent erosion increased.

This would suggest that either, (1) some of the initially high SSC had been advected

rather than being locally resuspended due to the nature of the open system, (2) there

was some settling that occurred even though there was no change in the distance from
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the boundary, (3) the distance to the boundary measurements were faulty, or (4) the

SNR derived SSC measurements were somehow tied to the velocity fluctuations and

did not represent true increases or decreases in suspended particle concentration. In a

laboratory study (Salehi and Strom, 2011), the authors have noted that SNR in some

instances can be correlated with the turbulent kinetic energy of the flow even when

no change in particle concentration occurs. Due to this, we calculated the expected

change in SNR values due to changes in turbulent kinetic energy only, based on data

from the prior lab study, to ensure that increases and decreases in the SSC times series

were due to a true change in SSC and not simply increases or decreases in turbulence

level. Expected changes in SNR were calculated using both high and low estimates

of change in q during the deployment. The resulting maximum possible change in

SNR due to these changes in q was calculated to be 0.02 dB, which was much less

than the observed 9.2 dB change observed. In terms of the validity of the measured

distance to the boundary, we suspect that the measured values are correct. At other

sites and during other deployments we had good reason to suspect the accuracy of the

distance to the boundary measurements due to randomly fluctuating measurements.

However, at this site we had no such reason as the measurements were smooth and

continuous. Therefore, we conclude that the difference in the trend between the SSC

and the distance to the bed was due to a true lag between bed elevation change and

water column SSC levels.

As a secondary analysis, the directional mass flux was calculated for the deploy-

ment by multiplying the burst-averaged velocity acting normal to the cross section of

the channel with the burst-averaged SSC, F = cavgUn where cavg is the burst-averaged

suspended sediment concentration at the height of the sampling volume (Fig. 4.13).

Assuming, (1) that the water column was well mixed (cavg = C), and (2) that flow

depth was constant across the channel section at Site 1 for each burst, these mass

flux values can be used to estimate the mass flow rate through the cross section,
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ṁ = cavgUnA, where A is the cross sectional area.
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Figure 4.13: Mass flux as a function of time at Site 1 during the first deployment.

Site 1, second deployment

The second deployment at Site 1 took place from 11:30 am on December 3, 2010

to 1:30 pm on December 4, 2010. This time the velocity data from the entire tide

cycle, from low water to low water, was captured. During the collection period, the

water depth at the site changed by a maximum of 0.6 m (0.5 m from low to high

water and 0.6 m from high water to low water), and salinity ranged from 16.8 to 17.2

ppt. The higher salinity at the site comparatively to the first deployment was likely

reflective of the lower amount of rain and river water inflow into the region during

the time leading up to the second deployment. Water column samples of SSC ranged

from 10 to 40 mg/l during the collection period, and these physical samples were again

used to calibrate the Vector SNR (Fig. 4.8b). Bed grain-size data was collected, but

the distribution did not differ from that of the first deployment. However, the authors

noted that when walking out to deploy the instrumentation, the bed felt relatively

firmer underfoot when compared to the first deployment.

Figure 4.14 summarizes the data collected and the corresponding estimated bed
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shear stress values for the second deployment. Very similar water depths were ob-

served with slightly higher mean velocities, bed shear stress estimates, and suspended

sediment concentrations relative to the first deployment. The trend in the SNR de-

rived SSC again correlated well with the average mean velocity and bed shear stress

estimates. The highest concentrations occurred during the first half of the flood as

they did during the first deployment. During this deployment, the recorded distance

from the boundary to the Vector sampling volume fluctuated ±1 mm randomly about

the original average distance of 3 cm. Due to this, the distance to the boundary data

was not included in the summary plots or used in the analysis. Critical shear stress

values for erosion and deposition were estimated during this deployment based on

the SSC time series and the way in which the SSC time series responded in relation

to the change in distance to the boundary during the first deployment. These values

are summarized for the different methods in Table 4.2. In general, the critical shear

stresses were slightly higher than in the first deployment.

Using the same method as in the first deployment, the sediment flux at the

measurement location was calculated and is shown in Figure 4.15. The flux was

then multiplied by the cross sectional flow area to give a time varying mass flow

rate. Inherent in this calculation are the assumptions that the suspended sediment

was fully mixed over the vertical and horizontal and that the depth of flow at the

measurement site was representative of the cross section as a whole. Integrating this

over the entire tide cycle from low water to low water showed a net movement of

sediment up the estuary in the direction from Scott Bay to Crystal Bay (Fig. 4.15).
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Figure 4.14: Data summaries for the second deployment at Site 1 (second deployment).
(a) depth and mean velocity, (b-g) bed shear stress estimates, and (h) SNR derived SSC time
series and the distance from the Vector sampling volume to the bed. Individual markers
are the actual calculated values for each burst and the dashed lines are 5-point moving
averages.
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Figure 4.15: Mass flux as a function of time at Site 1 during the second deployment.

4.4.2 Site 2

Site 2 was a wave dominated zone with a sandy mud bed and a less energetic

hydrodynamic climate than Site 1. The instrumentation was deployed at 8:30 am

on April 7, 2011 and left in place for 24 hrs to capture one full tide wavelength.

Conditions at the site during the deployment were representative of typical daily tide

and wind conditions. Figure 4.16 summarizes the data from the site. During the

deployment, salinity fluctuated between 15.9 to 16.3 ppt and SSC between 20 and 35

mg/l. A reasonable calibration equation could not be developed between the physical

SSC samples and the Vector SNR for the deployment. Instead, the logarithm of SNR

was converted to SSC simply by shifting logged SNR data so that it passed through

the cloud of SSC point. Therefore, the SNR derived SSC time series in Figure 4.16h

should not be thought of as the true SSC value, but rather as a description of the

SSC trend over the sampling period. Mean currents at the site were quite low, -0.03

to 0.02 m/s, but turbulent energy levels were still significant. This resulted in very

low bed shear stress estimates for the LP method. The turbulence based bed shear

stress estimates at the site were comparable to those at Site 1 outside of the stress

peak during the flood. Note, the positive flow direction for the site was set to 27
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degrees from north inline with the dominant current direction (Fig. 4.2)
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Figure 4.16: Data summaries for Site 2. (a) depth and mean velocity, (b-g) bed shear
stress estimates, and (h) SNR derived SSC time series and the distance from the Vector
sampling volume to the bed. Individual markers are the actual calculated values for each
burst and the dashed lines are 5-point moving averages. Vertical dashed lines show the
location of critical shear stress for erosion and deposition from left to right respectively.
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During the deployment, the recorded distance from the Vector sampling volume

to the boundary increased by approximately 8 mm overall with only minor and short-

lived decreases. The distance increased steadily over the 24 hrs period with a sharp

jump (3.5 mm) between 11:30 pm and 1:30 am (Fig. 4.16h). No physical SSC samples

were taken during this time period, but the trend in the SNR derived SSC suggests

that during this time there was a simultaneous increase in SSC. The steady increase

in the distance to the sampling volume to the bed would be indicative of net erosion

over the entire deployment. Due to the low stress values and sandy nature of the

sediment, it is difficult to believe that erosion was occurring the entire time. It may

be possible that the steady increase was due to some slight upward movement in the

sampling frame during the deployment, but this too is difficult to believe since the

frame could not be budged when trying to remove it at the end of the sampling period.

However, because there was a sharp increase in the distance to the boundary during

the 2 hour window from 11:30 pm to 1:30 am, and because this correlated well with

peaks in the SNR and the estimated bed shear stress for several of the methods, we

suspect that the 3.5 mm increase did correspond to a true erosional event. Estimates

of the incipient motion condition for this site have been made with this assumption

and are tabulated in Table 4.2.

4.4.3 Site 3

Site 3 had the lowest hydrodynamic energy level of all three sites with only very

mild currents and small waves. At the deployment location, the bed was composed of

much finer sediment (Fig. 4.4) and the flow depths were shallower than at sites 1 or 2.

Data was collected for a 24 hr period starting at 12:30 pm on April 1, 2011 (Fig. 4.17).

Due to shallowness of the site, the Vector could not be used to measure water depth.

Instead, physical samples were taken periodically at the site with a tape measure

and then used to offset the water elevation data from the local NOAA tide gage at
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Battleship (8770743) (Fig. 4.17a). Salinity at the site was approximately 15 ppt and

physically measured SSC ranged from 16 to 24 mg/l. A suitable calibration equation

between SNR and SSC could not be developed for this site. Instead, the logarithm of

SNR was calibrated to pass through the center of the physically measured SSC values

so that trends in SNR could be examined. Bed shear stress estimates were made with

all methods except the ID method since there was not enough energy in the flow to

produce an inertial subrange. No threshold values were estimated for this site since

no dominant peak in SNR, physically measured SSC, or bed elevation was observed.

4.5 DISCUSSION

The goal of the work was to measure the critical shear stress values under differ-

ent conditions in the estuary and to test the six different methods of bed shear stress

estimation. The discussion that follows focuses on estimation of the bed shear stress

from the different methods followed by the use of those stress estimates in identifying

the critical stress conditions.

4.5.1 Estimating bed shear stress in shallow estuarine conditions

Estimating the bed shear stress in a shallow estuary is difficult. Most of the

classic theoretical methods for estimating stress are based on steady channel flow. In

this study we have tested six different methods for estimating the bed shear stress

from a single point measurement of turbulent velocity. One of the methods is based

on the mean velocity (LP) and the remainder are based on turbulent statistics (TKE,

M-TKE, RS, and ID). The sixth method, the LP-max method is based on mean

flow theory but uses the maximum instantaneous velocity observed and is therefore

categorically different than the other methods. Without some measure of the “true”

bed shear stress, it is difficult to state with certainty which of these methods is most

accurate in a given setting. In the following paragraphs we discuss our analysis of
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Figure 4.17: Data summaries at Site 3. (a) depth and mean velocity, (b-f) bed shear
stress estimates, and (g) SNR derived SSC time series and the distance from the Vector
sampling volume to the bed. Individual markers are the actual calculated values for each
burst and the dashed lines are 5-point moving averages.

the different methods. Without a known true velocity, the discussion of the different

methods focus on the trends produced, the magnitude of the stress estimates, and
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any theoretical considerations inherent in the methods.

One difference between channel flow and waved influenced zones is the presence

of a thin fluid layer close to the bed called the “wave boundary layer” whose structure

is influenced directly by surface waves. The thickness of the layer is a function of

water depth and wave properties (Fredsoe and Deigaard, 1992), and for the sampling

sites it is estimated that the height of the layer was on the order of 1 cm. All

ADV measurements were made outside of this layer. We expect that this had little

impact on the shear stress estimates since Fredsoe and Deigaard (1992) found that

the proportion of shear stress located in the layer is negligible compared with the

shear stress measured at a point close to the bed but outside of the layer.

At site 1, the flow was channelized and driven primarily by tidal exchange and

river flow with some contributions from small wind waves and the infrequent passage

of small hull crafts. Having current dominated flow, we expect that the bed shear

stress should be strongly correlated with velocity. All six methods roughly followed

the major trend in mean velocity, but the LP, LP-max, TKE, and M-TKE methods

produced the closest trends in terms of timing of peaks and lulls in the stress time

series (Fig. 4.12, 4.14). The RS method performed the poorest in following the

mean velocity trend, and the ID method was somewhere in between. In terms of

the magnitude of the stress estimates, the methods can be ranked from highest to

lowest estimated stress as, LP-max � LP ≈ TKE ≈ M-TKE > ID > RS. The LP,

TKE, and M-TKE methods all gave very similar results in terms of magnitude and

timing of the shear stress. This is similar to the findings of Verney et al. (2006) and

Andersen et al. (2007) who also found that the LP, TKE, M-TKE and RS methods

gave similar results in current dominated zones. For this reason, we consider these

three methods to be the most representative of the actual stress at Site 1. Of the

three methods, we feel most confident in using the LP method because it produced a

time series with slightly less scatter in the second deployment and because it is based
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on mean current flow, which is likely the leading source of average stress and erosion

at the site. All three methods (LP, TKE, and M-TKE) gave reasonable estimates of

τe.

At Site 2, wind generated waves were the primary hydrodynamic drivers. Due

to this, the LP method should technically not be valid since the method is based

on steady channel flow. Examining the estimated stress shows that the LP method

does indeed do a poor job of estimating stress in this environment (Fig. 4.16b).

Stress values with the LP method did not correlate well with the other turbulence

and instantaneous velocity methods and the stress magnitudes produced were much

lower than would be expected from a simple visual inspection of the site. Of the

methods tested the LP-max, TKE, M-TKE, and RS methods best correlated with

the logarithm of SNR time series in terms of aligned peaks and lulls, suggesting that

these methods are correlating well with the forces acting on the bed. This is similar

to the findings of Andersen et al. (2007) who suggested that the M-TKE, RS and LP-

max methods were the most appropriate methods for their shallow, tidally influenced

sites that were impacted by both waves and currents. Of the methods, the LP-max

method again yielded the largest stress estimates (by three fold) followed by TKE

and then the M-TKE and RS methods, which were both very close in magnitude,

then ID method and lastly the LP method. Due to having lower degree of scatter

and strong correlation with the SNR time series, we have taken the M-TKE and RS

methods as those being the most appropriate estimators for stress at this site. As

will be discussed in the following section, both of these methods produced reasonable

critical shear stress values.

Site 3 was a low-energy zone dominated by small waves. At this site, the LP

method again produced very low estimates of stress that were not well correlated with

the logarithm of SNR (Fig. 4.17). However, unlike Site 2, the RS method produced
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very scattered data with the overall highest estimates of bed shear stress. The LP-

max, TKE, and M-TKE methods all produced shear estimates between the RS and

LP methods. At this site in particular it is difficult to say which method performed

best since there was no erosive event to help set bounds on the timing and magnitude

of the peak stress.

Based on this analysis, we conclude that the LP method is the most appropriate

estimator of bed shear stress in our current dominated zones and that the M-TKE

method performs best in wave dominated climates. At Site 2 the RS method per-

formed well, but scatter and magnitude of stress estimates at Site 3 with the RS

method appear to be unreasonable. For this reason we suggest that the M-TKE

method is the most appropriate method in the presence of waves. However, it should

be noted that use of this method is based on the concept of a constant shear stress

layer. If there is vertical variation in q, then the stress estimates will also depend on

the location of the velocity measurements in the vertical.

4.5.2 In situ estimates of critical stress values

Critical erosion shear stress values could only be found for two of the three sites,

i.e., Sites 1 and 2. At Site 1, erosion took place during the leading half of the flood

at the time of peak velocity where bed shear stress reached values between 0.1 and

0.2 N/m2 (Fig. 4.12). Based on the discussion above, we have chosen the stress

estimates from the LP method as those being the most likely to represent the actual

bed shear stress at this site. Under this assumption, the critical stress for erosion

was found to be τe = 0.14 N/m2 during the first deployment when using the change

in the distance the boundary data to isolate the critical value; if the start of the

increase in SSC only is used to define the critical value, then the estimate would be

reduced by 25%. In terms of the dimensionless Shield’s parameter using the d50 of

the bed material, τ ∗ = τ/(SG − 1)γd50, gives a critical erosional stress estimate at

85



this site of τ ∗ = 0.09 when τe = 0.14 N/m2. This value is larger than the average

incipient motion value typically ascribed to non-cohesive sands of τ ∗cr = 0.06. During

the second deployment (Fig. 4.14), the estimated critical stress value rose slightly

to τe = 0.15 N/m2 (τ ∗ = 0.10). This increase may have been due to the perceived

increased in consolidation during the second visit, or it may have been due to the

fact that the critical condition was chosen by looking at the SSC only since the data

on change in the bed elevation was not trustworthy. Either way, the measurements

and stress estimates suggest that the bed material is in motion during the flood and

that the critical stress values for the cohesive mud mixture are higher than they are

for pure sand.

At Site 2, selection of a critical shear stress value was somewhat more subjective

since there was a continual decrease in the bed elevation throughout the entire collec-

tion period. However, as mentioned in the results, there was a period of accelerated

increase in the distance to the bed that resulted in a 3.5 mm change during a 2 hr

time window (Fig. 4.16h). Concurrent with this was an increase in the logarithm of

SNR. For these two reasons, we suspect that true erosion of the bed occurred from

11:30 pm to 1:30am during the deployment. At the site, stress estimates correlated

poorly with the mean velocity, but all turbulence based methods predicted a peak

in the bed shear stress during the 2 hr window. Using data from the M-TKE and

RS methods during this time suggests that erosion started to take place under a bed

shear stress value of 0.06 N/m2. The bed material was finer at Site 2 compared to

Site 1, then the value of τe = 0.06 N/m2 yields comparable dimensionless stress value

to those from Site 1 of τ ∗ = 0.09. This along with the bed elevation data suggest

that moderate wind waves developed over Scott Bay during a typical day are erosive

enough near the shore to produce motion of the bed material.

The only other known estimates of τe and τd for the region were made by the

US Army Corps of Engineers (Tate et al., 2008). Based on laboratory testing, they

86



suggested that reasonable values for the whole of the San Jacinto Estuary and Galve-

ston Bay region were τe = 0.1 and τd = 0.05 N/m2 for cohesive and τe = 0.67 and

τd = 0.1 N/m2 for silts. Their definition of cohesive and silt fractions and how that

translates to a mixture are somewhat unclear, but a straight comparison suggest that

our in situ measures of critical shear stress best correspond to the Tate et al. (2008)

cohesive values. At our measurement sites, we did not observe stresses in the range

of those reported by Tate et al. (2008) needed to move silt.

In the majority of estuaries, the bed surface is comprised of two mud layers at a

slack water; a thin loose layer overlying a more rigid bed. Dyer (1995) suggested that

the upper layer has an average critical shear stress for erosion of τe =0.06-0.1 N/m2,

and can be eroded to increase local SSC during both the flood and ebb tides. The

lower layer, however, would normally only be eroded during extreme conditions such

as storms. Based on the average values suggested by Dyer (1995) for most estuaries,

the critical conditions measured at our sites might correspond to the erosion of a

more loosely packed surface layer of mud, or could be indicative of lower degrees of

cohesion due to higher sand content or lower chlorophyll-a levels relative to other

in situ measurements. For example, Andersen et al. (2007) conducted erosion and

deposition measurement over a shallow mud bed having less than 5% sand and a

mean size of 10 µm. They measured the τe as 0.27 and 0.44 N/m2 for January and

November respectively, and associated the change in critical shear stress between the

two months to increases in the level of chlorophyll a. Additionally, Austen et al.

(1999) measured τe at several sites on a mud flat that had a mean particle size of

10 µm and sand content less than 5%. Their measured τe ranged from 0.16 to 3

N/m2 even though grain size did not change and was therefore attributed to changes

in chlorophyll.

The potential for liquefaction due to cyclic wave loading on the bed is one

further process that could possibly create variation in the in situ measured critical
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erosion condition (Ross, 1988; Verbeek and Cornelisse, 1994; Lambrechts et al., 2010).

Liquefaction is identified by a rapid growth in porewater pressure in the bed followed

by a more gradual decrease, and it results in an overall weakening of the bed structure.

Determining the potential for liquefaction of a particular bed and wave climate is

quite complicated and has typically been studied in laboratories for self deposited and

placed mud beds (Maa and Mehta, 1987; Feng, 1992; Verbeek and Cornelisse, 1994;

de Wit, 1995; de Wit and Kranenburg, 1997; Li and Mehta, 2000; Myrhaug et al.,

2006). As of yet, no clear criteria exists for predicting whether or not a sediment bed

in the field will liquefy. Making measurements of the porewater pressure was out of

the scope of this study and no decisive statement about whether or not liquefaction

played a major role in altering the bed strength can be made. What can be said is

that the greatest potential for liquefaction would be at Site 2 (wave dominated), and

that if liquefaction did played a role, it did not alter the bed significantly enough to

make the bed easily erodible under all shear stresses.

Most computational models which include transport of muds make use of the

concept of a critical depositional stress that a flow is required to drop below in order

for there to be net deposition of suspended sediment. In general, Dyer (1995) sug-

gests that τd is typically in the range of 0.04-0.08 N/m2, i.e., 30% lower than τe. From

examining the field data we collected, we find it hard to discern whether or not there

existed a true critical shear stress for deposition. At Site 1, our measured time series

of SSC correlated very well with the mean velocity (Figs. 4.12 and 4.14) and bed

shear stress (especially LP and LP-max) over the full sampling time. This suggests

that any drop in channel velocity or bed shear stress resulted in a corresponding drop

in the suspended sediment concentration, which would indicate deposition. However,

looking only at the change in bed elevation from the first deployment, no net deposi-

tion was recorded until long after the peak in SSC when velocity and bed shear stress

returned to their pre-flood levels (Fig. 4.12). Therefore, between the time periods
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marked by the vertical lines in Figure 4.12 for the onset of erosion and deposition, the

bed elevation continually decreased relative to the Vector sampling volume (erosion)

and the water column SSC continually decreased (suggesting deposition). This differ-

ence is somewhat difficult to reconcile. We suspect that the perceived difference may

be due to the measurement of different transport modes with the SNR derived SSC

and the change in bed elevation time series. Underwater photos of the bed suggest

that there is a layer of loosely consolidated clay-silt flocs sitting atop the coarser core

of the bed. It is possible that this layer responds almost instantaneously to changes

in bed stress and then easily mixes over the vertical to produce changes in SSC that

are strongly correlated with velocity and stress. If the Vector distance-to-boundary

measurement is insensitive to the fluffy layer, then changes in the distance to bound-

ary would only occur after the fluffy layer was suspended and flows were high enough

to transport the coarser fraction (Fig. 4.4). This would result in a lag between mea-

sured SSC and any measured erosion in the bed. If this is what was occurring, then it

would also be necessary for the coarser fraction of the bed material to be transported

primarily as bed load or in suspension close to the bed so that erosion would not

be picked up as an increase in SSC at the elevation of the Vector sampling volume.

While speculative, it is possible that this is what was occurring since calculated Rouse

numbers, z∗ = ws/κu∗, with the fall velocity, ws, based on the d50 of the bed material

at Site 1 were between z∗ = 1 and 2 for all stresses encountered at the site. Note

that a Rouse number of 1 falls into the zone of bed-load transport or suspended load

transport that is strongly stratified in the vertical. Values less 1 would tend towards

a more well mixed concentration profile and values greater than 1 would tend towards

a more stratified profile and bed-load transport (Diplas et al., 2008).
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4.6 CONCLUSIONS

The chapter has presented in situ measurements of the critical bed shear stress

for the onset of erosion in the shallow microtidal environment of the San Jacinto

Estuary. These measurements were made near the bed of the estuary by deploying a

down-looking Vector velocimeter to collect time series of turbulent velocity, the signal-

to-noise ratio, and changes in the boundary elevation in time under three different

hydrodynamic climates. Physical samples of the suspended sediment in the water

column during the deployment were used to convert the signal-to-noise ratio time

series to suspended sediment concentration time series, and erosion was identified in

the time series by changes in the bed elevation and spikes in the suspended sediment

concentration. Bed shear stress values at these times were estimated using six different

methods making use of both mean and turbulent flow statistics. The validity of these

methods and appropriateness under various conditions was discussed and a secondary

analysis of the directional flux of sediment at the measurement sites was presented.

The major findings of the study are,

1. Of the six methods used for estimating bed shear stress from a single point

measurement of velocity, the LP method tended to perform best in the cur-

rent dominated climates and the M-TKE method performed best in the wave

dominated climate.

2. The dimensionless critical erosive shear stress for beds in the region composed of

fine sand, silt, and clay was approximately equal to 0.1 (τe = 0.14 N/m2 at Site

1 and τe = 0.06 N/m2 at Site 2). There may be variation in this dimensionless

value throughout the region with changes in bed composition, but for the two

sites for which erosion was observed, τ ∗cr = 0.1 well represented the onset of

erosion when using the bed d50 to calculate τ ∗cr.

3. No clear critical condition for the onset of deposition was found. In general, the
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suspended sediment concentration was well correlated with the bed shear stress

and velocity over the entire sampling period at a height of 3 to 5 cm from the

bed, suggesting a continual process of erosion and deposition at all points in

time. However, during one deployment (Site 1), deposition significant enough

to produce a measurable change in the bed elevation started to occur when bed

shear stresses dropped below 0.05 N/m2 (τ ∗cr = 0.03).

4. Bed shear stresses in the main channel reached a maximum during the first

half of the flood. Typical stresses during this peak were just high enough to

produce mild erosion in the channel at Site 1. Integration of the mass flux in the

channel over a tide cycle suggests that the net movement of sediment through

the channel is in the river-ward direction from Scott Bay to Crystal Bay.

In general, making in situ measurements of the critical bed shear stress in shallow

estuarine conditions are difficult. Complications and uncertainties arise in both the

calculation of the bed shear stress and the identification of erosive and depositional

conditions.
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Chapter 5. Numerical Modeling

5.1 INTRODUCTION

A numerical modeling approach is selected in this study to answer research

questions 3 and 4, 3) how will changes in freshwater input change the sedimentation

pattern of the San Jacinto Estuary?; 4) where do scalar and non-scalar particles

arriving in the system from the San Jacinto and Trinity rivers end up under wet

conditions over a times scale of one year?. The goal of this computational work was

not to develop a new numerical method or code, but rather to use existing technology

to build a virtual San Jacinto Estuary laboratory where boundary conditions could

be applied and altered to the domain to observe the general functional response

of the system. The following sections will be discussed below, (1) the procedures

used for selecting the computational package along with some of the specifics of the

components of the selected package; (2) a description of the needed data for the

model; (3) the procedures used in setting up and calibrating the model; and (4) a

series of numerical experiments designed to answer the research questions.

5.2 SELECTING A NUMERICAL PACKAGE

Modeling the San Jacinto Estuary hydrodynamics as well as salinity and sedi-

ment transport in three dimensions with highly irregular geometry and steep changes

in bed topography requires a robust numerical package. Two major considerations

were that the model should be able to handle wetting and drying of cells, and that

it should be able to handle the sharp transition from deep to shallow water near the

dredged channel. Most models use a sigma mesh approach to handle vertical meshing.

Two main advantages of the sigma coordinates are; their ability to better describe the

shallow regions and accuracy in calculating the bottom shear stress. However, use

of sigma coordinates can cause significant errors in the horizontal pressure gradients,
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advection, and mixing terms in regions with sharp topographic changes (steep slopes).

This can produce unrealistic flows. One method of dealing with this problem is by

avoiding the shallow parts of an estuary close to the borders of the domain (Berger

et al., 1995). Another method is to resolve this issue is to use sigma grid for the

upper part of the water column (shallow regions) and a z-grid for deeper sections of

the domain. Figure 5.1 schematically shows the z- and sigma-coordinate (vertically

stretched coordinate) discretization.

Figure 5.1: Vertical discretization methods (a) z-coordinate, (b) sigma-coordinate [Figure
from Wang et al. (2008)].

Several possible commercial and open source numerical modeling packages have

been developed and updated over the last two decades as a result of years of dedicated

development. Table 5.1 compares the major features of five common commercial and

open source computational models. Of the five, MIKE 3 and Delft3D are the two most

suited for this study’s needs. They both have similar features and use a combination of

z- and sigma-grid treatment. However, MIKE has the advantage over Delft3D of using

an unstructured mesh. It therefore provides more flexibility in representing complex

geometries. Having the flexibility of the unstructured mesh was very desirable for

modeling the San Jancinto Estuary due to the complex geometry near the confluence
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of the San Jacinto River and Buffalo Bayou (Fig. 1.1). For this main reason, MIKE

was used instead of Delft3D as the primary modeling tool for this work.

MIKE was developed by Danish Hydraulic Institute (DHI) and solves the hydro-

dynamic and sediment transport equations in a coupled fashion (Eqs. 2.1-2.6) so that

there is morphodynamic feedback (if required) between the flow and evolving bed. It

is equipped with two types of parallelization, shared and distributed memory, which

serves to increase the computational speed. MIKE is comprised of several different

modules. The modules that are used in this study are the Hydrodynamic (HD), Mud

Transport (MT), Spectral Wave (SW), and Particle Tracking (PT) modules.

The HD module solves the equations for the conservation of fluid mass and mo-

mentum as well as for salinity and temperature in response to a variety of forcing

functions. Turbulence is modeled using eddy viscosity with either constant viscosity,

a vertically parabolic viscosity, or standard k-ε closure. The water levels and currents

can be resolved on either a rectilinear grid, a curvilinear grid, a triangular element

mesh, or any combination thereof covering the area of interest. The following options

are available for defining the hydrodynamic boundary conditions, (1) constant or vari-

able (in time and space) water depth or velocity at each open boundary; (2) constant

or variable source or sink anywhere within the model; and/or (3) initial free surface

water depth applied over the entire model. MIKE also accounts for essential mud

processes such as consolidation, flocculation, and hindered settling in a rudimentary

way. The governing equations behind the mud module are essentially based on the

work of Mehta et al. (1989). The MT module is used to describe the erosion, transport

and deposition of cohesive and non-cohesive/granular sediment mixtures under the

action of currents and waves. The MT module also includes a dredging module which

allows for dynamic simulation of all stages of the dredging process. The SW module

is a third generation spectral wind-wave model that simulates the growth, decay, and
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Table 5.1: Major feature of the most common sediment transport models. FDM, FEM,
and FVM stand for finite difference model, finite element model, and finite volume model
respectively.

Item EFDC Delft3D MIKE 3 ROMS

Fe
at

ur
es

Numerical method FDM FDM FEM, FVM FDM

Horizontal coordinates system Curvilinear

Vertical coordinates system Sigma Sigma/Z-grid Sigma

Grid type Structured Unstructured Structured

Open source • • •

R
A

N
S

eq
ua

ti
on

Local acceleration (inertia) • • • •

Coriolis acceleration • • • •

Pressure gradient • • • •

Horizontal turbulent viscosity • • • •

Vertical turbulent viscosity • • • •

Bottom friction • • • •

Wetting/Drying • • • •

Density gradient • • • •

hydraulic structures • • • •

Secondary Circulation • • • •

Wind friction • • • •

W
av

e Wave propagation • • • •

Wind wave generation • • • •

Se
di

m
en

t

Cohesive • • • •

Non-cohesive • • • •

Source and Sink • • • •

Multiple grain sizes • • • •

Non-cohesive • • • •

Bed morphology • • • •
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transformation of wind-generated waves in offshore and coastal areas. The model in-

cludes wave growth by action of wind, non-linear wave-wave interaction, dissipation

by white-capping, dissipation by wave breaking, dissipation due to bottom friction,

refraction due to depth variations, and wave-current interaction. The PT module

describes the transport and fate of dissolved and suspended substances discharged or

spilled anywhere within the water column. The substance may be a conservative or

non-conservative substance of any kind, e.g., suspended sediment particles, organic

phosphorus, nitrogen, bacteria and chemicals.

5.3 COLLECTING INPUT DATA

A full modeling effort with MIKE requires a wide range of data for calibration,

validation, and use of the model in the numerical experiments. Depending on the

amount and quality of the data sets, quality assurance and pre-processing of raw data

to bring them into a format readily accepted by the MIKE software are a tedious and

time consuming, but indispensable process.

In this section only the sources of major data components are explained. These

include the geometry, bathymetry, wind speed, water level, water temperature, salin-

ity, bed sediment properties, and river inflows. Further data, applied to each module,

are explained in the model setup and calibration section. Setting up an accurate and

reliable bathymetry is one of the important elements of every model. The geometry

and initial bathymetry were taken from the National Ocean Service’s (NOS) estuar-

ine bathymetry website. It is derived from thirty-three surveys, dating from 1931 to

2006 with the oldest surveys in the northern and southernmost portions of the bay,

containing 209,359 soundings. The range of soundings for the surveys was 0.2 m to

-19.8 m at mean low water. The data were available in Shapefile and DEM formats.

MIKE Zero, the pre- and post-processing part of the MIKE, accepts only xyz files as

the input. ArcGIS was used to convert data into a format acceptable in MIKE.
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The wind speed, water level, water temperature, and salinity data were retrieved

from National Oceanic and Atmospheric Administration (NOAA) stations. There

are six active stations within the model domain. The stations are Pier 21, San Luis,

Rollover Pass, Eagle Point, Morgans Point, and Lynchburg Landing. Wind data was

also available at the Houston Intercontinental Airport and its magnitude was spatially

corrected for use in the San Jacinto Estuary following the recommendation of Berger

et al. (1995),

WG = 0.38WA + 2.65, (5.1)

where WG and WA are wind speed in the San Jacinto Estuary and Houston Intercon-

tinental Airport respectively. The units are in m/s.

There are three main openings at the southern part of the model connecting

the estuary to the Gulf of Mexico, they are San Luis, Pier 21, and Rollover (Fig.

5.2). San Luis is located in West Bay and Rollover in East Bay. These two bays are

shallow with minimum and maximum depth of 1 and 3 m respectively. The main

dredged channel connecting the Gulf of Mexico to inland facilities, starts at the Pier

21 boundary and continues all the way to the Turning Basin and the junction with

Buffalo Bayou. This makes the water depth higher in Pier 21 compared with West

and East bays. The maximum depth at the Pier 21 is around 14 m in the model.

Average water depths for both San Luis and Rollover are approximately 2.5 m. At

each of these three locations, a water level boundary condition is used. The data for

the modeling period was only available at the Pier 21 station. In order to find the

right water level condition for other two passages, San Luis and Rollover, the data

from another period was found that had recording at all three stations. Comparing

the water level at the three openings during this time period showed that the only

difference between them was a lag in time. Therefore, the data from Pier 21 was

modified and used for two other passages with the inclusion of the temporal lag of

-2.5 hours at San Luis and +3 hours at Rollover.
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Figure 5.2: Triangular mesh covering the whole San Jacinto Estuary along with boundary
conditions.

The freshwater inflow to the system was included using discharges from eight

different sources in the model. The San Jacinto and Trinity rivers, along with local

bayous, provide 94% of the freshwater inflow to the estuary (Lester and Gonzalez,

2002). The United States Geological Survey (USGS) has gaging stations that collect

and log stream discharges on the majority of tributaries to the estuary. The Lake

Houston Dam and Romayor gages are the furthest downstream gages on the San

Jacinto and Trinity rivers and they provide data on the freshwater inflow for these

two sources. Freshwater inflow for Cedar, Dickinson, and Double bayous along with

Clear Creek were taken constant as reported in Wang (1994). Buffalo and Chocolate

bayous also have gages from which data was extracted. Although USGS has several

stations on Buffalo Bayou’s tributaries no station is available on the main stream to
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provide the total freshwater inflow discharging into the estuary. Therefore, summation

of discharges from its secondary bayous was used. These tributaries are Whiteoak,

Buffalo, Green, Vince, Brays, and Sims bayous. There is a 10,976 square kilometer

watershed located seaward of Eagle Point that is ungaged. Freshwater input from

this watershed was not considered.

Solis and Longley (1993) studied trends in freshwater inflow in the region based

on data from 1977 to 1998. The study showed that despite seasonal change (wet and

dry year), freshwater inflow remained statistically unchanged during the observation

time period. The greatest inflow occurs during winter and spring (April and May)

and the lowest inflow occurs during summer and fall (July through October). Year

to year changes are significant as well (Lester and Gonzalez, 2002). The USGS also

developed sediment rating curves for San Jacinto and Trinity rivers which were used

to find the sediment input to the region. For Buffalo Bayou, average of sediment

input from San Jacinto River during each simulation period was considered. This is

because no rating curve was available for this bayou. No sediment input from other

bayous were inserted.

Modeling salinity in 3D is challenging and strongly depends on initial and bound-

ary conditions. Lack of accurate and consistent data in the San Jacinto estuary, like

most of the Texas estuaries, has been always a limiting factor (Orlando et al., 1991;

Ji et al., 2007). The initial condition for the salinity should be able to provide enough

bases for the model in case of spatial distribution and vertical stratifications. Data

from Orlando et al. (1991) and Board (2009) were used to set the initial salinity

levels in the modeling domain. By fixing the top and bottom salinity to values rec-

ommended by these references and changing it linearly from high at the bed to low

at the surface, the initial salinity was prepared in 3D format. Figure 5.3 shows one

of the initial boundary conditions developed for salinity at the top layer or water

surface. The salinity boundary condition for the Pier 21 opening was set to 33 ppt

99



and 23 ppt at the bed and surface respectively. Because the depth at both San Luis

and Rollover openings was much less than Pier 21, less stratification was expected.

The salinity of the freshwater sources interring the system were set to 4 ppt. Lester

and Gonzalez (2002) studied the circulation within the Galveston Bay using available

data and recommended to use the stratification rate of 0.6 ppt/m. Roughly, the same

rate was used in this model too.

Figure 5.3: Surface salinity used for the initial boundary condition.

Horizontal and vertical distributions of bed sediment were taken from the US-

ACE (Tate et al., 2008), field measurements collected in this study (Salehi and Strom,

2012), and from data provided by Dr. Rifai’s research group in the Civil and En-

vironmental Engineering department at the University of Houston. Critical shear

stresses for erosion and deposition measured as part of the field component of this

research were used along with USACE measurements. The raw input and calibration
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data should be evaluated thoroughly to make sure that the data is reasonable. The

potential for erroneous data is more common in velocity, salinity and concentration

readings than in water surface elevation measurements.

5.4 MODEL SETUP AND CALIBRATION

The domain for the model begins at the Gulf of Mexico and includes the Hous-

ton Ship Channel from Bolivar Roads to the Turning Basin and junction with Buffalo

Bayou (Fig. 1.1). The domain includes Trinity, Galveston, East, and West bays (Fig.

5.2). An unstructured triangular mesh is used to cover the model domain horizontally.

Figure 5.2 depicts the developed mesh that includes around 6700 elements. Mesh res-

olution was increased along the channel to capture its depth properly. The smallest

and largest elements had planform area of 4000 m2 and 1,140,000 m2 respectively.

The vertical grid was curvilinear and a combination of sigma- and z-grid was used. In

total, 20 elements were used vertically using six sigma layers in top 3 m of depth and

14 layers below that. The vertical grid spacing was clusters around the bed and free

surface. After setting up the geometry and meshing the system, a short period with

reliable input and calibration data was chosen to verify the HD and MT modules.

Hydrodynamic and sediment transport modeling of an estuary with a tidal-timescale

typically involves model calibration with physical measurements using surface wa-

ter elevation, velocity, salinity, and suspended sediment concentration (McDonald

and Cheng, 1997; Lumborg and Pejrup, 2005; Ganju and Schoellhamer, 2009). The

strategy used for calibration was to first match the water level by changing the bed

roughness, and then to match the velocity by calibrating the eddy viscosity. Salinity

calibration was not conducted due to lack of reliable field data, but effort was made

to use the most reasonable initial conditions, boundary conditions, and transport

parameters. The coupling of the hydrodynamics and sediment transport was then

calibrated by changing the sediment fall velocity and the critical shear stresses for
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erosion and deposition. A value was allocated to each of these parameters first based

on the field data, and they were changed to match the modeled suspended sediment

concentration with available field measurements within the calibration period. After

calibrating the HD module and before MT calibration, wave properties of the region

were determined using SW module. Details of each calibration practice along with

setting up the SW module are described in following sections.

5.4.1 Hydrodynamics (HD)

In the hydrodynamic module, the simulation time and accuracy are controlled by

specifying the order of the numerical schemes. A first-order scheme was used in this

model for both the shallow water and advection-dispersion equations. A semi-implicit

scheme is used for the time discretization of the shallow water, transport (advection-

dispersion), and spectral wave equations. An approximate Reimann solver (Roe,

1981) is used. In this case, the horizontal terms are treated explicitly and the vertical

terms are treated implicitly. For stability in explicit schemes, the time steps should

be specified such that the courant (CFL) number is less than 1. The calculations are

done using a variable time step so that the CFL number is less than the critical value

at all nodes. It is also possible to define a minimum and maximum time step to set

further controls of the time steps. The time steps of the shallow water, transport,

and spectral wave equations are synchronized to match the overall time step. Figure

5.4 schematically demonstrates the relation between the different time steps. The

overall, minimum, and maximum time steps along with critical CFL number were set

to 180 seconds, 0.01 s, 15 s, and 0.85 respectively. Process description in figure 5.4

is a surrogate for mud transport. The outputs were checked to make sure that the

CFL number remained below the critical CFL throughout the simulation. Coriolis

and wind forcing are considered in the model.
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Figure 5.4: Relation between overall and internal time steps.

Because the wind forcing and tidal variation might cause the shallow regions to

flood or dry out, it was essential to include flooding and drying. The drying, flooding,

and wetting depth were set to 0.01 meters, 0.05 m, and 0.1 m respectively. Density

can be set as barotropic, a function of salinity and temperature, a function of salinity,

or a function of temperature. In order to decrease the time of simulation and for lack

of accurate temperature data throughout the modeling period, density was set as a

function of salinity only, and a constant temperature of 25◦ C was used for the entire

simulation period based on an average of recorded temperatures at Eagle Point and

Morgans Point stations.

In some applications, a constant eddy viscosity can be employed in the hori-

zontal domain. Alternatively, Smagorinsky (1963) proposed to express sub-grid scale

transports by an effective eddy viscosity related to a characteristic length scale. It

has a constant coefficient in its formulation which can be used as a velocity calibra-

tion parameter. This value was set to 0.28 for the water level calibration part of the

modeling. There are several formulation options for the eddy viscosity in calculating

the vertical stress terms; a constant viscosity, vertically parabolic viscosity (log-law)

and k-ε model (Rodi, 1980). The k-ε model with a buoyancy extension (Rodi, 1980)

was selected for the vertical eddy viscosity in this study. This model use transport
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equations for the turbulent kinetic energy (TKE), k, and the dissipation of TKE, ε,

to describe the turbulence. In the k-ε closure model, the Prandtl number, which ap-

pears in the transport equations for k and ε, can be modified explicitly following the

empirical expression of Munk and Anderson (1948). This correction will introduce a

damping of the buoyancy production in case of stable stratification. This damping

is by default included. Four empirical constants are specified for the standard k-ε

model; c1e = 1.44, c2e = 1.92, c3e = 0, and cmy = 0.09. They are related to the

equation for the dissipation of TKE. The Prandtl number, σT = 0.9 is used in the

buoyancy production term. Cµ = 0.09 is an empirical constant used in the expression

for determination of the eddy viscosity. These parameters are carefully calibrated

and should not be changed. Here, the originally calibrated values (by DHI) are used

and no change was made to them. A first-order scheme was used in both space and

time. Turbulent kinetic energy and dissipation of TKE were set to 1e-07 m2/s2 and

5e-10 m2/s3 respectively as the turbulence initial condition.

The bottom stress, τB is determined in MIKE using following equation;

τB
ρ0

= Cfub|ub|, (5.2)

where Cf is the friction coefficient, ub is the flow velocity above the bottom and ρ0

is the density of the water. For three-dimensional calculations ub is the velocity at

a distance, ∆zb, above the bed and the friction coefficient is determined with the

following equation assuming a logarithmic profile within the ∆zb layer,

Cf = 1
[ 1
κ
( ∆zb

ks/30)]2
, (5.3)

where κ = 0.4 is the von Karman constant and ks is the roughness height length

scale, which is on the order of the diameter of the sediment in the bed when no

bedforms or bed undulations are present. Roughness height is often an ambiguous
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parameter because it is a single length scale that represents the integrated boundary

roughness effects of both the individual grains as well as boundary undulations such as

bedforms, bars, vegetation, or other protruding obstructions such as oyster beds, old

sunken machinery, or piers. For this reason, it is often used as a calibration parameter

in modeling. In general, the median grain size can be used to set the initial roughness

hight and spatial pattern. Increasing the height around open boundaries helps to

dampen out instabilities. Data from around Wooster Point collected during the field

component of the work along with information given in the USACE reports Tate et al.

(2008) and Berger et al. (1995) were used to specify the median grain size of the top

layer.

Data with one hour interval from the NOAA station at Eagle Point was used

for the wind time series during the modeling. The wind changed through time but

remained spatially uniform within the domain. The minimum, maximum, and average

of the wind speed was 0 m/s, 15 m/s, and 6 m/s respectively. Wind friction was set

to 0.0013 and 0.0024 for wind speed of 7 m/s and 25 m/s respectively.

Calibrating the water level requires reliable data at different locations within

the domain. Data from several sources such as NOAA, Texas Commission on En-

vironmental Quality (TCEQ), the Texas Water Development Board (TWDB) were

all evaluated, and a combination of data from NOAA and the TWDB were selected

for this purpose. A warm-up period is essential for producing reliable initial model

values for the actual simulation period. For this system, a seven day warm-up period

was identified as adequate for the MIKE simulations by trial and error. Based on the

data availability, the warm-up started from December 5th 1996 and continued until

December 12th 1996. The only initial condition for this part of the simulation was

the average of water level recorded at the two NOAA stations, Pier 21 and Lynchburg

Landing.

The actual calibration period started from December 12th 1996 and continued
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until December 15th 1996. The initial condition of the calibration period in the

hydrodynamic, transport, and turbulence models embedded inside the hydrodynamic

module were all set to the results achieved at the last time step of the warm-up period.

Figure 5.5 shows the location of all five stations used for water level calibration.

Unfortunately, no check point was found for West and East bays.

Figure 5.5: Points used for calibrating the water level in the hydrodynamic module.

Analysis of the results showed that the water level calibration should be done

by adjusting both the boundary conditions and the bed roughness length scale. More

than 19 scenarios were ran to calibrate the roughness length scale. Increasing the

bed roughness increases the water surface elevation during low tide, which was de-

sirable because the model was underestimating the depth at low tide with the initial

settlings. A three hour artificial time-lag plus 75 percent increase in tidal range was

used for adjusting the water level boundary conditions. The lag between field data
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and modeled parameters were increased by increasing the bed roughness. Martin

et al. (1999) proposed the ks in equation 5.3 to be 0.6 cm for mud and 4 cm for

sand size particles. Combining those proposed values with actual median grain size

of the top layer resulted in the spatial distribution of the roughness heights. Figure

5.6 shows the spatial variation of the roughness height.

Figure 5.6: Roughness height distribution throughout the estuary. Units are in meter.

Field data from the Eagle Point and Lynchburg Landing stations were taken

from the NOAA website. NOAA reports both predicted and verified water level

for its stations, and these values or different from each other in most cases. Figure

5.7 shows the difference between the verified and predicted water level at the Eagle

Point station. It is clear that the high tide is overestimated whereas the low tide is

underestimated. In some cases (not shown here) a time lag between the two has been

observed as well.
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Figure 5.7: Verified and predicted water levels at the Eagle Point station.

For stations located below Morgans Point, the timing of the water level boundary

condition at the inlets of the domain had the most control on the water surface

elevations. Whereas, for the upper part of the estuary, discharge from the San Jacinto

River and Buffalo Bayou played the largest role in modulating both the magnitude

and timing of the water surface elevation. Figure 5.8 shows the simulated water level

against the field recordings. Only one set of data was found above Morgans Point

for the comparison. Water levels matched much better in areas below Morgans Point

than above it. Poor match between field recordings and simulation outputs might be

associated with two different aspects of the model. First, geometry and bathymetry

for the upper region is complicated, and might not have been surveyed accurately

enough. Secondly, the differences might also be related to the fact that field data

at Lynchburg Landing used in the comparison was NOAA predicted output and not

verified data. The timing of the water surface level from the calibrated simulation were

able to match the timing of the level variation quite well. The best match achieved

at the Red station and the poorest at Lynchburg Landing. Even after calibration,

the model underestimated the water surface elevation at low tide at Eagle Point and

Lynchburg Landing. Furthermore, high slack is precisely captured in most cases; this

is especially turn at the Red and Bolivar stations (Fig. 5.8).
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Figure 5.8: Comparison of measurements and model output for water surface elevation at
different calibration points.

Velocity recordings are valuable and scarce data necessary for calibrating hy-

drodynamic models. Here the combination of field measurements, during this study,
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above Morgans Point and TWDB recordings were used. Figure 5.9 depicts the loca-

tion of the data collected by TWDB. Data from two days of discharge measurements

and one day of velocity were used. After calibrating the water level, the inlet tidal

and bed roughness were both fixed, and effort was made to calibrate the velocity and

discharge using the constant horizontal eddy viscosity parameter. The warm-up pe-

riod for this case started on July 13th 2001 and ended on July 18th 2001. Simulation

period was from July 18th 2001 until July 20th 2001. Different values of the eddy

viscosity were tested and 0.0505 m2/s were found to give the most accurate match

with the measured data (Figs. 5.10 and 5.11).

Figure 5.9: Discharge calibration section. The velocity calibration point is located in the
middle of the discharge section and 0.5 m below the water surface. A and B show the
location of the salinity profile measurements.

The comparison between modeled and measured velocity is shown in figure 5.10.
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It is necessary to mention that the velocity data was recorded in the middle of the

red line shown in figure 5.9 and 0.5 m below the surface. The simulated and recorded

discharges passing the calibration section are shown in figure 5.11. It showed high

compatibility both in case of magnitude and trend. Figure 5.12 depicts the velocity

profile at a point located within the channel and near the calibration section. This

result is only shown to demonstrate the change in velocity within the water. No field

data was available for comparison and therefore no calibration was performed. At

this location and time, velocity increased form a values around 2 cm/s at a point very

close to the bed to 17 cm/s at almost the surface.

-0.4

-0.2

0.0

0.2

0.4

V
el

oc
ity

 (
m

/s
)

12:00 AM
7/19/2001

6:00 AM 12:00 PM
Date & Time

 Simulation
 Field

Figure 5.10: Comparison of measurements and model output of velocity.
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Figure 5.11: Comparison of measurements and model output of discharge.
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Figure 5.12: Modeled velocity profile from the bed to the free surface.

After calibrating the hydrodynamic module, the outputs are investigated to

partially verify the model. As stated in chapter 4, Site 1 was almost located at the

confluence of Scott and Burnett bays. Comparison of the model simulated data at

this point and field recordings can help understanding and check the behavior of the

model. Prior to conducting the comparison, it is essential to know that the tidal range

and freshwater inflow from the San Jacinto River and Buffalo Bayou implemented into

the model were not the same as the condition available during the field study. Being

aware of this difference can reduce confusion and help in interpreting the comparison.

The San Jacinto River discharge was 5 m3/s and 55 m3/s during the sampling and

calibration periods respectively. The tidal range was 50 cm during the field data

collection period and 25 cm during the simulation. Figure 5.13 demonstrate the

velocity data collected at Site 1 (chapter 4) for both field and model. Simulation

results are taken from a point around 5–6 cm away from the bed. The rising and

falling trends match very well, and the velocity range of both were quite close. Smaller

velocities were expected during the simulation due to the lower tidal range but this

was not the case. The lack of lower velocities is attributed, in part, to higher river

discharge during the simulation compared with field study.
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Figure 5.13: Comparison of field data and model outputs of velocity.

Simulated salinity profiles at the end of the velocity calibration period is shown

in figure 5.14. These are used to partially verify the behavior of the transport model.

The figure shows plots of the vertical distribution of salinity at two points near the

velocity calibration section (Fig. 5.9). It also gives a sense about the possible stratifi-

cation within the deeper areas of the bay relative to well mixed condition of shallower

regions. In deeper location, salinity changed from 21 ppt at 8 m below the surface to

19 ppt at 3 m below the surface. This translates into a 0.4 ppt/m salinity variation

with depth. The upper 3 m of point A showed no change in salinity with depth (Fig.

5.14A).
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Figure 5.14: Vertical salinity profiles at two locations near Eagle Point (Fig. 5.9)

As stated above, the warm-up period for the velocity calibration was from July
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13th 2001 until July 18th 2001. Searching into the field data recorded during this

period from different sources showed that there are field data available from NOAA for

water level at Eagle Point and Morgans Point. Therefore, the warm-up period outputs

of the velocity calibration are used for validating the water elevation generated by

hydrodynamic module. Figure 5.15 depicts the water level simulated by the model

against the field data during this period. It shows that the simulation took about

two days to generate water levels that well matched the NOAA data. Although, the

water levels are not matched completely, the range of variation in is reasonable.
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Figure 5.15: Water level verification result (a) Eagle Point, (b) Morgans Point.

5.4.2 Spectral waves (SW)

The MIKE 21 SW module was used to simulates the growth, decay, and trans-

formation of wind-generated waves. The module includes two wave formulations, (1)

a fully spectral formulation, and (2) a directional decoupled parametric formulation.

A fully spectral formulation, as described in Komen et al. (1994) and Young (1999),

was chosen for the wave model. The start and end time of the wave simulation were
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the same as those used in the hydrodynamic module. The discretization of frequency

for the method was done logarithmically with twenty-five frequencies. The minimum

frequency was set to 0.055 Hz and the frequency factor to 1.1. Directional discretiza-

tion and number of directions were set to 360 and 16 respectively. The low-order

and computationally fast geographical space discretization algorithm was used. The

minimum and maximum time steps were set to 0.01 s and 30 s respectively. Water

levels and currents simulated by the hydrodynamic module were used as the input

conditions with a blocking factor of 0.1. Wind forcing was considered as a set of 1D

wind data, varying in time but uniform over the domain. Uncoupled air-sea inter-

action was used with Charnock parameter of 0.0185, see detail in Smith and Banke

(1975). Both quadruplet- and triad-wave interactions were attempted for the en-

ergy transfer equations with a transfer factor of 0.25. Specified gamma type wave

breaking was selected with a factor of 0.8. The bottom friction generated from the

hydrodynamic model was used here as well. The whitecapping equation developed

by Hasselmann et al. (1988) and reformulated by Komen et al. (1994) was used with

constant Cds and δ parameters set to 4.5 and 0.5 respectively. The JONSWAP (Joint

North Sea Wave Analysis Project) fetch growth expression was used for the initial

condition. The boundary conditions were set to closed boundaries as suggested for

cases without wave data. The main outputs from the module were significant wave

height, period, and direction. These outputs are used as input forcing in the mud

transport module.

5.4.3 Mud transport (MT)

The mud transport module calculates the resulting transport of cohesive materi-

als based on the flow conditions found in the hydrodynamic calculations. Suspended

sediment concentration data recorded by the TCEQ in different locations within the

estuary (Fig 5.16) during a one-day period was used for the calibration of the mud
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transport module. Soil parameters were selected mainly from Tate et al. (2008) and

the measurements made during the field study at the three locations above Morgans

Point. The warm-up period for setting up the hydrodynamics started from March

29th 1996 and ran through April 9th 1996. The simulation period began on April

9th 1996 and ended on April 10th 1996. The first task in setting up the mud model

was to define the number of sediment fractions and bed layers to be used. A lower

number of fractions and layers results in less simulation time. Evaluation of the field

data showed that two sediment fractions and three bed layers should suffice. The low

order, fast algorithm was used for solving the AD equation (Eq. 2.3). The solution

scheme is the same as the one described in hydrodynamic module.

Figure 5.16: SSC calibration points. TCEQ data used was collected on 4/9/1996.

Flocculation and hindered settlings (Winterwerp, 1999) were both included in

the simulation using a sediment density of 1500 kg/m3, a flocculation concentration
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of 100 mg/l, a gelling point of 50 g/l, and a hindered settling concentration of 5

g/l. The settling coefficients for fractions 1 and 2 were set to 0.3 m/s and 2 m/s

respectively. Sensitivity analysis showed that settling velocity played a dominant

role in calibrating the model against suspended sediment concentration. The Teeter

equation (Teeter, 1986) was used to describe the vertical distribution of suspended

sediments. The critical shear stresses for deposition were set to 0.07 N/m2 and 0.1

N/m2 for fractions 1 and 2 respectively. These values were found through calibration

and were within the range found in the field study. The erodibility and density of the

bed layers were specified in the bed parameters section of the mud transport module.

The first and second layers were considered as soft mud (Parchure and Mehta, 1985)

and the n value in equation 2.5 was set to 8.3. The third layer was taken as hard mud

(Partheniades, 1965) and its n value was set to 1. The erosion rate parameter, M , in

equation 2.5 was set to a constant value of 5e-05 kg/m2/s . The critical shear stresses

were set to 0.05 N/m2, 0.07 N/m2, and 0.6 N/m2 for fractions 1 to 3 respectively. The

effect of sand in the bed layers was considered in the bed density only. In general,

the areas around the southern openings and Burnett Bay have fractions of sand. For

these locations, a density of 1850 kg/m3 was used. Densities for the rest of the domain

were taken from Tate et al. (2008) and set equal to 1275 kg/m3, 1414 kg/m3, and

1475 kg/m3 for layers one, two, and three. For the bed roughness, the calibrated

values from the hydrodynamic module where used.

Consolidation is a very slow process and has minor effects on modeling of short

periods (Cancino and Neves, 1994). Consolidation is neglected in this study since we

are looking at monthly time scales. The wave field generated by the spectral wave

module along with the hydrodynamic module output were used as forcing. MIKE

offers three wave-current shear stress calculation formulas. Two of the formulations

use a parameterized version of Fredsoe (1984) derived by Soulsby et al. (1993). The

options are to calculate and use either mean or maximum shear stress. The third
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method is to use the equation derived by Fredsoe (1981). Here the first formulation

was used. The turbulent diffusion properties were specified with a scaled eddy viscos-

ity formulation and a scaling factor of 1 for horizontal and 0.1 for vertical to support

the vertical stratification within the estuary. Suspended sediments releasing from the

San Jacinto River, the Trinity River, and Buffalo Bayou were considered as sediment

sources. For the San Jacinto and Trinity rivers, sediment loading was taken from

the rating curves developed by the USGS. There was no rating curve developed for

Buffalo Bayou. Therefore, the average sediment load coming from the San Jacinto

was used as the constant load rate for sediment entering the system at Buffalo Bayou.

Sediment loads were set to 50% clay and 50% silt.

In order to have a sense of the suspended sediment concentration (SSC) dis-

tribution and magnitude within the model domain, an average of 20 years of data

collected by TCEQ is presented in figure 5.17. Maximum average SSC within the

region is 85 mg/l. Most of the values are between 21 mg/l to 30 mg/l. Lower SSC is

concentrated mainly at the upper part of the estuary. The field study showed higher

concentration range at regions above Morgans Point. This is, in part, thought to be

attributed to the fact that the field data in this study, presented in chapter 4, was

collected at a location very close to the bed and not at the surface. On the other

hand, TCEQ’s data were taken around 30 cm below the water surface and were not

able to demonstrate the stratification of SSC within the water column. Although this

distribution might be biased due to lack of consistent number of data at each point,

it is still useful for providing a reasonable range of suspended sediment concentration

values of the region. Around 200 data point are used to develop such pattern of SSC.

The minimum value in the database is 11 mg/l and the maximum is 80 mg/l. The

average of the suspended sediment concentration within the domain, extracted from

such field data recordings, is 30 mg/l.
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Figure 5.17: Average of SSC data collected by TCEQ during 1990-2009.

Initial conditions were very important for calibrating the model since the simu-

lation was over a short time period. The SSC initial condition was set to 30 mg/l for

each fraction. This made the initial total concentration 60 mg/l. The layer thicknesses

were set to 0.006 m, 0.035 m, and 2 m for layers 1 to 3 respectively. All bed layers

were given an initial distribution of 50% clay and 50% silt. The southern boundaries

were set to constant value of 60 mg/l divided equally between each fraction.

Figure 5.16 shows the location of the field sample sites along with a table showing

the field and simulated values of total suspended sediment concentration. The average

difference between field and model SSC was used for evaluating the model. This value

was around 4 mg/l after calibration of the parameters in the modules to those given

above. Deposition and erosion patterns of the region at the end of SSC calibration

period are shown in figure 5.18. The majority of the estuary was under deposition.

Erosion was mainly limited to the three southern entrances and west Bay.
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Figure 5.18: Pattern of erosion and deposition within the model domain. The result for
April 10th 1996

5.5 NUMERICAL EXPERIMENTS

After calibration and validation, the model was used to answer the third and

fourth research questions outlined in the introduction. In the third research question,

the goal was to investigate the effect of change in freshwater inflow through modeling

both idealized wet and dry year (set A experiments). Furthermore, the impact of

steady versus pulsed river outflows under wet conditions was examined. In the fourth

research question, the goal was to find out where scalar and non-scalar sediment end

up after being released from the two main sediment sources, the San Jacinto and

Trinity rivers (set B experiments). Table 5.2 summarizes the numerical experiment

sets.
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Table 5.2: Summary of numerical experiments.

Test set Freshwater Sediment source Sediment load Forcing Length

A1 Wet steady
All rivers

High
Typical 3 monthsA2 Wet pulsed High

A3 Dry Low

B1 Wet Trinity River Fraction Typical 1 yearB2 San Jacinto River

5.5.1 Research question 3

To see the difference between dry and wet condition, two different ranges of

freshwater inflow were needed. By examining the historic data, we noticed that the

river inflows are constant during the dry year and variant throughout the wet one.

Therefore, one constant value was selected out of the historic data to use as the river

input during the dry year. For wet condition, a synthetic time series, imitating the

historic data in a more smooth way, was developed for each of the San Jacinto and

Trinity rivers. freshwater inflow was kept constant for other resources even in wet sea-

son. Rather than the freshwater inflow and sediment load of the model sources, other

input parameters were kept constant for both dry and wet models. then, comparing

their results show the effect of change in freshwater inflow on sediment transport and

erosion and deposition patterns.

The simulation parameters for the hydrodynamic, spectral wave, and mud trans-

port modules were the same as those described in model setup and calibration section.

The only difference was the freshwater inflow and sediment load of Buffalo Bayou,

Trinity River, and San Jacinto River. Two conditions were considered for the the

month wet season runs, one with a variable discharge time series and the other with

constant discharge. A constant discharge was used for Buffalo Bayou in both cases.

Figure 5.19 shows the synthetic discharge developed for the Trinity and San Jacinto

rivers. These were developed based off of characteristics observed in the historic data.

The synthetic discharge time series developed for the Trinity River had the minimum
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and maximum value of 615 m3/s and 1900 m3/s respectively. In the San Jacinto

River, the values varied between 100 m3/s and 1000 m3/s.
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Figure 5.19: Synthetic freshwater time series.

To calculate the sediment load associated with each synthetic discharge, a re-

lationship between freshwater inflow and SSC was developed using two-year worth

of available historic data. These relationships are shown in figure 5.20. Equations

shown in the figure are used to develop the sediment load depicted in figure 5.21.

This figure shows lower values for the Trinity River compared with the San Jacinto,

but the overall sediment introduced to the estuary is higher from the former due to

higher freshwater discharge.
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Figure 5.20: Q-SSC relationship developed using data from 1994 until 1996.
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Figure 5.21: Synthetic sediment load.

Buffalo Bayou discharge was set to 17 m3/s for both the steady and pulsed

wet condition. These values were taken from historic data collected by USGS. Al-

though the discharge was different in Buffalo Bayou for the dry and wet seasons, the

difference between wet and dry conditions was much smaller than the difference in

discharge between dry and wet seasons on the San Jacinto and Trinity rivers. The

sediment concentration for Buffalo Bayou was set to a constant value of 55 mg/l. For

constant conditions, the average discharge for the Trinity and San Jacinto rivers was

set by integrating the inflow hydrographs over the three month period and dividing

by the total time. This way both the constant and variable inflow conditions would

contribute an equivalent volume of water to the system over the three-month period.

The goal was to generate the same volume of water during the simulation but without

having variation in flow discharge. These volumetric averages were 1100 and 384 m3/s

for Trinity and San Jancinto rivers respectively. Sediment concentration introducing

into the estuary from these two sources were calculated using the regression equations

shown in figure 5.20. Trinity and San Jacinto rivers were set to introduce 90 mg/l

and 150 mg/l respectively.

Wind speeds used during the simulation period ranged from 0 to 18 m/s with

23 percent of the time classified as calm conditions (Fig. 5.22).
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Figure 5.22: Wind rose plot and time series.

Freshwater inflows for the dry weather conditions were determined by examining

historic trends from USGS gaging stations and set to 35, 10, and 4 m3/s for Trinity

River, San Jacinto River, and Buffalo Bayou, with suspended sediment concentrations

of 22 mg/l, 80 mg/l, and 40 mg/l.

Figure 5.23 shows the synthetic freshwater inflow for both the Trinity and San

Jacinto. It demonstrates all the simulation cases of dry, wet-steady, and wet-pulsed.

In order to investigate the change in the hydrodynamics within the upper part of the

estuary, two specific dates are chosen, labeled as “Time a” and “Time b” in figure

5.23. Time a corresponds with the period of max peak discharge from the rivers and

Time b is at a time when inflow discharges are all constant across all simulations;

both Time a and Time b have similar tidal ranges. Model data generated at a point

close to field Site 1 (chapter 4) was used to check such criterion. By giving a one day

span to each of them (Time a, Time b), two other dates were chosen within that span

in a way that the max ebb and flood velocities were observed.
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Figure 5.23: Freshwater inflow for all cases.

Therefore, four different cases are selected to conduct further investigation of the

model results. Table 5.3 gives a summary of all the cases. For the wet-pulsed condition

contour plots of the depth averaged current speed are shown for all four cases (figs.

5.24 and 5.25), but the result from “Time a” is only presented for wet-steady and dry

years (figs. 5.26 and 5.27). The current direction changes from ebb to flood at the

Table 5.3: Summary of freshwater and tidal cases.

Time a Time b
Flood Ebb Flood Ebb

3/2/1995 5:30 PM 3/2/1995 11:15 AM 2/17/1995 5:00 PM 2/18/1995 0:15 AM

upper part of the estuary during “Time b” (Fig.5.25) and dry condition (Fig. 5.27).

But it does not show any change at two other cases of “Time b” (not shown here) and

wet-steady (Fig. 5.26). Each figure shows the range of the velocity within the focused

part of the estuary. In all cases expect the wet-pulsed condition at “Time a”, depth
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averaged velocity has greater maximum value for the ebb. Table 5.4 shows velocity

values at a point close to Site 1. The values demonstrates that during the wet-year

flood, the tide is working against the fresh water inflow and results in lower velocities

during flood compared to the ebb. The force generated by the tidal prism of the

lower part of the estuary overcomes the sum of the forces generated by the freshwater

inflow and the upper estuary tidal prism resulting in higher velocities during flood

(Fig. 5.27). This indicates that the minimum freshwater inflow that stops the velocity

from shifting in its direction has a value greater than 100 m3/s and less than 384 m3/s.

Figures 5.28, 5.29, 5.30, and 5.31 demonstrate a plan view of the bed shear stress

generated under different hydrologic conditions within the upper part of the estuary.

A summary of bed shear stress at a point close to Site 1 is also presented in table 5.5.
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Figure 5.24: Depth averaged current speed in m/s at the peak of wet-pulsed condition.

Table 5.4: Depth averaged current speed in m/s at a point around Site 1. Direction
towards the mouth of the estuary is considered as positive.

Time a Time b
Flood Ebb Flood Ebb

Wet-pulsed 0.74 0.79 -0.22 0.29
Wet-steady 0.34 0.53 0.34 0.5

Dry -0.3 0.25 -0.49 0.14
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Figure 5.25: Depth averaged current speed in m/s at the constant part of wet-pulsed
condition.
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Figure 5.26: Depth averaged current speed in m/s at wet-steady condition.
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Figure 5.27: Depth averaged current speed in m/s at dry condition.
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Figure 5.28: Bed shear stress in N/m2 at the peak of wet-pulsed condition.
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Figure 5.29: Bed shear stress in N/m2 at the constant part of wet-pulsed condition.
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Figure 5.30: Bed shear stress in N/m2 at wet-steady condition.
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Figure 5.31: Bed shear stress in N/m2 at dry condition.

Table 5.5: Summary of bed shear stress in N/m2 at Site 1 for all hydrodynamic conditions.

Time a Time b
Flood Ebb Flood Ebb

Wet-pulsed 0.25 0.27 0.03 0.05
Wet-steady 0.07 0.15 0.07 0.12

Dry 0.06 0.02 0.08 0.02
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Figure 5.32 depicts the location of three points along the channel that are used

to evaluate the deposition and salinity behavior under different hydrologic conditions

within the dredged ship channel. Time series of the bed thickness change is shown in

figure 5.33. Bed thickness increased constantly during the three months simulation.

Point c and d, one located downstream of points a and b and one at the far most

upstream showed higher rate of deposition. Cumulative bed thickness change after

three months was 2 mm, 4 mm, 11 mm, and 10 mm for points a, b, c, and d re-

spectively. The deposition rate does not show major differences between the different

hydrologic conditions for points a and b. However, the wet year condition showed

almost 2.5 mm more deposition than the dry year at location c.

The total mass of sediment introduced by different sources to the estuary dur-

ing the three-months period along with initial SSC is summarized in table 5.6 and

used along with deposition, suspension, and output of sediment from southern open

boundaries (table 5.7) to study the sediment mass balance of the estuary after the

three-month period under the different freshwater conditions. The analysis showed

that the estuary exports sediment during the two wet-year conditions (constant and

pulsed), but receives small portion of sediment from the shelf during the dry weather

conditions. Around 24% more sediments were introdudec to the region during the

wet-pulsed condition compared with the wet-steady season. The final cumulative

deposition during the wet-pulsed season was approximately 38% higher than the wet-

steady case. This indicates that if the same amount of sediment is introduced to the

region for both cases (we-steady and wet-pulsed), still higher deposition will happen

for the wet-pulsed condition.
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Figure 5.32: Points located in the greater Galveston Bay along the channel.

Table 5.6: Sediment mass introduced into the estuary by each source. Units are in mega-
tons (10e-6 tons).

Trinity San Jacinto Buffalo Bayou Other Total

Wet-pulsed 1.025 0.552 0.007 0.242 1.827
Wet-steady 0.773 0.448 0.007 0.242 1.470

Dry 0.006 0.006 0.001 0.003 0.256

Table 5.7: Sediment mass balance at the end of three month simulation period. Units are
in mega-tons (10e-6 tons).

Total input Deposition Output Suspension

Wet-pulsed 1.827 1.296 0.528 0.003
Wet-steady 1.470 0.939 0.528 0.004

Dry 0.256 0.307 -0.053 0.002
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Figure 5.33: Bed thickness change time series at points a, b, c, and d for all three
freshwater conditions.
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As expected, salinity decreases as you move upstream for all freshwater inflow

cases (Fig. 5.34). Overall, the temporal trend of salinity is decreasing for the wet

year cases and increasing for dry year. Variation in salinity is higher in the dry year

compared with the wet one. Both cases of wet year, steady and pulsed, demonstrated

very similar salinity range and pattern. It takes around one month and twenty days

for the salinity at point a to reach the level of freshwater salinity (4 ppt) at wet-steady

and wet-pulsed condition respectively. Therefore, the decreasing trend of wet-steady

case was slightly faster than the wet-pulsed one. Points b and c show much more

variation in salinity for wet condition and slower decaying speed. These results
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Figure 5.34: Salinity time series at points a, b, and c for all fresh water conditions of
wet-steady, wet-pulsed, and dry.
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Figure 5.35: Salinity time series in four different depth at point b for all fresh water
conditions.

Figure 5.36 shows the surface salinity distribution at the end of simulation period

(ebb tide). Salinity below five is chosen as an indication of freshwater. It shows that

during the wet condition the freshwater pushes back the 5 ppt isohaline and reaches

all the way to the southern part of the model. Instead, in the dry season, the 13 ppt

isohaline reaches all the way above Morgans Point. Of the three conditions, the wet

weather constant discharge resulted in the furthest extension of the 5 ppt isohaline

into the bay (Fig. 5.36).
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Figure 5.36: Salinity pattern within the estuary on 03/22/1995 at 12:00 AM (a) Wet
season with steady flow, (b) Wet season with varying flow, (c) Dry season.

Patterns of deposition and erosion at the end of simulation period are depicted in

figure 5.37 for all three cases. Overall the big picture patters of erosion and deposition

were independent of the inflow. All three of the hydrologic conditions results in overall

deposition in the dredged channel and middle of the bays with localized erosion near

the shores and in contracted zones. This might be an indication of the fact that

freshwater inflow does not have much influence on sedimentation patterns in the
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region even though the system is microtidal. The mud transport results also support

the field observation of erosion in the Wooster point channel during the ebb, and

some bed movement in the shallow norther region of Scott Bay, and Deposition in

Crystal Bay (Fig. 5.38).

Figure 5.37: Sedimentation pattern on 03/22/1995 at 12:00 AM (a) Wet season with
steady flow, (b) Wet season with varying flow, (c) Dry season.
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Figure 5.38: Total bed thickness change. Values of the legend are in meter and minus
means erosion (a) Wet season with steady flow, (b) Wet season with varying flow, (c) Dry
season.

5.5.2 Research question 4

The goal of the fourth research question was to see where water and sediment

end up after entering the system from the two main freshwater sources. To do this,

water and sediment entering from the San Jacinto and the Trinity rivers were tracked

through the system using the Particle Tracking (PT) module in MIKE for one year.

Flow conditions were set using the synthetic discharge hydrographs repeated twice

within the year with three months of constant discharge separating the peak flows

(Fig. 5.39). All other conditions for the simulations were identical to those used for

the wet weather mud transport modeling (test A1 and A2).

The PTmodule tracks the advection and dispersion of particles using the Langevin

equation,
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dX

dt
= a+ bξ, (5.4)

where a is the drift term, b is the diffusion term, and ξ is a random number. Both

a and b are functions of space and time. The combined effects of current, wind

drag, and bed drag cause the drift of the particles. The horizontal variation in

the drift vector a is calculated in the hydrodynamic module. The vertical drift is

calculated by activating the bed shear profile (logarithmic profile) within the module.

Diffusion term b is calculated using the eddy viscosity generated by the hydrodynamic

module. In estuaries, it is important to distinguish horizontal turbulent diffusion, due

to unresolved large-scale recirculation eddies, and vertical turbulent diffusion, due

to bed generated turbulence. A scaled eddy viscosity formulation with a constant

horizontal coefficient of 1 and a vertical coefficient of 0.1 was used.
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Figure 5.39: Synthetic freshwater inflow generated for the one-year hydrodynamic simu-
lation using wet season conditions.
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After modeling the hydrodynamics of the estuary for one year, the particle track-

ing module was activated in an uncoupled fashion. Two separate conditions were

modeled for each river source. In the first, the settling velocity of the particles being

released is set to zero so that the released particles act as a scalar. This was done

to simulate the transport of water released from each source. For the second simula-

tion, the released particles were given a settling velocity of 1.1 mm/s to simulate the

release of 35 µm particles. For the second condition, mass flow rates at the sources

were based on average rates used in the mud transport module of 35 kg/s and 75

kg/s for San Jacinto and Trinity. Ten particle was released each time step using one

particle class. The settling velocity was fixed to 1.1e-03 m/s calculated using Stokes

law.

Erosion was included with constant critical shear stress of 0.05 N/m2. The

resolution of the vertical current profile is dependent on the number of layers in

the hydrodynamic simulation. To get a better description of the bottom layer of

the 3D hydrodynamic current field without having a very fine vertical mesh, the

bed shear profile (or logarithmic profile) can be used for the drift calculations. In

MIKE 3, the logarithmic layer only modifies the layer closest to the bed and does

not change the flow condition in the rest of model. The velocity profile configuration

inside the turbulent boundary layer is developed completely both theoretically and

experimentally. The profile characteristics are different for distances very close to the

bed. The vertical transport of momentum is controlled by viscosity and turbulence

within and outside of the region closest to the bed, laminar sub-layer or viscous sub-

layer, respectively. The horizontal drift is normally calculated in the hydrodynamic

simulation. Salinity and bed roughness were both set the same as those used in

hydrodynamic module. The output file was set to record the total sediment every

hour.

Analysis of the results showed that the scalar particle released from the San
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Jacinto River began to leave the domain after 225 days. But, the non-scalar sediment

never left the model domain. For Trinity River, particles quickly, around 17 days, left

the domain in scalar condition and it took it 145 days for the non-scalar condition.

The distribution of sediments released from each source at the end of simulation (one

year elapsed time) for two separate cases of scalar and non-scalar are presented in

figure 5.40. Although, the particles are released to the shelf at some cases, the figure

shows that the majority of the sediment loads are still close to the source even after

one year form the first release. This might suggest that the rate of deposition is much

higher than erosion in a microtidal estuary even at wet condition and much higher

event such as storm or hurricane might be responsible for major change in sediment

distribution within this region.
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Figure 5.40: Particle distributions after one year.

5.6 CONCLUSIONS

This chapter has described the application of a hydrodynamic and sediment

transport model that was used as a numerical laboratory to better understand the

sediment transport processes within the microtidal San Jacinto Estuary. First, the

effect of sever drought and wet weather conditions, on the erosion and deposition

pattern was examined. Then, the transport of scalar and non-scalar particle released

from the Trinity River mouth and the confluence of the San Jacinto and Buffalo

Bayou was examined. The major findings are,
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1. Change in freshwater inflow showed major impact on the salinity magnitude

within the estuary. In dry conditions, the 5 ppt isohaline traveled all the way

upstream of Morgans Point, almost to the confluence of San Jacinto River with

Buffalo Bayou. During the extreme wet weather conditions, the 5 ppt isohaline

of the surface water was pushed almost as far as Galveston Island.

2. Overall erosion and deposition pattern showed little change between extreme dry

and wet years. In general, part of the shallow areas experienced erosion whereas

deeper parts of the estuary were under deposition. High freshwater inflow caused

around 30% higher deposition in some parts of the channel compared with the

low freshwater.

3. Particle tracking calculations showed the likely travel paths of water and sedi-

ment released from the San Jacinto and Trinity rivers. Water released from the

Trinity can exit the bay within approximately 17 days under the simulated wet

weather conditions. However, water from the San Jacinto takes much longer,

225 day minimum, to reach the open ocean. 35 µm sediment from the Trinity

starts to leave the domain after 145 days but sediment released from the San

Jacinto takes at least over one year to escape. All calculations were based on

the simulated wet weather conditions.
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Chapter 6. Summary and Conclusions

6.1 SUMMARY

The broad goal of this dissertation was to better understand the sediment trans-

port processes within the microtidal San Jacinto Estuary under variable hydrologic

conditions. A multi-pronged approach was followed to address the study through

combining laboratory and field experiments along with numerical modeling. Below,

a brief summary of each study is presented.

Suspended sediment concentration is a fundamental parameter for estimating

sediment flux and understanding transport processes in rivers, bays, and estuaries.

Acoustic Doppler velocimeters (ADVs) are common tools for measuring time varying

turbulent velocity signatures in both field and laboratory settings. Since Doppler

systems measure the fluid velocity using acoustic reflections from small particles,

they also record a form of information concerning the suspended particulate matter

in the water column. A foundation for linking ADV recorded acoustic information to

suspended sediment concentration can be built by Rayleigh regime theory through

sonar equation. If a usable and physically meaningful form of this information can

be extracted, then ADV systems can be used to simultaneously measure velocity

and suspended sediment concentration. This makes the ADV an ideal tool for field

sediment transport studies. The sonar equation leaded to a simpler functionality

between SSC and signal to noise ratio (SNR), log(SSC) = c1SNR+c2. The laboratory

work was set to examine this relationship and evaluate the sensitivity of c1 and

c2 parameters to sediment types, different particle-size distributions, and different

instrument settings. Furthermore, two other issues were investigated; first, finding

the type of smoothing required to be done before using the SSC time series data

derived from the calibration equations; second, investigating the relationship between

changes in turbulent flow conditions and SSC. This was done in a water tank using four
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different synthetic and natural mud mixtures, collected from the San Jacinto Estuary,

and different combinations of the user-set Vector parameters such as transmit power

level and velocity range. A 6 MHz Nortek Vector velocimeter was fixed to a frame

above the tank, oriented downward, and programmed to take velocity and SNR data

at 32 Hz in 3 min bursts. At each concentration level, four different 3-min velocity

time series were collected with the Vector using permutations of high and low transmit

power level and user-set velocity range settings of 1 and 2 m/s. To measure the true

suspended sediment concentration at the time of velocity measurement, physical water

samples were collected close to the Vector sampling volume at each concentration

level. Analysis of the results showed that the variation in c1 and c2 values among all

four mud mixtures were significant enough that the calibrated equations could not

be used interchangeably.

Accurate critical bed shear stress values for the onset of erosion, τe, and deposi-

tion, τd, are necessary to understand and predict sediment transport in the estuarine

environments. Estuaries are rich with mud whose erodibility is dependent on the

flow history, water content of the bed, salinity, clay percentage, level of consolidation,

chlorophyll-a levels, and the liquefaction potential at a given site. These factors all

make values of the critical bed shear stress for erosion very site specific for muds.

Lack of such data for the San Jacinto Estuary, especially above Morgans Point, ne-

cessitated measurement of these parameters. The field part of this study was designed

to address this issue. To do this, information gained from the laboratory study was

used to estimate the bed shear stress that causes erosion in different wave and cur-

rent environment in the estuary. Additionally, due to lack of any universal method

for measuring bed shear stress in shallow estuarine conditions, a secondary objective

of the field work was to test six different methods of bed shear stress estimation in a

range of current and wave conditions. Measurements were made at three sites having

different hydrodynamic conditions. Sediment at the three sites was composed of a
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mixture of sand, silt, and clay with the total silt and clay fraction ranging from 45

to 95 percent of the mixtures. Combinations of change in SSC and distance from the

sampling volume of the instrument to the bed were used to indicate whether erosion

or deposition was taking place. Near boundary velocities were recorded over a series

of one-day tide cycles using the Vector attached to a pipe frame driven into the bed.

The bed shear stress, τB, was obtained using measured velocity time series and tur-

bulent flow theory using six different methods, one with mean, one with maximum

velocity and other four using turbulent velocity data, were examined to calculate bed

shear stress.

The field data was then used in a numerical model to simulate the hydrody-

namics, salinity transport, and sediment transport of system in three dimensions.

The goal of the modeling effort was to address the following two questions: 1) are

there major changes in the sediment transport patters during conditions of extreme

drought or rain?; and 2) how long does it take for water and sediment particles to

leave the model domain once released from the confluence of the San Jacinto River

with Buffalo Bayou and from the Trinity River?

The geometry of the region is highly irregular with steep changes in bed topog-

raphy which requires a robust numerical package. After evaluating several numerical

modeling packages, the DHI software package MIKE was selected. For the simu-

lations, the Hydrodynamic (HD), Mud Transport (MT), Spectral Wave (SW), and

Particle Tracking (PT) modules were used. The domain for the model began at the

Gulf of Mexico and included the Houston Ship Channel from Bolivar Roads to beyond

the entrance of the San Jacinto River, along with Galveston, Trinity, East, and West

bays. The hydrodynamic module was calibrated against water level at five different

spots within the domain. This was done by adjusting both bed roughness and water

level boundary conditions. Velocity and discharge were calibrated at only one location

near Eagle Point due to lack of further data. The horizontal eddy viscosity was used
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as the velocity calibration parameter. Once calibrated, the MIKE 21 SW module was

used to simulates the growth, decay, and transformation of wind-generated waves.

Flow conditions calculated in the hydrodynamic module, wind-wave properties gen-

erated by spectral wave module, and freshwater inflows were all used as inputs for the

mud transport model. Two sediment fractions were used, silt and clay. The initial

bed was composed of three layers of varying erodibility all containing 50% clay and

50% silt. The presence of sand within some parts of the estuary was included through

modification of the bed density. Suspended sediment concentration data collected by

the TCEQ was used for calibrating the mud transport module. Once calibrated, the

model was used to investigate the effect of extreme wet and dry weather conditions

on the hydrodynamics, salinity transport, and sediment transport characteristics of

the system. In addition to this, the particle tracking module was used to find the

time that it take for a drop of water or sediment praticle to travel from its inlet in

the estuary to the exit.

6.2 CONCLUSIONS

The major findings of this body of work are listed below.

1. For a constant particle-size mixture, the ensemble-averaged SNR is linearly

related to the logarithm of SSC for concentrations less than 1500 mg/l, and the

parameterization of log(SSC) = c1SNR+ c2, or SSC = 10(c1SNR+c2) does a

satisfactory job in relating these two quantities with all R2 values being greater

than 0.98, suggesting that properly calibrated relations can yield accurate time-

averaged SSC measurements using Vector measured SNR (Chapter 3).

2. An analysis of the general calibration equation indicated that the predicted

SSC values are sensitive to changes in the coefficient values for c1 and c2. Even

small (10%) deviations in coefficient values resulted in 20–65% changes in the
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predicted SSC (Chapter 3).

3. Calibration coefficients are specific to the particular sediment mixture for which

they were obtained, and that the predictions of SSC with the calibrated equa-

tions are sensitive to changes in the coefficients (Chapter 3).

4. A moving average with an approximately 100-point window was found to per-

form best at smoothing out the majority of the large fluctuations within the raw

SSC time series while still retaining true shifts in time-averaged values of SSC.

A 96-point (3 Hz) averaging window brought 98.6% of the Vector estimated

SSC time series values to within ±10% of the time-average physical samples

(Chapter 3).

5. SNR and the turbulent kinetic energy were positively correlated; although for

the conditions examined in this study, the change in average SNR was small

(max difference in average of 0.2 dB) compared to other factors such as sediment

type, power level setting, and sample volume size (Chapter 3).

6. The hydraulics of the region, at the time of field sampling, are such that flood

currents produce the highest shear stresses and therefore the largest degree

of erosion. Deposition largely occurs over the lengthy high-water condition

(Chapter 4).

7. All six methods for estimating the bed shear stress showed general trend cor-

relation, however significant variation in the estimated magnitude of the bed

shear stress was observed among the methods. Based on theoretical considera-

tions and analysis of the data, it was found that the logarithmic profile method

performed best in current dominated regions and that the modified turbulent

kinetic energy method performed best in the wave dominated zone (Chapter 4).

8. The dimensionless critical erosive shear stress for beds in the region composed
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of fine sand, silt, and clay was approximately equal to 0.1 (τe = 0.14 N/m2 at

Site 1 and τe = 0.06 N/m2 at Site 2, chapter 4).

9. No clear critical condition for the onset of deposition was found. In general, the

suspended sediment concentration was well correlated with the bed shear stress

and velocity over the entire sampling period at a height of 3 to 5 cm from the

bed, suggesting a continual process of erosion and deposition at all points in

time. However, during one deployment (Site 1), deposition significant enough

to produce a measurable change in the bed elevation started to occur when bed

shear stresses dropped below 0.05 N/m2 (τ ∗cr = 0.03, chapter 4).

10. Bed shear stresses in the in the tidal channel off of Wooster Point reached

a maximum during the first half of the flood. Typical stresses during this

peak were just high enough to produce mild erosion in the channel at Site 1.

Integration of the mass flux in the channel over a tide cycle suggests that the

net movement of sediment through the channel is in the river-ward direction

from Scott Bay to Crystal Bay (Chapter 4).

11. Change in freshwater inflow resulted in a major impact on the salinity levels

within the estuary. In dry condition the 5 ppt isohaline traveled all the way

upstream of Morgans Point, almost to the confluence of San Jacinto river with

Buffalo Bayou. During the wet season, the 5 ppt isohaline of the surface water

was pushed almost as far as Galveston Island. Three month average of salinity

at a point near Lynchburg Landing was 4 ppt for the wet conditions and 10 ppt

for the dry condition (Chapter 5).

12. Overall erosion and deposition patterns showed very little change between ex-

treme dry and wet years. In general, part of the shallow areas experienced

erosion whereas deeper parts of the estuary were under deposition. High fresh-

water inflow caused around 30% higher deposition in some parts of the channel
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compared with the low freshwater (Chapter 5).

13. Examining the mass balance within the whole San Jacinto Estuary showed that

around 28% of the input sediment was flushed out during the wet season. But

in dry season, not only no sediment left the domain but also it recieved around

17% of the total available sediment within the estuary from the shelf (Chapter

5).

14. Both water and sediment released from the Trinity River left the model. It

took 17 days for the scalar particle (water) and 145 days for the non-scalar one

(sediment). Sediments released form the San Jacinto River never made it to the

shelf in non-scalar case and it took water 225 days to leave the domain (Chapter

5).

6.3 FUTURE WORK

This study answered the question of; what would be the impact of change in

freshwater inflow, which can be translated into the climate change, on the sedimen-

tation patterns within the San Jacinto Estuary. The result showed that it has minor

effect on the pattern. But this might not be the case under severe hydrologic condi-

tions such as storms or hurricanes which might change both horizontal sedimentation

patterns and vertical arrangement of sediment types. It would be instructive for fu-

ture studies in this area to focus on understanding the effect of such extreme events

on sedimentation patterns within this region.

As far as the in situ measurement in estuarine environment, complications and

uncertainties arise in both the calculation of the bed shear stress and the identification

of erosive and depositional conditions. Most of the methods used in this study for

estimating the bed shear stress from velocity measurements are based on turbulent

channel flow theory and application in wave dominated climates is uncertain. Future
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work should seek to develop better methods for estimating shear stress in conditions

where both wave and current contributions are important.
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