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Abstract of the Dissertation

Characterizing Dry Weather Runoff, Sediment Resuspension and Associated

Bacterial Loads into Newport Bay

by

Robert G. Stein

Doctor of Philosophy in Civil Engineering
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Professor Brett F. Sanders, Chair

Fecal indicator bacteria (FIB) impairment of coastal water bodies is a wide-spread

problem that impacts recreational water contact and shellfish harvesting. Storm

water runoff is a major contributor to FIB during wet weather periods leading to

beach closures or warnings to stay out of the water for several days after a storm

event. However, FIB impairments also occur during the dry season when the levels of

water-contact recreation are highest, especially at enclosed beaches. The causes and

remedies of these problems can be difficult to identify.

This dissertation addresses the impacts of dry-weather runoff on FIB impairment

in Newport Bay, California. The vast majority of runoff (∼ 95%) enters the bay at

two creeks located several kilometers from recreational waters, while only about 1%

of the runoff enters the bay through over a hundred small drains located within the

xv



recreational waters. This dissertation examines the relative impact of these large

and small runoff sources based on bay-wide mixing and transport processes. Dry

weather flow rates are reported as a function of drainage area based on limited field

sampling and a regression analysis, and loads of FIB into the bay area estimated

based on measured FIB concentrations in runoff and the volumetric flow rate. A

2D flow and scalar transport model is developed and calibrated for prediction of

bay-wide salinity, and subsequently applied to simulate the relative impact of large

and small drains on FIB impairment. Results show that small drains with minimal

fresh water discharges contribute disproportionally to FIB impairment due to their

proximity to recreational waters and minimal mixing therein. Further, a “trap-and-

release” mechanism whereby runoff accumulates in drain pipes during rising tides and

is released at low tide is modeled and shown to also contribute to the number of FIB

exceedances.

This dissertation also presents analysis of the erosion thresholds and erosion rates

for sediments in Newport Bay which indicate that sediment resuspension occurs only

in the main channel and only during energetic spring tide conditions, during the dry

weather months. This result suggests that resuspension of contaminated sediments

is most likely not a significant contributor to FIB impairment during dry-weather

periods.
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Chapter 1

Introduction

1.1 Newport Bay and Watershed

Newport Bay, an 8-km2 (3.1 square mile) tidal saltwater embayment located in

Orange County, California is the receiving water for a 360 km2 (139 square mile)

watershed that has seen rapid development since the mid-1960s. Newport Bay is

located approximately 32 km southeast of Los Angeles Harbor and 130 km northwest

of La Jolla in San Diego County, and is divided into two distinct geographic regions.

Upper Newport Bay, located north of Coast Highway (Highway 1), is oriented in

a northeast direction and is about three miles long. It is an important salt marsh

estuary and state ecological reserve and provides refuge, foraging areas, and a breeding

ground for a number of threatened and endangered species. Upper Newport Bay is

owned and managed by the California Department of Fish and Game and the County

of Orange, and surrounded by property owned by the County of Orange and City of
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Newport Beach (City of Newport Beach, 2009). Lower Newport Bay, south of Coast

Highway, is sheltered from the open ocean by the 5.6 km Balboa Peninsula which is

completely developed. The harbor (Newport Harbor) in Lower Newport Bay is 6.4

km long oriented in a northwest direction parallel to the coastline with the harbor

entrance located at the south end of Balboa Peninsula. The harbor also encompasses

a portion of the upper bay near Coast Highway and includes areas around Newport

Dunes and Dover Shores. Contained within the protected harbor are seven developed

islands which were stabilized as a result of dredging done in the 1920s. The three

largest islands are Balboa Island and Little Balboa Island (Balboa Islands) and Lido

Island. (See Figure 1.1.) The harbor area is a tourist attraction and one of the largest

pleasure craft harbors in the United States.

Newport Bay was formed by the Santa Ana River which has meandered from

geologic times. In the middle Pleistocene time, the river cut a trough which is now

Newport Bay. A series of marine and estuarine deposits now fill the bay floor (Trimble,

1998).

Two principal creeks terminate in Upper Newport Bay: Santa Ana-Delhi Channel

and San Diego Creek. These creeks account for approximately 95% of the freshwater

flow into the bay. The hydraulic connection of the Santa Ana-Delhi Channel to

Newport Bay is relatively recent. Historically, the Santa Ana-Delhi watershed drained

to the west into the Santa Ana River. However, around 1900, farming intensified in

the area and improved drainage was needed. It is probable that during the late

19th century, farming interests excavated a ditch to Upper Newport Bay to drain the
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land. In the 1960’s, Orange County Flood Control District (OCFCD) converted these

ditches into concrete channels (OCFCD, 1964). The Santa Ana-Delhi Channel and its

tributaries now drain approximately 44 km2 (17 square miles) from areas principally

located in the Cities of Santa Ana and Costa Mesa (Trimble, 1998).

Changed Hydrology

The principal watercourse into Newport Bay is San Diego Creek whose tributary

area accounts for approximately 316 km2 (122 square miles) or about 80% of the

Newport Bay Watershed area (U.S. Army Corps of Engineers, 1999). The history of

the hydraulic connection of San Diego Creek to Upper Newport Bay is complicated

and interesting. Before 1870, all of the San Diego Creek watershed streams and

canyon washes terminated in a large marsh area called the Swamp of the Frogs in the

Tustin Plain (in an area roughly bounded by Highway 55, Highway 405, Culver Drive

and Highway 5 in what is now the City of Irvine) where the flat slopes decreased flow

velocities allowing for rapid infiltration of water into the coarse sediments of the plain.

Flood flows were blocked from flowing into Upper Newport Bay by a narrow ridge

at the head of Newport Bay (Meixner, 2004). Beginning in 1890, drainage ditches

were installed in the Tustin Plain to drain the shallow aquifer to allow for irrigated

commercial crops and orchards. By 1928, the network of drainage channels had been

significantly expanded by the Irvine Company for large-scale agricultural operations.

It is reported that the groundwater table dropped by an average of 10 meters. By

1932, a channel had been dug towards upper Newport Bay and the ridge that had
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historically dammed water in the Tustin Plain was breached. This connected a small

portion of the watershed into a wetland at the head of Newport Bay where runoff

could make its way to the bay (U.S. Army Corps of Engineers, 1972; Hoag, 1983).

Severe erosion around the drainage channels and concerns of flood damage con-

strained this area to only agricultural practices with virtually no residential or com-

mercial development in the Swamp of the Frogs prior to the 1960’s (USGS, 1965).

In 1964, to create favorable conditions for residential and commercial development,

OCFCD instituted a flood control program to convert the irrigation drainage ditches

to trapezoidal channels and storm drains that drained to San Diego Creek or Peter’s

Canyon Wash, the primary tributary to San Diego Creek. Additionally, as part of this

flood control program, and in cooperation with the Irvine Company, Peter’s Canyon

Wash and San Diego Creek were widened and deepened (OCFCD, 1967; Hibbs and

Lee, 2000). In 1968, San Diego Creek was improved and extended downstream to

MacArthur Boulevard to within about 1.6 km (one mile) of Upper Newport Bay

(OCFCD, 1964). Before the final reach connecting San Diego Creek to Newport Bay

could be constructed, a large storm in 1969 struck the watershed and the resultant

storm flows conveyed down San Diego Creek blew through the interfering ridge and

hydraulically linked the creek to Upper Newport Bay washing a massive amount of

sediment into Upper Newport Bay (Trimble, 1998). As the upper bay continued to

silt in, businesses joined with government in 1979 to create a standing sediment man-

agement committee to develop a plan to prevent the bay from completely filling with

sediment. Trapping basins were constructed in the foothills, San Diego Creek and
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Newport Bay to control sedimentation (Maurer and Rozengurt, 1997). The extensive

flood control improvements created a climate for intense urbanization that began in

the mid-60’s, continues today, and transformed Orange County into the fifteenth ur-

banized area in the country. The remaining large tracts of agricultural land in the

northeastern portion of the City of Irvine are now under development.

While upstream control measures and a large bay dredging operation in the 1990’s

eased sedimentation of Newport Bay, upstream erosion continues to be a problem.

Severe winter storm seasons, such as the El Niño winter of 1997, carried several

hundred thousand cubic meters of material from the foothills, along with material

stored in the creeks and eroded from the earthen portions of the flood channels, into

in-channel and in-bay sedimentation basins filling them nearly to capacity. In that

year alone, channel erosion, including incising and loss of bank slopes, were clearly

evident along Serrano Creek and other tributaries to the bay (Maurer and Rozengurt,

1997).

Water Quality Concerns

The massive release of sediment into Upper Newport Bay in 1969, immediately

followed by a sharp increase in urbanization of the watershed, resulted in the intro-

duction of large pollutant loads into the bay. Beginning in the 1970’s, the County

Health Care Department, County of Orange and the Regional Water Quality Control

Board began regular monitoring of sediment, fecal indicator bacteria (FIB), nutri-

ent, and toxic pollutant (metals and pesticides) loads. Newport Bay is now listed
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as impaired for all of these constituents and subject to Total Maximum Daily Load

(TMDL) requirements. A TMDL for a particular constituent is established such that

the capacity of a water body to assimilate the pollutant load without deleterious

impact to humans or the benthos is not exceeded (US EPA, 2002).

Of particular concern are enclosed beaches. Sheltered from the large waves and

strong currents of open coastlines, these beaches are popular destinations for recre-

ational bathers, particularly families with young children. Unfortunately, these en-

closed beach sites also have among the highest rates of pollution-related closures and

health advisories. In the 1970s, water samples at popular beaches in Newport Bay

often found exceedences for FIB. During the summers of 1999 through 2004, 15% of

water samples collected from enclosed beaches in Southern California exceeded ma-

rine bathing criteria for FIB, the water quality index used by public health officials to

assess if beaches are safe to swim. By comparison, less than 3% of samples collected

at open coastal beaches exceeded State criteria over the same time period (Largier et

al., 2006). At enclosed beaches, FIB can originate from beach-side sources (bather

shedding, bird and dog feces, tidal washing of sediments, decaying vegetation, runoff

from drains, and shallow groundwater discharge) and/or bay-side sources (sewage

outfalls, creeks, and rivers) (Grant et al., 2010).

Newport Bay is now a targeted watershed for priority water quality enhancement

initiatives by the RWQCB (Lee et al., 2001). Studies performed to identify upstream

sources of constituents of interest have led to the implementation of projects and

best management practices that have been successful in reducing constituent loads to
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the bay. While substantial progress has been made in reducing loads from sediment,

nutrients and FIB, no constituent has yet been delisted. A more rigorous understand-

ing of pollutant sources and loading would facilitate cleanup of the constituents of

interest. For instance, recent studies indicate that a significant fraction of the bay’s

pollution problem is thought to originate from dry-weather runoff that flows into the

bay from numerous creeks and channels including San Diego Creek, Santa Ana Delhi

Channel, Big Canyon Creek, and Santa Isabella Channel as well as over 200 storm

drains that directly discharge into the bay (EOA, 2001; Pednekar et al., 2005; Jeong et

al., 2005; Grant, 2008). Most urban areas in southern California have separate storm

and sanitary sewer systems. Thus, dry weather runoff generated by over-irrigation

of landscapes (generally consisting of non-native, ornamental plants) for example, is

conveyed directly to receiving waters through the local storm drainage system. Dry

weather runoff is a well-documented source of FIB at marine recreational beaches

(Reeves et al., 2004). Indeed, California’s numerical criteria for FIB were motivated,

in part, by an epidemiological study (the so-called Santa Monica Bay Study) that

found bathers were at an increased risk of developing gastroenteritis if they recreated

near storm drains discharging dry weather runoff (Haile et al., 2009). Since the Santa

Monica Bay Study, entrainment and alongshore transport of wet and dry weather

runoff from storm drains and urban rivers has been studied at a number of open

coastal beaches with relatively large wave-to-tide ratios (Wong et al., 2013; Rippy et

al., 2013; Clark et al., 2007; Grant et al., 2005). However, insights from open coastal

beaches are unlikely to apply at enclosed beaches, where breaking waves less influence
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the transport of FIB along the shoreline. Furthermore, enclosed beaches are poten-

tially impacted by dry weather runoff from tributaries and stormwater drainages of

various sizes. Assessing the relative importance of these different dry weather runoff

sources can be challenging, because it is not a priori obvious if water quality at a

particular beach is most influenced by large sources of dry weather runoff located

relatively far from the beach, or small sources of dry weather runoff discharging at

the beach.

1.2 Challenges for Quantifying Sources and Loads

to Newport Bay

Nationally, increasing attention is being paid to the impacts of dry-weather urban

runoff on water quality in estuarine systems (State Water Resource Control Board,

2012; Regional Water Quality Control Board, 2008). For some constituents, loads as-

sociated with dry weather runoff may be more significant than loads associated with

storm flows (Weston Solutions, 2007). Dry-weather flows, which are commonly fluc-

tuating or intermittent, are generated from a various sources including over-irrigation

and washdown activities, as well as dewatering operations and drainage from ground-

water subdrains. These flows can mobilize constituents of concern present on road-

ways, on landscaped areas or in groundwater, and transport these pollutants into

storm drain systems and then into a flood conveyance channel, creek, or embayment.

The discharge point into a receiving water is potentially a compliance point where con-
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formance with water quality standards is assessed. Under the current trend, federal

and State agencies are moving forward by limiting allowable contaminant loads from

upstream sources to receiving waters. Further, the basis for water quality improve-

ment programs is typically an inventory of all pollutant loads to identify priorities

for control measures. As there are no analytical methods for estimating dry-weather

flows, field monitoring of flow and contaminant concentrations is currently the only

option. But the scope of monitoring is prohibitively expensive for water bodies like

Newport Bay which receive flows from hundreds of drains that experience intermit-

tent flows as well as tidally influenced flows, which are difficult to measure. Attempts

to extrapolate flows based on limited data have proven controversial.

Another important load arises from the resuspension, transport and settling of

contaminated sediments. It has been widely documented (Preston et al., 1972; Kirby

and Parker, 1973; Hayter, 1986; Yan, 1995) that nutrients and pollutants are readily

sorbed to fine-grained sediment tying water quality issues directly to the fate and

transport of estuarine sediment. Contaminant loads in storm drains can be associ-

ated with particulate matter, and subjected to flocculation and possible deposition

onto the bed sediments when freshwater flows enter the brackish water of an embay-

ment. And beyond water quality considerations, erosion, transport and deposition

of fine-grained sediment in estuarine waters can create significant problems including

shoreline scour, channel shoaling problems and highly turbid waters that inhibit light

penetration which in turn can negatively impact the biological productivity of the

benthic community.
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The manner in which estuarine cohesive sediment suspensions respond to hy-

drodynamic forcing is complex due to the interactions between the flow field and

the high concentrations of suspended sediment near the bed which alters and links

the fundamental transport processes of erosion, entrainment, eddy diffusion, floc-

culation/aggregation, settling, deposition and consolidation of cohesive sediments.

Through sedimentation and resuspension cycles, fine sediment (<62.5 microns) cy-

cles between a bed matrix, fluid mud layer, and the low concentration fluid suspension

layer in the upper water column. Periods of low velocity promote settling of suspended

sediments, formation of a near-bed fluid-mud layer, and consolidation of the bed ma-

trix. Figure 1.2 illustrates the concept of a fluid mud layer in an estuarine system,

essentially a thin, partly-consolidated soil layer or high concentration slurry at the

interface between the sediment bed and the water column. As fifty to ninety percent

of the sediment load may be transported as fluid mud (Kirby, 1986; Smith and Kirby,

1989; Kendrick and Derbyshire, 1985; van Leussen and van Velzen, 1989), numeri-

cal models that neglect the near bed fluid mud layer may yield unrealistic results in

calculating the flux of the sediment transport over the water column making these

models unsuitable tools for predicting changes based on proposed implementation of

best management practices.

Many studies have shown that bacteria survive for long periods of time in estuarine

sediments (Savage, 1905; Roper and Marshall, 1979; Labell et al., 1980; Davies et al.,

1995). Bacteria in fluid suspensions may be either suspended or attached to particles

or flocs. In water bodies with high suspended sediment concentrations, the majority
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of bacteria are thought be attached to particles (Kirchman, 1983; Geesey and Coster-

ton, 1979; Goulder, 1976). Lind and Lind (1991) found that the number of bacteria

attached to suspended particles (attached bacteria) in a subtropical lake averaged

four to seven times greater than the number of free-floating bacteria and that this

relationship was strongest at high turbidity sites. The biomass of attached bacteria

has been shown to increase with increasing suspended sediment concentration (Lind

and Lind, 1991; Goulder, 1976). Koske et al. (1966) found in Kiel Bay a remarkable

parallelism between the vertical distribution of suspended sediment and total bacte-

ria (suspended plus attached). In the upper Bay of Fundy, in Southeastern Canada,

the proportion of attached bacteria reached 94 percent of the total bacterial numbers

with a strong correlation to turbidity (Cammen and Walker, 1982). And Ferguson et

al. (1996) found a significant positive correlation between turbidity (caused by sus-

pended sediment) and enteric bacteria concentrations in the Georges River estuary.

Recent studies have shown that regrowth occurs in estuarine sediments (Desmarais et

al., 2002), sediment cycling may contribute significantly to concentrations of bacteria

within the upper water column. This hypothesis is supported by several studies that

have reported strong linkages between suspended sediment and bacteria concentra-

tions (Ferguson et al., 1996), but not by others where only a weak correlation has

been observed (Jensen et al., 1979). An understanding of the vertical structure of the

sediment, especially the near bed fluid mud layer, would assist in assessing contri-

butions of contaminants into the water column and formulating effective monitoring

and mitigation programs.
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1.3 Dissertation Objective and Outline

The objective of this dissertation is to advance a better understanding of two dry-

weather distributed loading mechanisms in Newport Bay that will be central to future

water quality management: (1) The magnitude of dry weather urban runoff from the

hundreds of small to medium-sized storm drains that empty into Newport Bay; these

flows are very difficult to measure directly but potentially important given their vast

numbers, and (2) the magnitude and spatial distribution of sediment resuspension

during dry-weather periods, in response to tidal currents. In addition to investigating

these two dry-weather loading mechanisms, another objective of this dissertation is

to improve the characterization of tidal circulation to better understand how this

process acts to redistribute loads from storm drains and resuspended sediment.

To pursue these objectives, this dissertation presents analysis of dry weather flows

from storm drains, tidal circulation, and tidally forced sediment resuspension and

transport. Data from several field studies conducted in Newport Bay are used:

1. Measurements of dry-weather flows in the five largest storm drains emptying

into Newport Bay in coordination with the City of Newport Beach (Everest

International Consulting, 2006).

2. Measurements of dry-weather flows from ten small storm drains emptying into

Newport Bay (City of Newport Beach, 2009).

3. Measurements of bay salinity at the outlets of 86 storm drains under dry-weather

14



conditions (Grant et al., 2008).

4. Measurements of salinity and sediment concentrations at eight transects along

the length main channel of the Newport Bay including a transect at the western

end of the harbor (Grant et al., 2008).

5. Measurements of FIB in drainage conveyances and in the Bay (Grant et al.,

2008).

6. Measurements of sediment properties and erosion rates from cores collected

from the sediment bed in coordination with the City of Newport Beach (Sea

Engineering, Inc., 2007).

This dissertation presents an original model to predict the intermittent release of

fresh water from tidally flooded storm drains, a vertical one-dimensional (1D) model

to investigate the vertical structure of sediment concentrations in Newport Bay, and

the application of a two-dimensional (2D) numerical model to predict transport of

both fresh water and sediment. Numerical models have been used successfully to

predict constituent concentrations in coastal waters and embayments (Kashefipour

et al., 2002; Fiandrino et al., 2003; Steets and Holden, 2003) and have been used to

identify the relative impact of various sources (e.g., tributary creek loads versus storm

drain loads), characterize the mechanisms governing the fate of these organisms (e.g.,

flushing versus die-off) and predict the efficacy of a range of potential management

measures (Sanders et al., 2005). Newport Bay is stratified episodically with storm
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water input, but during dry-weather conditions, a 2D model provides a basic descrip-

tion of how well-mixed constituents (fresh water, sediment, etc.) can be transported

laterally around the water body.

The dissertation is divided into two sections each consisting of three chapters. In

the first section, Chapter 2 presents the formulation and calibration of the 2D model.

Chapter 3 presents an analysis of dry-weather flows from storm drains, including the

synthesis of field data and the presentation of an original model to describe the inter-

mittent trap-and-release of runoff from tidally influenced storm drains. In Chapter 4,

the impact of FIB loads in dry weather runoff from small drains on nearshore water

quality in Lower Bay is examined providing validation for the trap-and-release model.

In the second section, Chapter 5 reviews basic properties of cohesive sediment

including settling velocity, flocculation, and entrainment of cohesive bed sediment and

the overlying fluid mud. In Chapter 6, a vertical, 1D model was developed to analyze

near-bed sediment dynamics with the goal of determining whether a fluid mud layer in

Newport Bay may be an important feature relative to sediment (and FIB) transport.

Chapter 7 presents the analysis of four bed cores from Newport Bay which support

the development of a quantitative model of erosion rates for Newport Bay. The 2D

model is then run to predict the spatial and temporal distribution of resuspended

sediment, which is compared with measurements to reveal the potential significance

of sediment resuspension as a contributor to bay-wide water quality impairment.
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Chapter 2

Newport Bay Hydraulic Model

This chapter presents the formulation, calibration and evaluation of a 2D nu-

merical model that is applied in Chapter 3 for estimating dry-weather flows and

characterizing bay-wide salinity transport, in Chapter 4 for characterizing bacterial

loads associated with dry-weather flows, and again in Chapter 7 for characterizing

bay-wide sediment transport. Following preliminary sections on model formulation,

parameterization, and calibration, an evaluation of the model is presented to charac-

terize uncertainties in model predictions and identify a model configuration (choice

of boundary conditions, inputs, etc.) that is suitable for advancing an improved un-

derstanding of bay-wide salinity (Sections 2.4 to 2.6). Factors considered include the

tidal forcing time series, the fresh water input time series, and the required model-

ing duration. Attention to these factors is motivated by the unsteadiness of the tidal

forcing and the intermittency of fresh water inputs. The descriptive skill of the model

is evaluated by a comparison to salinity measurements at nine channel sites spanning
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the length of Newport Bay, including a station in the western part of lower bay which

does not fall along the primary axis of the estuary. The chapter closes with several

modeling scenarios revealing bay-wide 2D circulation patterns that bear on salinity,

sediment and pollutant transport.

2.1 Model Formulation and Parameterization

The 2D model is based on the assumption of hydrostatic flow and rapid vertical

mixing of salinity and sediment. The 2D model does not resolve stratified flow con-

ditions which have been observed near the outlet of San Diego Creek, particularly

during and after storm events (Grant et al., 2008), but can be expected to provide a

basic description of lateral scalar transport in lower bay and the parts of upper bay

that are well-mixed. Use of a 2D model also allows a finer resolution mesh (as fine as

1.5 meters) than would otherwise be possible with a three-dimensional (3D) model for

the same computational effort, enabling greater resolution of fine scale details such

as small upper bay channels and nearshore mixing in lower bay.

The 2D model solves depth-integrated flow and transport equations using an

unstructured-grid Godunov-type finite volume scheme (Begnudelli and Sanders, 2006).

A structured-grid version of the model was successfully applied to simulate tidal dy-

namics, salinity transport, transport of a unit impulse load of dye, and transport of

fecal indicator bacteria in nearby Talbert Marsh (Arega and Sanders, 2004; Sanders et

al., 2005). Importantly, the model was successfully applied to simulate fecal indicator

bacteria dynamics at tidal time scales in response to sediment resuspension (Sanders
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et al., 2005). A key advantage of the model is a robust treatment of wetting and

drying fronts including the ability to track scalar concentrations without artificially

adding or losing scalar mass (Begnudelli and Sanders, 2006). The primary drawback

of the model is that it cannot resolve stratified flow. Previous work has indicated

that the main channels of Newport Bay are vertically mixed during dry weather peri-

ods, but that stratified conditions may occur locally in response to fresh water inputs

(Grant and Sanders, 2010). The model is conditionally stable in accordance with the

Courant, Friedrichs, Lewy condition (Begnudelli and Sanders, 2006) which mandates

a time step of less than a second due to the fine resolution mesh. In turn, millions of

time steps are required to integrate the solution over tidal time scales, but an advan-

tage of a small time step is accuracy including the ability to resolve sharp fronts in

scalar concentrations.

The full system of governing equations can be found in Arega and Sanders (2004)

and Sanders et al. (2005). Here, the transport equation for salinity per unit volume

of water, cs, is presented to introduce key model parameters:

∂

∂t
(hcs) +

∂

∂x
(ūhcs) +

∂

∂y
(v̄hcs) =

∂

∂x

(

hExx
∂cs

∂x
+ hExy

∂cs

∂y

)

+
∂

∂y

(

hEyx
∂cs

∂x
+ hEyy

∂cs

∂y

)

+
Nps
∑

k=1

Lk δ(x− xk
s , y − yk

s ) (2.1)

where h equals the depth, ū and v̄ are the components of the depth-averaged velocity,

Exx, Exy, Eyx, and Eyy are the elements of the dispersion tensor, and Lk= freshwater
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loading rate at the kth point sources, where Nps is the number of point sources, xk
s

and yk
s= coordinates of the point source, and δ= Dirac delta function. Attention is

given to point sources because these are used to model the input of runoff from storm

drains.

The first term on the left hand side of Eq. 2.1 accounts for local changes in salin-

ity concentration, the second two terms account for advection by depth-averaged

currents, and the diffusive terms on the right-hand side account for shear flow dis-

persion and turbulent diffusion. The diffusion/dispersion parameters (Exx, etc.) are

computed locally based on currents in accordance with an internally computed shear

velocity u∗=(τo/ρ)1/2 and experimentally observed correlations for the rates of turbu-

lent diffusion and shear flow dispersion (Arega and Sanders, 2004), where τ o represents

the shear stress on the bed of the estuary and ρ is the fluid density. The final term

on the right-hand side accounts for sources of fresh water from creek and storm drain

flows.

The model domain covers the entirety of Newport Bay up to the high water line

and extends several kilometers offshore (into coastal ocean surrounds). The numerical

model runs on a unstructured mesh of triangular cells that is constrained in extent by

the high water line of the system and locally refined to resolve narrow channels and

nearshore transport. The model domain extends inland to Jamboree Road, the head

of Newport Bay, and offshore to a depth a depth of approximately 100 meters where

the model is externally forced by a time series of total water level. By specifying a

deep water tidal boundary condition, the model resolves the flood and ebb of the tide
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Dataset Data Provider Date Resolution Datum Vertical
[meter] Accuracy

LiDAR Merrick 2006 3 NAVD88 <0.2 m
Lower Bay Corps 2005 3 NAVD88 0.03-0.09 m
Bathymetry Contractor
Upper Bay Corps 2002-2003 1 NAVD88 0.03-0.09 m
Bathymetry Contractor

Offshore National Ocean 100 MLLW 0.3 m
Bathymetry Service

Table 2.1: Summary of Terrain Data

through Newport Bay and associated transport and mixing. The model is also forced

by point sources of runoff including two point sources that account for flows from San

Diego Creek and Santa Ana Delhi Channel, as well as 12 large drains and 207 smaller

drains that flow directly into the bay.

During dry weather conditions, these inputs have a negligible impact on water lev-

els and tidal currents, but an important impact on the salinity distribution. The mesh

resolution is varied from 1.5 meters to 100 meters to support localized refinement, in

particular modeling of flow through narrow upper bay channels and nearshore trans-

port along the banks of lower bay. The coarsest mesh resolution is used offshore of

the harbor mouth.

Several sources of terrain data were obtained and organized to define the bathymetry

of the bay. The data sources are summarized in Table 2.1:

1. Upper Bay bathymetric data from an ultra-beam survey by an unknown con-

tractor for the U.S Army Corps of Engineers, Los Angeles District.
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2. Lower Bay bathymetric data from an ultra-beam survey by an unknown con-

tractor for the U.S Army Corps of Engineers, Los Angeles District.

3. Light Detection and Ranging (LiDAR) topographic data by Merrick and Com-

pany for the City of Newport Beach. This data is important for resolving

intertidal topographic heights, including channel banks.

4. Offshore bathymetric data from the National Geophysical Data Center 3 arc-

second coastal relief model access from the Southern California Coastal Ocean

Observing System website.

To parameterize elevation, a 3-meter Digital Terrain Model (DTM) representing

both bathymetry and topography was created from a combination of data sources

including aerial LIDAR data and sonar data (Gallien et al., 2011). Elevation was

assigned to vertices of the computational mesh from the DTM by inverse-distance

weighted interpolation. In the region of interest, along the banks of Lower Bay

channels, vertical accuracies of 0.18 cm RMSE (root-mean-square error) are expected

based on the accuracy of the aerial LIDAR data (Gallien et al., 2011). Use of accurate

topographic data, a numerical model designed for wetting and drying fronts, and a

fine mesh resolution along channel banks promotes accurate predictions of shoreline

mixing of FIB from runoff under the influence of tidal currents resolved by the model

and observed ambient turbulence.

Water level measurements from the Los Angeles NOAA Tide Gage (NOAA, 2006)

were used to specific the offshore water level boundary condition. The timing and
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duration of the time series is discussed later. All terrain and water level data were

placed in metric units and heights were referenced to the North American Vertical

Datum of 1988 (NAVD88). Required discharge data were obtained from the County

of Orange, which maintains gaging stations along San Diego Creek at Campus Drive

and along Santa Ana Delhi Channel near Irvine Avenue at Mesa Street. County

discharge data include four measurements per hour (every 15 minutes).

2.2 Dispersion Coefficients

The dispersion coefficients Exx, Exy, Eyx and Eyy are computed in the model in

accordance with the flow direction and the principal components of dispersion known

as the longitudinal and transverse dispersion coefficients, εL and εT , respectively.

The longitudinal dispersion coefficient is aligned with the flow and accounts for the

diffusive mass flux associated with surface currents moving faster than the mean flow,

and bed currents moving slower than the mean flow, a mechanism known as shear-

flow dispersion. The transverse dispersion coefficient is aligned normal to the flow

direction and accounts for lateral mixing by turbulent eddies. Formally, it represents

a depth-averaged turbulent diffusion mechanism.

The longitudinal dispersion for an open channel flow is well-known and given by

(Fischer, 1979)

εL = 5.93u∗d

where d is the depth and u∗ = (τo/ρ)1/2 is the shear velocity, the rate of shear in

the water column with dimensions of velocity. The transverse dispersion coefficient
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is given in a general form as follows (Fischer, 1979),

εT = αu∗d

where α is a dimensionless turbulent diffusivity which generally varies from 0.1 to 1.0

in shear flows and is estimated to be 0.3 for Newport Bay (see Section 4.3 - Nearshore

Turbulence Measurements).

2.3 Manning Roughness Coefficient

The hydrodynamic model accounts for flow resistance with a quadratic drag law

for the shear stress at the bed as follows,

τo = cDρ(ū2 + v̄2)1/2 (2.2)

and the drag coefficient cD is scaled by a Manning roughness coefficient n as follows

(Begnudelli and Sanders, 2006):

cD = g
n2

h1/3
(2.3)

The roughness coefficient n can be expected to fall within a range of possible values

based on the surface roughness, but it cannot be prescribed precisely. Consequently,

calibration of n is common in modeling studies. To calibrate n for Newport Bay, the

model was run using n values ranging from 0.015 to 0.100 m−1/3s and predicted water

levels and velocities were compared to measurements from an S4 directional current

meter (InterOcean Science, San Diego, California) at two locations, a mid-channel

location near Balboa Yacht basin in lower bay, and a mid-channel location near New-

port Dunes in upper bay (Grant, 2004). Figure 2.1 shows that model predictions for
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current direction are not sensitive to roughness coefficient n, presumably due to the

channelized flow. Additionally, Figure 2.2 shows that current speeds are insensitive

to n values ranging from 0.015 to 0.050 m−1/3s, while n=0.1 m−1/3s notably atten-

uates peak speeds. These results indicate there is no optimal n value, so n=0.020

m−1/3s was adopted based on the relatively smooth channel bottom and a previous

application in nearby Talbert Marsh where n=0.020 m−1/3s was optimal considering

its impact on predicted flow and turbulent dispersion (Arega and Sanders, 2004).

Figure 2.4 shows model predictions of water surface elevation at Station BTO9,

a mid-bay location, alongside the water surface elevation specified at the off-shore

boundary (measurements in Los Angeles Harbor, taken in 2006). This shows a short

spin-up period of less than one tide cycle, and minimal tidal amplification. Gallien

et al. (2011) report that spring tides are amplified as much as 3 to 4 cm in the bay,

compared with off-shore forcing, and that differences between the Newport Bay and

Los Angeles Harbor water surface elevations are typically less than 10 cm at any given

time. While the differences in Los Angeles Harbor and Newport Bay Harbor water

surface heights can be significant from a flooding perspective, because overtopping

of just a few centimeters can cause, these differences are far less important for the

purpose of modeling tidal currents and circulation. Consequently, Los Angeles water

surface measurements are taken here as a reasonable proxy for the water elevation

offshore of Newport Harbor, one that is suitable for modeling tidal circulation and

transport.
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2.4 Modeling Duration Requirements for Tide Dy-

namics

To estimate the modeling duration needed to capture representative tidal dynam-

ics in the bay, predicted water surface elevations at Station BTO9 for durations of 28,
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42, and 56 days were compared to a model predictions for a duration of 112 days. For

each duration, the probability distribution (or more formally, the cumulative mass

function) for that water surface elevation data set is generated by sorting the data

set from low to high values and then assigning a proportional frequency (probability)

from 0.0 to 1.0. The probability distributions for these four modeling durations are

plotted in Figure 2.5. As an example how a probability distribution is interpreted,

for a specific tide height, say 0.5 meters, a probability of about 20% can be read on

the vertical axis. This means that there is a 20% chance that a randomly measured

tide height will be 0.5 meters or less. Conversely, there is an 80% chance that the

measured tide height will be greater than 0.5 meters.

In Figure 2.5, it can be seen that with longer modeling durations, there is a conver-

gence of the shorter duration probability distributions toward the reference duration

of 112 days. The root-mean-square deviations of the 28-, 42- and 56-day durations

with respect to the reference are 6.4%, 4.0% and 2.5% respectively. Consequently,

modeling duration of 56 days was considered adequate for representing the tide cli-

mate in the harbor.

2.5 Modeling Duration Requirements for Salinity

Dynamics

This section presents a similar analysis aimed at understanding the required model

duration to capture representative salinity dynamics. In this case, probability distri-
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butions of salinity at numerous stations are compared to field measurements described

next.

Bay Salinity Data

Bay salinity data collected in the “Bay-To-Ocean” (BTO) study of Newport Bay

(Grant et al., 2008) were used to evaluate the predictive skill of the 2D model with

respect to salinity, and to determine a reasonable model duration for studies of bay-

wide salinity transport. The BTO study measured salinity along the bay’s main axis

at seven locations (BTO4, BTO5, BTO6, BTO7, BTO9, BTO10 and BTO11) from

the upper bay to the harbor jetty entrance (Figure 2.3). An additional transect,

BTO8, was located in the far western part of the bay in the so-called Turning Basin.

Along each transect, samples were taken at each bank and at mid-channel. At each

sampling point, salinity was measured at the surface and near the sediment bed. The

top and near-bottom measurements were used to calculate an averaged salinity over

the depth of the water column. A separate, integrated salinity measurement, was

made using a sampling device that collects samples over the depth of the water col-

umn. Salinity measurements were collected three or four times per month over a year

period. However, for this study, only dry-weather salinity data are used correspond-

ing to the period from April 15, 2006 to November 30, 2006. Samples were generally

taken in the late morning before noon with sampling dates and times selected to try

and capture tides that would be representative of the dry season period. Figure 2.6

shows the water surface elevation at the time of salinity sampling at Station BTO9 in
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relation to the measured water surface elevation during the dry season at Los Angeles

Harbor. The figure indicates that the samples were obtained over a wide range of

tides at different ebb and flood stages, with a slight bias towards ebb tides and low

tides.

Salinity Predictions at BTO Stations

To predict salinity, the 2D model was applied with inflow specified at San Diego

Creek, Santa Ana-Delhi Channel, and the five largest storm drains emptying into

the harbor. These flows were modeled as fresh water: 0.0 ppt salinity. A salinity

of 32 ppt was specified at the offshore boundary, which corresponds to the high end

of concurrent salinity measurements taken at the harbor mouth which ranged from

30.1-32.1 ppt (Grant et al., 2008). To compare model predictions of salinity with

measurements, model predictions were sampled at the centerline of the channel at

the time for which the sample was recorded. Salinity probability distributions were

then generated for the predicted salinity at each BTO station.

Predicted salinity probability distributions compare with measurements best at

mid-bay locations: BTO6, BTO7, BTO9 and BTO10. In Figure 2.7, the probability

distributions at BTO6 are plotted for modeling durations of 56, 84 and 103 days

and appear to be converging toward the averaged measured salinity. Figures 2.8

and 2.9, respectively, show that probability distributions of BTO7 and BTO9 salin-

ity predictions are converging for longer modeling durations and nicely mimicking

the probability distribution of integrated salinity measurements. At Station BTO10
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(Figure 2.10), the longer duration probability distributions converge toward the prob-

ability distribution of averaged measured salinity with a lateral offset by about 0.25

ppt.

Figure 2.11 shows that probability distributions of salinity predictions at Station

BTO11, located in the harbor jetty entrance, approximate the shape of the probability

distribution of salinity measurements but with higher predicted salinities varying from

0.5 to 1.5 ppt. The offset is attributed to differences in ocean salinity that are not

captured by the model, which assumes a constant value of 32 ppt.

At Stations BTO4 and BTO5 located in Upper Bay, there is a noticeable difference

between probability distributions of predicted and measured salinity (see Figures 2.12

and 2.13, respectively). This is likely because of salinity stratification from San Diego

Creek and the Santa Ana Delhi Channel (Grant et al., 2008). Further, this indicates

that 2D model predictions of salinity need to be interpreted cautiously at these upper

bay locations.

2.6 Sensitivity of Salinity at BTO Stations to Fresh-

water Inputs

Previous work by Azevedo et al. (2009) suggest that both the magnitude and

variability of stream flow inputs needs to be considered to accurately model estuar-

ine salinity. Model predictions thus far are based on 15 minute intervals of stream

flow data, and here the sensitivity of predicted salinity to streamflow variability is
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examined with additional scenarios that assume constant streamflow inputs based

on mean or median flows. Additionally, another set of scenarios that omit the five

large harbor storm drains is also considered. These scenarios are motivated by an

interest in understanding the level of complexity in fresh water inputs that is needed

for the model to predict salinity at the level of accuracy required for this study of

tidal circulation and transport.

Results indicate that salinity is under predicted when a constant stream flow is

used based on the mean or median value, instead of flow data at 15 minute intervals.

Figures 2.14, 2.15, and 2.16 show salinity for BTO6, BTO7 and BTO9, respectively,

based on median streamflows of 0.24 m3/s for San Diego Creek and a flow rate of 0.068

m3/s for the Santa Ana-Delhi Channel. Median flows are slightly smaller than mean

flows, so the offset would be even greater with mean flows. These results echo findings

by Azevedo et al. (2009) who showed that flow magnitude and variability both play a

role in determining estuarine salinity concentrations. Flow rates in San Diego Creek

and the Santa Ana Delhi Channel therefore should be modeled as hydrographs.

To test the localized importance of the five largest storm drains that were mod-

eled in the first series of runs, additional modeling scenarios were run using 15 min

streamflow data with and without the input from five large lower bay storm drains

(Carnations, El Paseo, Polaris, Arches and Dover Drains). Figure 2.18 shows proba-

bility distributions of salinity predictions and measurements at the mid-bay station,

BTO9. At the a probability of 50%, the salinity is reduced from 31.40 to 31.34 ppt.

This indicates that lower bay storm drains exhibit a very small influence, overall, on
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the bay-wide salinity distribution, although the storm drains can have a significant

local effect on salinity in the vicinity of a storm drain outlet.

The preceding scenarios show that the 2D model reproduces salinity distributions

at mid-bay locations, BTO6-BTO10, with an average accuracy of about 0.5 ppt or

less when 15 minute streamflow data are used. Secondly, runoff from lower bay storm

drains exert a relatively small influence on bay-wide salinity distributions, less than

0.1 ppt, although these inputs can exert a strong local influence on salinity as will

be shown later. Third, the model under predicts salinity at mid-bay locations when

15 minute streamflow time series are replaced by constants representing the mean

or even the smaller median flows. This finding is consistent with previous work by

Azevedo et al. (2009). Fourth, results show that the model poorly captures salinity at

upper bay stations near the outlets of San Diego Creek and Santa Ana-Delhi Channel,

which is taken as a limitation of the 2D modeling approach, and at the entrance to

the bay which is attributed to variability in ocean salinity that is not captured in the

boundary forcing data (assumed constant salinity of 32 ppt).

2.7 Tidal Pumping in Lower Bay

Figure 2.19 shows an interesting circulation pattern in the west end of the harbor

predicted by the 2D model. The pattern involves the exchange of water from the main

stem of the estuary and the channel loop around Lido Island, on the western side of the

bay. In this example, towards the end of an ebb tide, a low salinity parcel of water

from Upper Bay is advected seaward under Coast Highway, enters the harbor and
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begins to skirt the south side of Balboa Island (Hour 0). Next, upon commencement

of the flood tide, higher salinity water from the ocean floods into the harbor pushing

the low salinity parcel back toward Coast Highway (Hour 2) but here the flow splits:

a portion flows (1) north under Coast Highway and back into the upper bay and (2)

west along the north side of Lido Islands. As the flood tide continues, low salinity

water continues west along the north side of Lido Island followed by high salinity

ocean water (Hour 4). With the ebb tide, these parcels reverse direction but do not

cover the same distance as in the flood tide. Hence, tidal forcing creates a residual

circulation in the counter-clockwise direction around Lido Island, a phenomena known

as tidal pumping (Fischer et al., 1979). This gives rise to a pattern of low and high

salinity water parcels wrapped around Lido Island (Hour 7).

Figures 2.20 and 2.21 shows that one counter-clockwise cycle around Lido Island

takes about three days under Spring Tide conditions. The flood tide commences at

Hour 0 which pushes a low salinity parcel on the north side of Lido Island westerly

(Hour 2). By Hour 7, the parcel has almost reached the Turning Basin at the west

end of the Harbor. At Hour 30, the low salinity parcel has mixed within the Turning

Basin, lowering the salinity and begins to head South. By Hour 42, a low salinity

plume can be seen along the length of the west side of Lido Island. At Hour 46,

the plume can be seen starting to turn easterly along the south side of Lido Island.

Notice that the plume skirts past the Rhine Channel. The plume continues to migrate

easterly (Hour 60) and finally begins to re-enter the center of the harbor near Station

BTO9 at Hour 74.
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Tidal pumping is also observed around Balboa Islands, and may occur on a faster

time scale. Modeling indicates that the predominant circulation pattern is a back-

and-forth sloshing of the flood and ebb tides, which moves water along the north and

south sides of the islands. However, on a strong flood tide, a high salinity parcel can

move along the north side of Balboa Islands and just reach the western edge of Balboa

Island, enabling subsequent transport along the southern side of Balboa islands with

the ebb tide. This corresponds to counter-clockwise transport of water around the

Islands. The reverse can happen on a strong ebb tide where a low salinity parcel

advects easterly along the north side of Balboa Islands just reaching the southern

point of Little Balboa Island. With the following flood tide, this water is transported

in the main channel along the south side of Balboa Islands back toward Upper Bay

to complete a clockwise transport around the islands.

2.8 West Bay Salinity Dynamics

The predicted tidal pumping phenomena around Lido Island is validated with

salinity measurements in the BTO study (Grant et al., 2008). Figure 2.22 shows

probability distributions of the predicted and measured salinity at BTO8, located in

western part of lower bay. Both probability distributions exhibit a step-like pattern

that is unlike probability distributions at other BTO stations. The step-wise change

in salinity is attributed to the passage of alternating parcels of relatively low and high

salinity water. With the longer modeling durations, model predictions appear to be

converging toward the measured results as shown in Figure 2.22.
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As a final modeling run, Figure 2.23 shows the influence of the Arches Drain on

salinity at Station BTO8. At p=0.50, one can see that the freshwater flows from the

Arches Drain reduces salinity by about 0.1 ppt.

52



�

�

� � � � � � � � � � � �   ¡ ¢ £ ¤ ¥ ¦ § ¨ © ª « ¬  ª ® ¯ ° ± ² ³ ´ µ ¶· · ¸ ¹ ¸ ¸
º º » ¼ ¼ ¼
½ ½ ¾ ¿ À À
Á Á Â Ã Ã Ã
Ä Ä Å Æ Ç Ç
È È É Ê Ê Ê Ë ÌÍ Î Ï ÐÍ Î Ï ÑÍ Î Ï ÒÍ Î Ï ÓÍ Î Ï ÔÍ Î Ï ÍÍ Î Ï ÕÍ Î Ï ÌÍ ÎÕ Ö Ï ÖÕ Ö Ï Ð

(a) Beginning of the Flood Tide

×

Ø

Ù Ú Û Ü Ü Ý Þ ß à á â ã ä å æ ç è é ê ë ì í î ï ð ñ î ò ó ô õ ö ÷ ø ù úû û ü ý ü ü
þ þ ÿ � � �

� � � � � �

� � � � � �

� � 	 
 � �

� �  � � � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� � � �
� �
� � � �
� � � �

(b) The flood tide pushes a lower salinity par-

cel of water into the channel North of Lido

Island.

�

�

� � �   ! " # $ % & ' ( ) * + , - . / 0 1 2 3 4 5 2 6 7 8 9 : ; < = >
? ? @ A @ @

B B C D D D

E E F G H H

I I J K K K

L L M N O O

P P Q R R R S T
U V W X
U V W Y
U V W Z
U V W [
U V W \
U V W U
U V W ]
U V W T
U V
] ^ W ^
] ^ W X

(c) The flood tide continues to push the lower

salinity parcel along the north side of Lido Is-

land.

_

`

a b c d d e f g h i j k l m n o p q r s t u v w x y v z { | } ~ � � � �
� � � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � �

� � � � � � � �
� � � �
� � � �
� � � �
� � � �
� � �  
� � � �
� � � ¡
� � � �
� �
¡ ¢ � ¢
¡ ¢ � �

(d) End of the Flood Tide

Figure 2.19: Tidal pumping creates parcels of differing salinity in the channel on the
north side of Lido Island.
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(d) Hour 30

Figure 2.20: A low salinity parcel migrates in a net counter-clockwise manner along
the north side of Lido Island.
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(d) Hour 74

Figure 2.21: A low salinity plume migrates in a net counter-clockwise manner along
the south side of Lido Island.
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Chapter 3

Estimating Dry Weather Urban

Runoff

As discussed in the introduction, urban runoff is likely responsible for loading

contaminants and thus storm drain discharges must be addressed in any water qual-

ity improvement program. However, little is known about the magnitude of these

flows. This chapter is focused on the development of an empirical model (formula)

for estimating the magnitude of dry-weather flows from storm drains as a function

of drainage area along with a characterization of model uncertainties. The empiri-

cal model is developed from a combination of storm drain flow measurements and a

unique study of nearshore salinity using the 2D salinity transport model described in

Chapter 2. The 2D model uses an original model describing the intermittent release of

urban runoff from tidally flooded storm drains (“trap-and-release” model) described

in this chapter, to back-calculate discharge rates from individual storm drains. Hence,
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an empirical regression for urban runoff discharge rates is developed from a combi-

nation of direct and indirect measurements. Practicing engineers will find this model

useful for preparing preliminary estimates of constituent loadings to a receiving wa-

ter and assisting in prioritizing storm drains for further monitoring investigations. In

this chapter, the development and the results of the model are done in English units,

the customary system of units for practicing engineers in Orange County (and in the

U.S.). The text also includes the S.I. equivalents.

Urban runoff terminology can be confusing. For clarity, storm drain, storm sewer

or drain are used here when referring to the physical infrastructure, including catch

basins and pipes. Additionally, drainage is used when referring to the process of ur-

ban runoff flowing into the storm drain, and discharge is used when referring to the

flow of runoff from a storm drain and into Newport Bay.

3.1 Field Studies Monitoring Dry Weather Flows

There are 219 storm drains that discharge directly into Newport Bay. Figure 3.1

shows the location of storm drain outlets around the harbor. Two field studies were

performed to measure dry weather storm drain discharges, one focusing on the five

largest storm drains (Large Drain Study) and one focused on a sampling of the small-

est drains (Small Drain Study).
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Large Drainage Areas Study

In 2004, dry-weather discharges were monitored from the five largest storm drains

discharging to Newport Harbor: Carnation (S91), El Paseo (S88), Polaris (S41),

Arches (S178) and Dover (S189) (see Figure 3.1). Note that the Polaris Drain is North

of Coast Highway opposite Newport Dunes. Discharge was measured by installing

a weir-type flow meter in each drain at the closest manhole to the outlet. Depths

were sampled hourly over a two-week period in August that provided a time series

of hourly discharge (City of Newport Beach, 2004). The study found that the storm

drains with the largest tributary areas, Carnation (805 acres or 326 hectares), El Paseo

(523 acres or 212 hectares), Arches (400 acres or 162 hectares) and Polaris (384 acres

or 155 hectares), had continuous flows. The Dover Drain, with a watershed drainage

area of 94 acres (38 hectares), had intermittent flow. The mean dry-weather flow rates

for these storm drain, along with the mean discharge rates for San Diego Creek and

Santa Ana-Delhi Channel (County of Orange, 2006) are plotted in Figure 3.2. The

creeks have continuous flow. The regression of the mean dry-weather discharge into

the bay (in units of gallons per day) from these large conveyances with continuous

flow, e.g., the Dover drain is not included, scales nearly linearly with the drainage

area, A (in units of acres), as follows:

Qlarge = 135.5A0.988, R2 = 0.95 (p = 0.0005) (3.1)

the low p-value (level of significance) indicating that the correlation is highly signifi-

cant. It should be noted that San Diego Creek, which accounts for nearly 75% of the
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Storm Drainage
Drain Area Flow Rate

[acre] [gpd]
Adams/Edgewater 6.51 10.4
Cypress/Edgewater 5.06 12.4
Fernando/Edgewater 3.98 10.4
Coronado/Edgewater 5.19 14.6
Alvarado/Edgewater 2.41 0.64

Opal/S. Bayfront 2.12 34.5
Emerald/S. Bayfront 1.24 0.0
Pearl/N. Bayfront 1.46 0.0

Diamond/N. Bayfront 3.35 15.9
Sapphire/N. Bayfront 5.21 0.13

Table 3.1: Flow Rates from drains with small tributary watersheds on Balboa Penin-
sula and Balboa Island.

flow into Newport Bay, is somewhat remote as compared to the other flow rates, so

its flow rate leverages the slope of the trend line.

Small Drainage Areas Study

In a separate study, the City of Newport Beach measured dry-weather flows and

salinity concentrations from ten storm drains with small tributary areas (1.2 to 6.5

acres or 0.5 to 2.6 hectares) on Lido Island and Balboa Peninsula by closing tide

gates at these outlets, allowing runoff to accumulate in the tide gate vault of know

dimensions for 24 hours and then measuring the depth of accumulated water (City

of Newport Beach, 2008). Table 3.1 summarizes the measurements, which are also

plotted in Figure 3.2. A mild, but significant correlation between tributary watershed

area and drainage rate into a storm drain is described by the power law:

Qsmall = 0.0278A3.74, R2 = 0.40 (p = 0.025) (3.2)
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The 95% confidence intervals of the large and small measured drainages are shown in

Figure 3.2.

Drainage Rate - Drainage Area Regression

Generally, the rate of dry-weather runoff shed from the small drainage areas

around the harbor is smaller than what is predicted by the large drainage area regres-

sion (Eq. 3.1). It is suspected that this is due to differences in residential development

and subwatershed slope. That is, the small drainage areas are associated with low

lying and flat harbor terrain that is more densely developed, and therefore less veg-

etated, than the surrounding hill slopes and mesas where there is more extensive

landscaping and requisite irrigation.

By analogy to the parallel arrangements of resistors in an electrical circuit, the

small- and large-drainage area models can be combined to arrive at a model that may

apply to all drainage areas as follows,

Q′ = [(1/Qlarge + 1/Qsmall)]
−1 (3.3)

or

Q′ =

[

QlargeQsmall

(Qlarge + Qsmall)

]

=

[

(135.5A0.988)(0.0278A3.74)

(135.5A0.988 + 0.0278A3.74)

]

(3.4)

Note that this model converges to the small- and large-drainage area models in the

limit of small and large A, respectively, and smoothly transitions between the two

models for intermediate values of A. Figure 3.3 plots the curve represented by the

Eq. 3.4. As a first check of this regression, the measured flow rate for the Dover Drive
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storm drain, which drains an intermediate-sized watershed of 94 acres (38 hectares),

plots closely (green triangle) to the regression in Figure 3.3.

Two important objectives remain: Validate the proposed model (Eq. 3.4) with

additional data from intermediate-sized drainage areas, and characterize the uncer-

tainty of discharge estimates. Validation of the model for intermediate-sized drainage

areas is important because small and large drainage areas differ by more than two

orders of magnitude. Hence, there is a large data gap, as shown in Fig. 3.2.

3.2 Filling the Data Gap: Estimation of Drainage

Rate by Inverse Modeling

In August 2006, over 320 samples of bay water were collected near the outlets of

86 storm drains discharging to Newport Bay and tested for salinity (Grant, 2008).

Sampling was carried out at low tide over a four-hour period on two consecutive nights

on August 3 and 4, 2006 between 4:30 AM and 8:30 AM local time. The east side

of the harbor was sampled the first night and the west side of the harbor the second

night. The weather was typical of summers in Southern California: dry and warm.

The only recorded rain at Newport Beach was 0.02 inches (0.51 mm) that fell three

weeks prior to the start of the sampling. Sampling locations were chosen to provide

relatively uniform coverage of the harbor shoreline and to be proximal to locations of

storm drains discharging to the bay. Two samples were collected at each site, one near

the water’s edge in a depth of about 2 feet (0.6 meters) (typically directly in front of a
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storm drain) and one approximately 100 feet (30 meters) bayward of the storm drain

outlet. The nearshore samples were collected from a kayak; bay-ward samples were

collected from a small motor boat. All water samples were collected from the surface

of the water column in 500 mL sterilized HDPE bottles. After sampling, bottles

were immediately capped and then transported back to the laboratory at UCI where

they were analyzed for numerous analytes including salinity. See Attachments A and

B for the coordinates of each of the sampling points and the corresponding salinity

measurements. Of the 86 drains monitored, a salinity dilution at the storm drain

outlet was registered at 59 locations, i.e., the bayward sample had a higher salinity

concentration than the nearshore sample. This is taken to indicate a source of fresh

water from the adjacent storm drain. Chapter 2 modeling shows that the residual

tidal circulation in lower bay moves large scale parcels of upper bay water (relatively

low salinity) and lower bay water (relatively high salinity) around Lido Island in the

western part of lower bay and Balboa Island in the eastern portion of lower bay.

Hence, the background salinity at a channel monitoring station can be expected to

vary by as much as 1 ppt as parcels of upper and lower bay water are transported

by tidal circulation. By measuring the difference in salinity between a bayward and

shoreline location, this variability in background salinity does not interfere with storm

drain discharge estimation.

Estimation of dry-weather runoff is approached here as an inverse-problem: de-

termine the storm drain discharge that leads to a 2D model prediction of a salinity

dilution (difference between bayward and shoreline salinity) that compares best with
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observed salinity dilution. To complement the 2D transport model, and account for

the effect of tides on the release of fresh water from tidally flooded storm drains,

a loading model is developed to convert an assumed, constant, drainage rate into a

time-dependent discharge rate. This approach focuses attention on intermediate-sized

drainage areas defined as watersheds greater than about six acres (2.4 hectares) and

less than 100 acres (40 hectares).

Loading Model

The tidal exit condition of lower-bay storm drains results in time-dependent dis-

charge of fresh water even in the presence of steady drainage into storm sewers.

Essentially, under dry weather conditions when drainage rates are small compared to

storm drain design flows (for storm water), urban runoff accumulates in the storm

drain while the tide is rising, and at some point during a subsequent falling tide, a

slug of runoff is released into the bay. This process is shown conceptually in Figure

3.4. In Subfigure 3.4A, urban runoff drainage is trapped within the storm drain when

the tide height is above the pipe soffit (the point at the top of pipe on the inside of

the pipe). Buoyancy and limited mixing inhibit fresh water from reaching the sub-

merged outlet, so the fresh water layer increases in thickness in response to drainage.

As the tide begins to fall, however, the bottom of the fresh water layer approaches

the pipe soffit as shown in Subfigure 3.4B. Fresh water is subsequently released when

the bottom of the freshwater layer falls below the soffit, as shown in Subfigures 3.4C

and 3.4D. It is assumed that buoyancy will dominate inside the storm sewer, so fresh
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water will immediately escape the sewer as it drops below the soffit elevation and the

storm sewer draws in an equal volume of relatively dense bay water.

A loading model was developed to predict the discharge rate in accordance with

the pipe diameter, slope and soffit elevation and the conceptual model described

above. The accumulation of fresh water inside a storm drain is described by,

dV

dt
= Qdrainage − Qdischarge (3.5)

where V represents the freshwater volume in the storm drain, Qdrainage represents the

drainage rate into the storm drain (assumed constant) and Qdischarge represents the

freshwater discharge rate. After a low tide that empties the storm drain, freshwater

volume increases in the pipe once tide rises above the pipe soffit so,

V(t) = Qdrainage(t − t1) (3.6)

where t represents time and t1 represents the moment when the tide surpasses the

soffit elevation. The above volume is assumed to layer in the storm drain horizontally

above denser bay water in a lens of thickness hlayer. The volume is related to the layer

thickness as follows,

V = Alayerhlayer (3.7)

where Alayer represents the cross-sectional area of the ellipsoid that corresponds to a

horizontal slice through a sloping storm drain pipe (see Figure 3.5). The free surface

elevation inside the storm drain is predicted based on hydrostatic equilibrium with

the bay water elevation, i.e., the model accounts for the density difference between
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Figure 3.4: Illustration of fresh water accumulating in a tidally submerged storm
drain and discharging as the bottom of the freshwater layer falls below the pipe soffit.
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bay water and the freshwater in the storm drain. The potential for energy losses in

the pipe due to fluid flow is assumed not to be significant. Given the time-dependent

bay water elevation η and a layer thickness hlayer, discharge will commence (usually

during a falling tide) once the freshwater head exceeds the bay head:

αhlayer>η − zsoffit (3.8)

where α is the ratio of the specific gravity of seawater to that of freshwater. The

corresponding discharge rate is given by,

Qdischarge = Alayer

∣

∣

∣

∣

dη

dt

∣

∣

∣

∣

+ Qdrainage (3.9)

Eq. 3.9 holds until the tide elevation reaches the soffit elevation completing the release

of the fresh water layer trapped in the storm drain. The trap-and-release of the slug

of freshwater runoff occurs relative quickly in the field, in a matter of minutes to

hours. After the release the discharge rate is assumed to equal the drainage rate until

the tide rises once again to trap freshwater above the soffit elevation.

A review of City of Newport Beach As-Built documents provided information on

sizes and outfall locations for the 219 storm drains draining directly to the bay, which

allowed the above model to be parameterized and integrated using tide measurements

at the Los Angeles gage as a proxy for η. City data indicate that pipe diameters range

from 4 to 144 inches (0.13 to 3.66 meters) with a median diameter of 18 inches (0.46

meters). As-Built drawings, some dating from the 1930’s, typically do not provide

sufficient information to determine the pipe slope or elevations at the pipe outlet.

Data that are available suggests that drains are commonly constructed with pipe
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Figure 3.6: Time series of freshwater accumulation and subsequent discharge from
Storm Drain S-183 as a function of tide variation.

slopes typically in the range of one-half to four percent. For this analysis, storm

drains were assumed to have a one percent slope. Elevations of the storm drain at

the outlet varies considerably. To simplify the analysis, the pipe soffit was set at

Elevation 2.0 feet (0.61 meters) relative to Mean Lower Low Water (MLLW) datum

regardless of the pipe diameter.

Figure 3.6 shows a discharge hydrograph for drain S-183 assuming a drainage

rate of 300 gallons per hour (gph) (0.315 L/s). The figure shows the bay water

surface elevation, seawater level in the pipe, accumulated freshwater in the pipe,
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and freshwater discharge pulses. Consider the freshwater discharge that occurs at

Hour 5030: Just prior to release of the freshwater pulse, the head of the freshwater

accumulated in the pipe is 0.87 feet (0.27 meters). At that time, the elevation of

the saltwater in the pipe is at the pipe soffit. Then at Hour 5030, the saltwater in

the pipe drops below the soffit and 0.43 feet of head (0.13 meters) of freshwater is

released. Over the following hour another 0.43 feet of accumulated freshwater head

is released plus the additional drainage head entering the pipe of 0.04 feet (0.012

meters) (equivalent to 300 gph). From Hour 5031 to 5032, drainage into the pipe

directly discharges into the bay (0.04 feet of head). At Hour 5033, the tide rises

sealing off the pipe and the freshwater again begins to accumulate in the pipe.

Figure 3.7 shows the freshwater discharge hydrograph in greater detail at Hour

5166 (August 4, 2006, 5:00 AM local time), with a majority of the pulse occurring

over a two hour period. Freshwater continues to flow unimpeded from the pipe into

the bay at a rate equal to drainage into the pipe (300 gph) until Hour 5173 (11:00

AM) when the rising tide once again seals the end of the pipe.

2D Salinity Transport Modeling and Drainage Rate Estima-

tion

Discharge hydrographs predicted by the loading model were input into the 2D

model (Chapter 2) to simulate salinity at sampling sites and support inverse modeling

of the dry-weather drainage rate. Local mixing of a pulse of fresh water in saline

receiving waters is a complex three-dimensional, time-dependent process. The 2D
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Figure 3.7: Detail of freshwater accumulation in and discharge from Storm Drain
S-183.
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model used here assumes instantaneous vertical mixing, which introduces uncertainty

to the estimated storm drain discharges, but this is not viewed as a major drawback

in this study because there are other large sources of uncertainty which affect our

ability to estimate discharge. Namely, dry-weather drainage rates are highly variable

as a consequence of intermittent and sporadic runoff generation mechanisms linked

to human behavior (wash down activities, irrigation, etc.). Figure 3.2 shows that

discharges from two drains of similar size can vary by an order of magnitude or more.

The uncertainty associated with using a 2D model instead of a 3D model is estimated

to be less than one order of magnitude.

A range of drainage rates were considered for each storm drain, and after applying

the loading model to determine the time-dependent discharge rate, this was input to

the 2D model to predict salinities at the location and time of sampling within the

bay. Subsequently, predicted salinity dilutions were compared to measurements to

determine the drainage rate that matches the observed salinity dilutions. Cases of

over-prediction and under-prediction of the salinity dilution were identified, and the

final estimate of the drainage rate was computed by interpolation as shown in Ta-

ble 3.2. This approach was selected over formal optimization approaches because the

2D model is computationally expensive, given its fine resolution along the shoreline,

and because precise discharge estimation was not necessary given other sources of

uncertainty.

The above process was repeated for the fifty-nine intermediate-sized drainage ar-

eas in Lower Bay where a salinity difference was measured (Grant et al., 2008), and
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Drainage Average
Rate Salinity Delta
[gph] [ppt]

2400 (assumed) 0.15 (modeled)
2914 (interpolated) 0.30 (measured)

3600 (assumed) 0.50 (modeled)

Table 3.2: Interpolating Drainage Flow Rate for Storm Drain S-183

after determining watershed areas for each storm drain from drainage maps and topo-

graphic data (City of Newport Beach, 2006), the estimated drainage rates were plotted

as a function of drainage area, as shown in Figure 3.8. These results show excellent

agreement with the previously reported small- and large-drainage area data: the

intermediate-sized drainage area data cluster around the trend line given by Eq. 3.4.

Note that the twenty-five drainage areas where no salinity difference was measured

in the Grant et al. (2008) study are also shown in Figure 3.8. It cannot be ascertained

from the data if the lack of a measured salinity difference is because there was no

freshwater flow in these drains or because the sampling occurred before or after a

freshwater plume manifested itself.

3.3 Drainage Rates from Different Classes of Con-

veyance Systems

One of the motivations for this study was to derive an analytical expression for dry

weather flows that would assist in evaluating pollutant loads outletting to the bay.

As an example, Eq. 3.3 was used to assess the relative importance of the different
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classes of conveyance systems outletting to the bay. Table 3.3 tabulates the measured

flow rates for San Diego Creek, the Santa Ana-Delhi Channel and Big Canyon Creek

and predicted storm drain flow rates. From the table, the two largest creeks, San

Diego Creek and the Santa Ana-Delhi Channel, account for over 94% of the urban

runoff entering the bay. The twelve largest local drainage systems, which include

Big Canyon Creek and the Santa Isabella Channel, all with tributary watershed

areas larger than 100 acres (40 hectares), contribute about one-third the flow of the

Santa Ana-Delhi Channel. The 207 storm drains draining the small and intermediate

tributary watersheds, contribute less than one percent of the total flow.

San Diego Creek, which is the primary drainage conveyance into Newport Bay,

has a unit flow rate of 96 gpd per acre (910 L/day per hectare), about 30% less than

the unit flow rate conveyed by the Santa Ana-Delhi Channel (139 gpd per acre or

1,300 L/day per hectare). As mentioned in the previous section, the drainage from

San Diego Creek watershed can be expected to increase as the efficiently irrigated

agricultural areas are developed into residential areas due to the increase in impervi-

ous areas. A small part of the difference between the two largest tributary watersheds

may be explained by the long reaches of soft bottom in San Diego Creek that allow

for infiltration as opposed to the concrete-lined Santa Ana-Delhi Channel. Also, the

difference in sizes of the two watersheds may also be a factor as increased evapotran-

spiration likely occurs with the longer conveyance time for drainage in the San Diego

Creek watershed.

From Table 3.3, the unit flow rate for the twelve storm drains with tributary
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Drainage Drainage No. of Total Unit Percent
Conveyance Area Storm Flow Rate Flow Rate of Total

[acre] Drains [gpd] [gpd/acre] Discharge
San Diego Creek 75,822 7,300,000 96 77.66%

(measured)
Santa Ana-Delhi 11,114 1,550,000 139 16.49%

Channel (measured)
Large-Sized Watersheds 3,674 12 458,900 125 4.87%

(A ≥ 100 acres)
Drained by Storm Drain

(calculated)
Intermediate-Sized 2,020 71 90,600 45 0.96%

Watersheds
(10 ≤ A < 100 acres)

Drained by
Storm Drain (calculated)

Small-Sized 626 136 1620 3 0.02%
Watersheds

(A < 10 acres)
Drained by

Storm Drain (calculated)
TOTAL 93,258 219 9,400,000 101 100%

Table 3.3: Total and unit flow rates of creeks and storm drains flowing into Newport
Bay.

drainage area greater than 100 acres (40 hectares) conveying flow directly to the bay

is 125 gpd per acre (1,180 L/day per hectare). The unit flow rate from these large-

diameter, concrete storm drains is somewhat lower than the unit flow rate from the

concrete-lined Santa Ana-Delhi Channel.

The calculated unit flow rate of 3 gpd per acre (28 L/day per hectare) for the small

drainage areas is in line with the findings of the City of Newport Beach field study

(2008). Most of the small watersheds are found on the Balboa Peninsula and on the

islands in the harbor. House densities are high and garden areas are limited. General
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observations in the area confirm that over-irrigation runoff conveyed in the street is

low. The very flat street grades create long times of concentration that allow for

more evaporation as well as increased infiltration of the intermittent flows. Discharge

volumes from this limited runoff may be further muted due to imperfections in the

gutter that tend to trap small flows.

3.4 Discussion

Dry-weather flow rates from a storm drain or channel can be directly estimated

from Eq. 3.3 based on a knowledge of tributary drainage area. The regression is based

on field measurements of flow rates from large and small drainage conveyances. 2D

model predictions of flow rates back-calculated from field measured salinity dilution

at the outlet of 59 small- to intermediate-sized storm drains, provide some assurance

that the measured small and large drain data connect in a smooth way. This model of

dry weather discharge rates is viewed as a major step forward toward understanding

water quality impacts to the bay. Dry weather flows in other catchments in southern

California should also be measured to evaluate whether the scaling of the regression

is comparable.

A wide range of variability would be expected in dry-weather flow rates that is

generated by individual properties from irrigation runoff and washdown activities. It

is somewhat remarkable that a snapshot of salinity level data in the bay at storm

drain outlets provided sufficiently accurate information to allow the 2D modeling

approach to be successful. A lesson learned is that it is highly beneficial to sample
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a large number of storm drains to capture the range of variability that is present.

In the future, the effectiveness of field monitoring can be increased by using the

trap-and-release model to estimate the timing of releases of dry weather pulses.

When looking at total constituent loads into a receiving water, loading from small

drains can be expected to be very small with respect to creek and large drain inputs

as demonstrated in Table 3.3. However, small drains could still have a local impact

on water quality at the drain outlet. The impact of constituent loads, i.e. bacteria,

from small drains in considered in the following chapter.

With characterization of dry-weather storm drain flow rates, constituent loads

entering receiving waters can be predicted assuming constituent concentrations are

measured. This in turn would provide a basis for assessing potential impacts from

runoff to a receiving water that can then be compared to potential impacts from other

source loadings, e.g., pollutant entrainment from bed sediments, aerial deposition,

leaking sewer lines or direct inputs from water craft. This information could help

in designing a water quality monitoring program or for prioritizing water quality

improvement projects.
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Chapter 4

Bacterial Impacts from Dry

Weather Runoff from Small

Drainages on Water Quality at

Enclosed Beaches

Most of the material of chapter was co-written with Megan A. Rippy, Brett

Sanders, Kristen Davis, Karen McLaughlin, Jack Skinner, John Kappeler and Stan-

ley B. Grant, the co-authors of a manuscript submitted for review to Environmental

Science & Technology for possible publication (available upon request). To present

this work as a chapter in this dissertation, the submitted manuscript was modified

slightly to allow for easier reading and to link with other chapters of the disserta-

83



tion. The results and conclusions remain unchanged. This chapter reports on field

and modeling studies of fecal indicator bacteria (FIB) in Newport Bay. FIB groups

such as total coliform, fecal coliform, Escherichia coli (EC), and enterococci (ENT)

are utilized world wide to measure health hazards in bathing and shellfish harvesting

waters (Thomann and Mueller, 1987).

Ten years ago, a number of beaches in Newport Harbor Lower Bay were often off-

limits to the public due to the presence of elevated FIB concentrations in shoreline

waters (Pednekar et al. 2005; Jeong et al., 2005). To address this problem, bacterial

Total Maximum Daily Loads (TMDLs) have been adopted for the Bay (SWRCB,

1999). While the number of posting has decreased significantly, this study was de-

signed to assist with the TMDL planning process by determining the impact of FIB

loads from dry weather runoff in storm drains on water quality in Lower Bay.

4.1 Fecal Indicator Bacteria Field Studies

Five field studies were performed investigating transport and fate of FIB dis-

charged from storm drains around the harbor:

1. Irrigation Runoff Study

2. Lower Bay Shoreline Study

3. Cross-Shore Drain Study

4. Nearshore Turbulence Studies
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5. Drain Dye Study

Irrigation Runoff Study

Over irrigation in the residential communities surrounding Lower Bay generates

runoff that collects along street curbs, flows into the local drainage system, and dis-

charges to the Bay through drain pipes that extend a short distance down the beach

slope. To determine if FIB concentrations near Lower Bay drains are consistent with

an irrigation runoff source, samples of irrigation runoff (N = 23), and water near drain

outlets (N = 30) were collected from Lower Bay during dry weather on November

16 (2006) (open triangles, Figure 4.1 A). Irrigation runoff samples were collected at

7 AM local time, coincident with peak irrigation runoff from the surrounding land-

scape, and near-drain samples were collected at low tide (12 PM local time), when

drainpipe outlets were exposed and accessible.

All samples of irrigation runoff were aspirated from street curbs into sterile 50 mL

syringes, and then dispensed into sterile polypropylene bottles. Near-drain samples

(also collected in sterile bottles) were obtained from storm sewer drainpipe outlets.

Samples consisted of (1) drainpipe outflow water only (if the water level in the Bay

was below the drainpipe outlet) or (2) a mixture of Bay water and drainpipe outflow

(if the water level in the Bay was above the drainpipe outlet). All water samples

collected were stored on ice and analyzed within six hours for conductivity and FIB

concentrations. FIB were measured using the defined substrate test known commer-

cially as IDEXX Colilert-18 (for EC) and Enterolert (for ENT), implemented in a
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97 well quantitray format. Conductivity measurements were converted to salinity

using the Practical Salinity Scale. No rainfall was recorded on the day of sampling

(November 16th), and rainfall on the 14th and 15th was minimal (2.0 mm and 0.25

mm rain, respectively).

Lower Bay Shoreline Study

To characterize how nearshore FIB concentrations vary in space and time, 334

nearshore water samples were collected during dry weather (August, 2006) at 86 sites

along the Lower Bay shoreline (open circles, Figure 4.1 A). Sampling was carried

out at two cross-shore locations per alongshore site (shoreline and offshore (30 meter

bay-ward)) over two consecutive low tides (4:30 - 8:30 AM on August 3 and 4, 2006)

and two consecutive high tides (1:30 - 5:00 AM on August 8 and 2:30 - 6:00 AM

on August 9, 2006). The east side of Lower Bay was sampled the first night and

the west side the second night. It was not possible to sample the entire Lower Bay

shoreline in one night and simultaneously keep sample holding times under the six

hours required for bacterial testing. All shoreline samples were collected from a

kayak. Bay-ward samples were collected simultaneously from an 5.5-meter research

boat built specifically for this study (the “Granteater”). All water samples were

collected in sterile polypropylene bottles and analyzed for conductivity, EC, and ENT

(described above). Sampling was conducted at night to minimize solar effects on FIB

concentrations (Rippy et al., 2013; Sassoubre et al., 2012).
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Figure 4.1: Sampling sites (A) and measured and calculated storm conveyance system
drainage flow rates (B).
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Cross-Shore Drain Study

Cross-shore transects of conductivity and FIB were performed on May 30 (2008)

to evaluate cross-shore variability of these analytes bay-ward of small drains. The

study was centered on a single drain at Park Avenue Beach, Balboa Island (solid blue

diamond, Figure 4.1 A). The drain is adjacent to a public dock, which was used as

a platform to collect water samples (N = 49: 9 stations, 2.2 to 3.7 meter spacing).

Surface water was sampled at all stations using sterile polypropylene bottles. Bottom

water samples were also collected using a Van Doren bottle (Wildco, Yulee, Florida)

at stations where water depth exceeded 0.5 meter. All samples (surface and depth)

were analyzed within six hours for conductivity, EC, and ENT (described above).

Transect sampling occurred four times over a 24-hour period (6 AM, 12 PM, 5 PM,

and 10 PM local time), roughly corresponding to low-high tide (LHT), high-low tide

(HLT), high-high tide (HHT), and low-low tide (LLT), respectively.

Nearshore Turbulence Studies

Coincident with the Cross-Shore Drain Study, nearshore turbulence was measured

using an Acoustic Doppler Velocimeter (ADV) (SonTek/YSI, Inc., San Diego, CA).

The ADV was mounted on a metal frame and lowered over the side of the Park

Avenue Beach Pier that crosses the Grand Canal between Balboa Island and Little

Balboa Island until the frame came to rest on the sediment bed. The ADV measures

three components of velocity (U,V,W ) corresponding to along-shore, cross-shore, and

vertical directions in a small sensing volume located approximately 25 cm above the
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sediment bed.

The ADV was deployed eleven times at three sites (5, 6, and 8) near the end

of the Park Avenue Beach Pier (see Figure 4.2 C). Deployments occurred at 0657,

1036, 1055, 1242, 1300, 1522, 1600, 1713, 1736, 2221 and 2236 local time on May 30,

2008. During each deployment, velocity measurements were carried out at 25 Hz for

10 minutes.

Prior to the calculation of turbulent statistics, the ADV data were examined to as-

sess the signal strength and quality of the velocity measurements. Data used for anal-

ysis had instrument-reported correlation values greater than 90% and signal-to-noise

ratios greater than 10 dB. The stationarity of each 10-minute deployment was deter-

mined using a non-parametric reverse arrangements test to look for non-stationary

trends in the time-averaged and fluctuating quantities (Bendat and Piersol, 2000).

This test evaluates whether a sequence of ordered data is derived from independent

observations of some random variable by looking for underlying trends in the ob-

servations, making no assumptions about the probability distribution of the data.

Lastly, despite careful positioning, spectra of the turbulent velocities indicate that

data from nine of the ADV deployments collected on flood tide were contaminated

by interference from frame or dock piling wakes and could not be used for analysis.

The uncontaminated data were collected during deployments at Station 8, located at

the end of the dock during ebb tide. Turbulent eddy diffusivity was estimated from

ADV velocities that passed all quality control tests listed above. Turbulence intensity
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Figure 4.2: Dye Drain Study location at Genoa Beach Storm Drain (A and B) and
Nearshore Turbulence Study location at Park Avenue Beach Pier (C).
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I, a measure of the turbulent fluctuations in the velocity signal, and the Lagrangian

time scale TL, the time scale over which velocity fluctuations are de-correlated, were

calculated for the cross-shore and along-shore directions:

I = [〈u2〉]1/2 (4.1)

TL =
∫

∞

0
Rx(s)ds (4.2)

where u is the fluctuating component of the velocity, brackets denote a time average,

and Rx is the autocorrelation function:

Rx(s) =
u(x)u(x + s)

〈u2〉
(4.3)

The turbulent intensity is a measure of the turbulent fluctuations in the velocity

signal for the Lagrangian time scale over which velocity fluctuations are de-correlated.

Assuming a stationary and homogeneous turbulent field, estimates were obtained for

the Lagrangian length scale (L=I(TL)) and the turbulent eddy diffusivity ε=L(I). A

non-dimensional transverse mixing coefficient was also estimated:

ε = ε/(u∗d) (4.4)

where u∗ is a measure of turbulent bed shear called shear velocity (estimated from

the covariance of ADV velocities) and d is water depth (Fischer et al., 1979). The
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non-dimensional transverse mixing coefficient was used to parameterize horizontal

diffusion in the Newport Bay flow and transport model described below.

Drain Dye Study

Three dye release experiments were conducted in Lower Bay (Genoa Beach, Lido

Island) during dry weather conditions on February 25 (2010) (solid grey square, Fig-

ure 4.1 A). These experiments were qualitative, and used to determine (1) the timing

of runoff released from small drainpipe outlets; and (2) the extent to which runoff

plume dispersal is influenced by buoyancy, tidal currents, and wind.

The first two experiments evaluated freshwater release from small drainpipe out-

lets. Dye labeled freshwater (1700 L) (Acid Yellow 73, Norlab, Inc., Amherst, OH;

specific gravity = 1.0) was pumped into a curbside gutter that drains into Lower Bay

through a pipe. Experiment 1 was conducted during morning high tide when the

drainpipe outlet was submerged, and Experiment 2 was conducted during afternoon

low tide when the outlet was exposed. In both experiments, the flow rate of dye la-

beled freshwater was 0.50-0.63 L/s to mimic peak (early morning) dry weather runoff

from neighboring residential communities. Experiment 3, in contrast to Experiments

1 and 2, evaluated dye dispersal offshore of drainpipe outlets. Here, approximately

5 mL of undiluted dye was poured off the end of the Genoa Beach Public Pier,

forming an offshore dye patch. Dye plumes generated by all three experiments were

observed and photo-documented for approximately 30 min after dye entered the Bay.

Along-shore transport velocity was estimated during Experiment 2 using a series of
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time-stamped photographs taken when the plume was traveling parallel to the shore-

line.

4.2 2D Flow and Transport Modeling of ENT and

EC

The two-dimensional flow and transport model presented in Chapter 2 was applied

to quantify: (1) the relative impact of large drains and tributaries versus small drains

on shoreline water quality in Lower Bay, and (2) the impact of point discharge dy-

namics on shoreline water quality, in particular the role of tidal backwater conditions

which cause intermittent fresh water releases near low.

The model was used to simulate the spatio-temporal distribution of three scalars,

salinity, ENT and EC, in Newport Bay. To evaluate the relative influence of runoff

from large sources (tributaries and 12 large subwatersheds drained by storm drains)

and smaller sources (207 small- and intermediate-sized subwatersheds drained by

storm drains) on shoreline water quality in Lower Bay, three scenarios were evaluated

with the discharge regime for the storm drains in Upper Bay and the Harbor defined

as shown in Table 4.1.

In Scenario 1, runoff entered the Bay only from tributaries and large drains (i.e.,

inputs from small drains were “turned off”). In Scenario 2, runoff entered the Bay

from a full inventory of inputs (tributaries, large and small drains) with small drains

assumed to discharge runoff continuously throughout the tidal cycle. Scenario 3 is
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Upper Bay: Harbor: Upper Bay: Harbor:
Large Drains Large Drains Small Drains Small Drains

Scenario 1 H H off off
Scenario 2 H H C C
Scenario 3 H H C H (trap-and-release)

Table 4.1: Types of Storm Drain Discharge to Bay where C indicates Constant Dis-
charge Rate and H indicates means Hydrograph Discharge (tidally influenced)

.

similar to Scenario 2 except here point discharges from small drains occurred when

the freshwater head in the drain exceeds the bay water head referenced to the storm

drain soffit (usually on the approach to low tide). Hence, this scenario accounts for

a so-called trap-and-release mechanism described in Chapter 3 that is informed by

the field experimental studies described above. Model scenarios were determined to

be different when the number of locations where model predictions of FIB exceeding

a given FIB concentration was significantly different. Significance was evaluated

at multiple FIB concentrations allowing scenarios to be compared across different

recreational water quality standards including: (1) presence/absence (>or <10 EC

or ENT per 100 mL); (2) geometric mean standard (GM: 35 ENT or 126 EC per 100

mL); (3) beach action value (BAV: 70 ENT or 235 EC per 100 mL); and (4) statistical

threshold value (STV: 130 ENT or 410 EC per 100 mL) (USEPA, 2012).

Model Boundary Conditions: FIB and Salinity

Water entering the domain from the offshore boundary is assumed to be free of

FIB. Dry weather runoff from storm drains is assumed to have FIB concentrations

equal to the median values measured during field sampling, as indicated in Table 4.2.
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Constituent SDC SAD Storm Drains
[MPN/100 ml] [MPN/100 ml] [MPN/100 ml]

ENT 159 3,165 1,500
EC 52 309 50

Table 4.2: FIB concentrations in storm drains.

SDC and SAD inputs are specified as time-dependent flows based on gage measure-

ments, with FIB concentrations equal to dry-weather median concentrations as indi-

cated in Table 4.2. FIB were assumed to die-off in accordance with first-order kinetics

for sunlight exposed marine waters as described by Sinton et al. (2002), similar to

previous studies in nearby Talbert Marsh (Sanders et al., 2005).

Drainage Runoff Rates into Storm Drains

In Chapter 3, a drainage rate - drainage area regression was developed (Eq. 3.3):

Q′ = [(1/Qlarge + 1/Qsmall)]
−1 (4.5)

relating the rate of runoff (drainage) into drainage conveyance based on tributary

area for small and large conveyances. The regression for drainage rates of small

conveyances based on tributary watershed area is given by Eq. 3.2 with the conversion

to SI units as:

Qlarge = 0.25A3.47, R2 = 0.40 (p = 0.25) (4.6)

with drainage area in km2 and drainage rate in m3/s. For large drains, Grant et al.

(2008) provided the following regression for drainage rate as a function of tributary
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watershed area (SI units):

Qlarge = 0.0013A, R2 = 0.96 (p < 0.0001) (4.7)

based on an assumed linear regression of the mean drainage rates of San Diego Creek

and Santa Ana-Delhi, as well as the Carnation, El Paseo, Polaris, Arches and Dover

storm drains. The drainage rate - drainage area regression is shown in Figure 4.3.

Horizontal Mixing Parameterization

The model was updated to account for horizontal mixing with a horizontal diffu-

sivity that is consistent with turbulence measurements made during the ADV Study

described in the Nearshore Turbulence Measurements subsection that follows. Hori-

zontal diffusivity was computed and iteratively updated as ε = 0.3u∗d based on the

ADV studies. The model was spun up for a 28-day antecedent period prior to com-

parison with water samples collected in August, 2006. The simulation time period

(August, 2006) was chosen to coincide with the Lower Bay Shoreline Study described

above.

4.3 Field Study and 2D Modeling Results

Permutation-based and Bootstrap-based Statistical Techniques

Non-parametric permutation tests were used to compare FIB concentrations or

salinities amongst water samples collected during the (1) Irrigation Runoff Study

or (2) Lower Bay Shoreline Study. Additional bootstrapped-based analyses were
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used to compare model scenarios performed during the Flow and Transport Modeling

Study and to identify those that produced significantly different FIB contamination

signatures along the Lower Bay shoreline.

Nonparametric methods do not rely on the estimation of parameters such as the

mean or the standard deviation to describe the distribution of the variable of interest

in the population. Permutation tests are a subset of non-parametric statistics. The

basic idea behind permutation methods is to generate a reference distribution by

recalculating a statistic for many permutations of the data.

Bootstrapping is a statistical method for estimating the sampling distribution of

an estimator by sampling with replacement from the original sample. The idea behind

bootstrap is to use the data of a sample study at hand as a surrogate population,

for the purpose of approximating the sampling distribution of a statistic; i.e. to

resample (with replacement) from the sample data at hand and create a large number

of phantom samples known as bootstrap samples. The sample summary is then

computed on each of the bootstrap samples (usually a few thousand). A histogram

of the set of these computed values is referred to as the bootstrap distribution of the

statistic. In bootstraps most elementary application, one produces a large number of

copies of a sample statistic, computed from these phantom bootstrap samples. Then,

a small percentage, say 100(a/2)% (usually a=0.05), is trimmed off from the lower

as well as from the upper end of these numbers. The range of remaining 100(1-a)%

values is declared as the confidence limits of the corresponding unknown population

summary number of interest, with level of confidence 100(1-a)%.
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Irrigation Runoff Study

For the Irrigation Runoff Study, a paired, non-parametric t-test was used to de-

termine if ENT or EC concentrations differed across irrigation runoff (IR) and near

drain water (ND) samples. A second, non-paired t-test was used subsequently to

determine if ENT or EC concentrations were different in near drain water samples

with salinity greater than 30 ppt saline or less than 30 ppt brackish.

The paired, non-parametric t-test was performed as follows. First, reciprocal

differences between near drain water and irrigation runoff sample pairs were calculated

(e.g., ND-IR and IR-ND). Subsequently, these two sets of reciprocal differences were

pooled, shuffled, and used to calculate a t-statistic. This procedure was performed

10,000 times, generating a t-distribution expected under the null hypothesis that

irrigation runoff and near drain water sample groups were not significantly different.

This t-distribution was then compared to t-values calculated for the original (non-

shuffled) data difference scores. Irrigation runoff and near drain water data sets were

determined to be significantly different when <5% of shuffling events resulted in t-

values more extreme than the original data t-value.

The non-paired t-test used to compare EC and ENT concentrations in saline vs.

brackish near drain water samples was identical to the above described test save that

it was performed on raw data values instead of differences between sets of paired

values. This follows our assumption that saline and brackish near drain water sample

groups are independent, making paired analysis inappropriate.
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Figure 4.4: Cumulative probability plots of data collected during the Irrigation Runoff
Study, including measurements of salinity (A) and ENT (B). IR and ND samples are
distinguished with solid blue and dotted red lines, respectively. US EPA STV for
ENT (130 MPN per 100 mL) is marked with black dotted lines. Note that FIB
measurements above or below the detection limit (10 and 20,500 MPN per 100 mL,
respectively) was set to twice the upper-limit of detection or one-half the lower-limit
of detection.
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ENT ENT EC EC
t-statistic p-value t-statistic p-value

IR vs. NDa 1.85** 0.0069 -0.11 0.5600
ND brackish 3.37** 0.0028 3.47** 00.0019
ND salineb

Table 4.3: Table S1: Irrigation Runoff Study - Permutation-based t-test. **: signifi-
cant at a p <0.05 level. a: paired t-test. b: non-paired t-test.

Although irrigation runoff samples were fresh (median salinity: 0.5 ppt), drainpipe

outlet samples had variable salinity ranging from fresh to oceanic (salinity: <0.7 to

32 ppt; median 31 ppt). (See Figure 4.4 A.) FIB concentrations were also variable,

spanning four orders of magnitude in both irrigation and drainpipe outlet samples

(<10 to >20,500 MPN per 100 ml, Figure 4.4 B).

ENT concentrations were significantly higher in irrigation runoff than drainpipe

outlet samples, while EC concentrations were not significantly different (permutation-

based paired t-test; p <0.05 level, Table 4.3). Amongst near drain samples, those with

brackish water (salinity <30 ppt) had significantly higher FIB concentrations than

those that were saline (salinity >30 ppt) (permutation-based t-test; p <0.05 level,

Figure 4.5, Table 4.3).

Median FIB concentrations in irrigation runoff samples were 30 MPN per 100

ml for EC, and 1,455 MPN per 100 mL for ENT (Figure 4.4 B). These values were

rounded to the nearest 50 MPN per 100 ml and adopted as the runoff source concen-

trations in the Flow and Transport Modeling Study (EC: 50 MPN per 100 mL, ENT:

1,500 MPN per 100 mL).
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Figure 4.5: Cross plots of ENT (x-axis) and EC (y-axis) concentrations in ND samples
collected during the Irrigation Runoff Study. The STVs for EC and ENT are marked
with black dotted lines. The colormap shows sample salinity. Note that most samples
exceeding the STV for both EC and ENT had salinities <30 ppt.
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Lower Bay Shoreline Study

For the Lower Bay Shoreline Study, two-way non-parametric ANOVAs (analysis

of variance) were used to determine if salinity, ENT, or EC were different in samples

collected onshore vs. offshore, and at high tide vs. low tide. These tests were

performed as recommended by Manly (2007). Briefly, samples were shuffled across

groups (high tide, low tide, onshore, and offshore), and re-assigned at random. Three

F-statistics were calculated for each shuffled dataset: 2 main effects (Ftide and Flocation)

and their interaction (Ftide:location). This process was repeated 10,000 times, producing

distributions of Ftide, Flocation, and Ftide:location expected under the null hypothesis that

water samples are statistically indistinguishable across groups. No distributions were

bimodal, suggesting that residual based resampling techniques were not required. The

F distributions generated were compared to values of Ftide, Flocation, and Ftide:location

estimated using the original (non-shuffled) data. As for the above described t-tests,

main effects (Ftide and Flocation) and effect interactions (Ftide:location) were determined

to be significant when less than 5% of shuffling events resulted in F-values more

extreme than those calculated for the original data.

Permutation-based multiple comparison tests were performed subsequent to all

non-parametric ANOVAs. These tests are analogous to the non-paired t-test de-

scribed in the Irrigation Runoff Study section (see above). Four combinations of high

tide, low tide, onshore and offshore datasets were evaluated (high tide onshore vs.

high tide offshore, low tide onshore vs. low tide offshore, high tide onshore vs. low
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tide onshore, and high tide offshore vs. low tide offshore). Data sets were determined

to be significantly different at a Bonferroni-Holms corrected p < 0.05 level. Marginal

significance was also evaluated at a Bonferroni-Holms corrected p < 0.10 level. The

Bonferroni-Holms correction adjusts for multiple comparisons (Holm, 1979). The cor-

rection is performed as follows: ρBH = psig / (n - c) , where psig is the significance

threshold desired (p <0.05 or 0.10), n is the number of comparisons evaluated (4), c is

the number of comparisons that have already been performed (0 for the first compar-

ison), and ρBH is the new significance threshold that must be met for a comparison to

be significant at the psig level. This test is always applied to the comparison with the

largest t-value first (c = 0), and to other comparisons in order of decreasing t-value

(c = 1 to 3). Note that c only advances when comparisons are significant (e.g., all

comparisons with smaller t-values than the first non-significant comparison will also

be non-significant).

During early morning low tide, 24% of shoreline samples and 12% of offshore

samples (collected 30m bay-ward) exceeded the statistical threshold value (STV) for

EC and/or ENT (Figure 4.6 B). Fewer samples exceeded the statistical threshold value

for either FIB group during high tide (1% of shoreline or offshore samples; Figure 4.6

A). Consistent with this finding, overall FIB concentrations were significantly higher

during low tide than high tide (permutation-based ANOVA; p <0.05, Tables 4.4 and

4.5, Figure 4.7 B,C). Nearshore contamination was variable along-Bay and was highest

(7 samples exceeded the statistical threshold value for EC, ENT, or both FIB groups)

in a ∼ 1 km region along the Newport Bay peninsula (black dashed box, Figure 4.6
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ENT ENT EC EC Salinity Salinity
t-statistic p-value t-statistic p-value t-statistic p-value

Ftide 22.8** 0.0000 50.78** 0.0000 0.89 0.3783
Flocation 2.40 0.1169 5.89** 0.0152 2.69* 0.0972

Ftide:location 1.50 0.2311 0.71 0.4059 1.11 0.3215

Table 4.4: Table S2: Lower Bay Shoreline Study - 2 Way Permutation-based
ANOVAs. **: significant at a p <0.05 level. *: marginally significant at a p <0.10
level.

A).

Cross-shore differences in FIB concentration were less pronounced than tidal dif-

ferences. That said, at low tide FIB concentrations were generally higher at the

shoreline than 30 meter bayward (Figure 4.7 B,C). This pattern was marginally sig-

nificant for EC (Bonferroni-Holms corrected p <0.10 level) and was not significant

for ENT (permutation-based multiple comparison test, Table 4.5). Salinity was also

cross-shore variable during low tide with lower salinities measured at the shoreline

(Figure 4.7 A). This pattern was marginally significant at a Bonferroni-Holms cor-

rected p <0.10 level (permutation-based multiple comparison test, Table 4.5). Both

FIB groups exceeded the STV in 20% of brackish samples (salinity <30 ppt) and 1.5%

of saline samples (salinity >30 ppt) (Figure 4.8). In summary, FIB concentrations are

generally higher: (1) at low tide, (2) close to shore, and (3) in samples with salinity

<30 ppt.

Cross-Shore Drain Study

EC concentrations were below the STV in water samples from all transects (data

not shown). ENT concentrations were also frequently below the STV, although ex-
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Figure 4.6: Predicted ENT and EC under three scenarios vs. measured.
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ENT ENT ENT ENT EC EC
t-statistic p-value ρBH ρBH t-statistic p-value

at psig=0.10e at psig=0.05f

HTa ONc 3.58** 0.0002 0.0250 0.0125 5.25** 0.0000
LTb ON

HT OFFd 3.26** 0.0014 0.0333 0.0167 4.82** 0.0000
LT OFF
LT ON 1.51 0.1280 0.0500 0.0250 2.00* 0.0462
LT OFF
HT ON 0.42 0.6732 0.0500 0.0250 1.37 0.1702
HT OFF

EC EC Salinity Salinity Salinity Salinity
ρBH ρBH t-statistic p-value ρBH ρBH

at psig=0.10c at psig=0.05 at psig=0.10c at psig=0.05
HTa ONc 0.0250 0.0125 1.06 0.4288 0.0333 0.0125
LTb ON

HT OFFd 0.0333 0.0167 0.16 0.8952 0.0333 0.0125
LT OFF
LT ON 0.0500 0.0250 1.76* 0.0152 0.0250 0.0125
LT OFF
HT ON 0.1000 0.0250 0.46 0.7692 0.0333 0.0125
HT OFF

Table 4.5: Lower Bay Shoreline Study - 2 Way Permutation-based ANOVAs. **:
significant at a Bonferroni-Holms corrected p <0.05 level. *: marginally significant
at a at a Bonferroni-Holms corrected p <0.10 level. a: HT=high tide, b: LT=low
tide, c: ON=onshore, d: OFF=offhsore, e,f : Bonferroni-Holms corrected for p <0.10
and 0.05 significance level, respectively.

107



Figure 4.7: Cumulative probability plots of data collected during the Lower Bay
Shoreline Study, including measurements of salinity (A), ENT (B), and EC (C). Shore-
line samples and offshore samples are marked with red and blue lines, respectively.
Dashed lines correspond to high tide samples and solid lines to low tide samples. US
EPA STVs for EC and ENT are marked with black dotted lines. As for the Irrigation
Runoff Study, FIB measurements above or below the detection limit were set to twice
the upper-limit of detection or one-half the lower-limit of detection, respectively.

ceedances were observed during the early morning low-high tide (LHT, Figure 4.2

D,E). The average salinity was lowest during LHT (27.6 +/- 1.0), intermediate dur-

ing HLT and LLT (29.8 +/- 0.9 ppt and 29.8 +/- 1.0 ppt, respectively), and highest

during HHT (31.3 +/- 1.8 ppt) (Figure 4.2 D,E). In short, samples collected during

LHT had the lowest salinity (max <29 ppt ) and the highest ENT concentrations (11

of 12 samples exceeded the STV, Figure 4.2 D,E).

The vertically resolved samples collected during LHT reveal two patterns: (1)

samples collected near the drain outlet are well-mixed over the vertical (see open

and filled red circles for stations located <5.2 meter from the drain, Figure 4.2 E),

and (2) surface water samples collected at the end of the dock are fresher and have

higher ENT concentrations than deep water samples (see open and filled red circles
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Figure 4.8: Cross plots of ENT (x-axis) and EC (y-axis) concentrations in samples
collected during the Lower Bay Shoreline Study: A) shoreline stations at high tide,
B) shoreline stations at low tide, C) offshore stations at high tide, D) offshore stations
at low tide. For all panels, the colormap indicates sample salinity and the STVs for
EC and ENT are marked with black dotted lines. While most samples exceeding
the STV for EC and ENT at low tide had salinities <30 ppt, few exceedances were
observed at high tide, irrespective of salinity.
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for stations located >7 meters from the drain, Figure 4.2 E).

Nearshore Turbulence Measurements

Turbulent velocity spectra indicate that the nine ADV deployments collected on

flood tide were contaminated by interference from frame or dock piling wakes and

could not be used for analysis. Uncontaminated data were collected during a single

ebb tide deployments at Station 8 were used to estimate alongshore (εx = 0.003

m2/s) and across-shore (εy = 0.001 m2/s) turbulent eddy diffusivities, a quantity

which parameterizes the bulk dispersal effects of turbulent velocities. The associated

Lagrangian length scales along- and across-shore were 30 cm and 16 cm, respectively.

A value of 0.3 was estimated for the non-dimensional transverse mixing coefficient,

which falls within the range of values observed for natural channels (Fischer, 1979).

Drain Dye Study

During Experiment 1 (performed on falling tide), no dye was observed leaking

from the drainpipe outlet when it was flooded with bay water (dye trapped: 0 - 1.75

hours after addition to the curbside gutter). Dye began leaking from a small crack

near the end of the pipe when the tide level was even with the top of the outlet

(initial dye release: 1.75 hours after addition to the curbside gutter), and a large dye

plume was discharged (moving offshore and down-Bay (east) with the falling tide)

when the tide level fell below the top of the outlet (bulk dye release: several minutes

post-discharge from the crack). The two dye plumes (crack and outlet) are visible in

the photo taken ∼ 2 hours after the dye was added to the curbside gutter (Figure 4.2
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A).

During Experiment 2 (performed during a low, flood tide) the drainpipe outlet was

exposed, and located several meters above the water line. Within minutes of addition

to the curbside gutter, dye tagged freshwater flowed out of the drain and down the

beach. Upon entering the Bay, the dye plume hugged the shoreline and traveled down-

Bay at approximately 0.07 m/s (Figure 4.2 B). The direction of transport opposed the

average tidal current (up-bay Bay on flood tide), but was consistent with prevailing

winds (out of the northwest).

During Experiment 3, the dye bolus released from the end of the Genoa Beach

pier formed a vertically sheared plume. Tide and wind conditions were the same as

in Experiment 2. The upper portion (top 20 cm) of the plume moved down-Bay and

shoreward (parallel to the prevailing wind direction), and the bottom portion moved

up-Bay (parallel to the average tidal current).

Flow and Transport Modeling

Bootstrap-based statistical techniques were used to determine if the different

model scenarios simulated during the Flow and Transport Modeling Study produced

significantly different FIB concentrations at storm drain outlets. Briefly, data were

thresholded at all possible FIB concentrations from 10 to 1,500 MPN per 100 ml,

resulting in 1,490 binary datasets for each scenario. This allowed model scenarios to

be evaluated at multiple thresholds, reflecting different US EPA FIB criteria. Each

dataset was sampled with replacement 1,000 times, and the number of drains ex-
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ceeding the FIB threshold for that dataset was determined. Global averages and

associated 95% bias-corrected bootstrap confidence intervals were calculated across

all 1000 realizations for each scenario. Model scenarios were determined to be signif-

icantly different (p <0.05) for all FIB concentrations where the confidence interval

bounds of one scenario did not intersect the bounds of another scenario.

The three model scenarios control for differences in fresh water inputs as follows:

Scenario 1 accounts for only tributaries and large drains only, Scenario 2 accounts

for continuous small drain discharges in addition to tributaries and large drains,

and Scenario 3 accounts for trap-and-release small drain discharges in addition to

tributaries and large drains. Distinct spatial and temporal FIB patterns are found

by comparing the scenarios. The number of detection events predicted in Lower

Bay (>10 EC or ENT per 100 mL) was highest under Scenario 3, and lowest under

Scenario 1 (Figure 4.6). FIB were only detected along the entire Lower Bay perimeter

(consistent with experimental measurements) under Scenario 3 (Figure 4.6 B,H). Note

that all scenarios underestimated FIB concentrations, especially at stations bay-ward

of small drains, where simulated FIB were always below the detection limit (Figures

4.6, 4.7 and 4.9). All scenarios also failed to reproduce the region of the Newport

Peninsula with the highest concentration of FIB exceedences identified during the

Lower Bay Shoreline Study (black dashed box, Figure 4.6).

FIB concentrations exhibited the strongest tidal signature under Scenario 3 (Fig-

ure 4.9), although both scenarios with small drain discharge predicted more FIB

detects at low vs high tide, consistent with experimental measurements (Figure 4.6
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A,B and E-H). No significant differences were observed between model scenarios at

high tide (Figure 4.10 A,C). At low tide, however, the trap and release mechanism

simulated in Scenario 3 resulted in significantly more stations exceeding both detec-

tion limits and recreational standards for ENT (GM, BAV, and STV) than Scenario

1 (Figure 4.7 B). Significantly more stations also exceeded ENT detection limits and

GM standards under Scenario 3 than Scenario 2, where FIB release from drains was

continuous (Figure 4.10 B). Lastly, Scenarios 1 and 2 were also significantly different,

but only at ENT concentrations below recreational standards (<20 MPN per 100 ml,

Figure 4.10 B).

Differences between model Scenarios were less distinct for EC reflecting the low

initial concentrations of EC in modeled drain discharge (50 MPN per 100 mL). Only

Scenarios 1 and 3 were significantly different, and only at EC concentrations below

recreational standards (<20 MPN per 100 ml, Figure 4.10 D).

4.4 Discussion

Small drains account for ∼ 1.0 of the total freshwater volumetric flow to New-

port Bay on a typical dry weather day. Nevertheless, the field and modeling results

presented here suggest that irrigation runoff from small drains could be a significant

source of episodic fecal pollution at Lower Bay beaches during dry weather condi-

tions. This conclusion is supported by the following: (1) FIB concentrations in Lower

Bay are typically high at the shoreline and low offshore, consistent with a beach-

side bacterial source (Lower Bay Shoreline Study, Cross-Shore Drain Study, Flow
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Figure 4.9: ENT (left) and EC (right) concentrations from three model scenarios
(Scenario 1: C, D, Scenario 2: E, F, Scenario 3: G, H) simulated as part of the
2D Flow and Transport Modeling Study. Results are shown over two tidal cycles
(low tide: shaded grey), with tide height (m) reported in panels A and B. Colored
lines show the FIB concentrations released from small drains and black dashed lines
show the FIB concentrations released from large drains. Note that predicted FIB
concentrations are most strongly tidal under Scenario 3.
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Figure 4.10: Statistical evaluation of model scenarios simulated as part of the 2D Flow
and Transport Modeling Study. The x-axis is ENT (A, B) or EC (C, D) concentration,
and the y-axis is the fraction of drains exceeding any given EC or ENT concentration
on the x-axis. Model scenarios are evaluated at high tide (HT: A, C) and low tide (LT:
B, D). The different model Scenarios (and bootstrapped 95% confidence intervals)
are marked by colored circles and dotted lines, respectively: Scenario 1 (light blue),
Scenario 2 (black), Scenario 3 (red). US EPA recreational criteria are indicated by
vertical lines: solid blue (detection limit: DL), black dash-and-dot (geometric mean
standard: GM), black dashed (beach action value: BAV), and solid black (statistical
threshold value: STV).
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and Transport Modeling Study); (2) FIB concentrations in Lower Bay are highest

when salinity is <30 ppt, consistent with a freshwater bacterial source such as irri-

gation runoff (Irrigation Runoff Study, Lower Bay Shoreline Study, and Cross-Shore

Drain Study); and (3) FIB patterns are modeled most accurately when small drains

trap-and-release runoff (Scenario 3), consistent with episodic small drain discharge

as a significant contributor to FIB contamination in Lower Bay (Flow and Transport

Modeling Study).

Because most drainpipe outlets are located near mean tide line, they are typically

submerged at high tide and exposed at low tide. One consequence of this outlet

design is that FIB can accumulate in the drainpipe when the outlet is flooded at high

tide and are discharged to the Bay when outlet is exposed at low tide; in other words,

the drain pipes trap-and-release dry weather runoff to Lower Bay. This trap-and-

release process was directly observed during the Drain Dye Study at Genoa Beach

(Figure 4.2 A). Furthermore, its tidal signature is consistent with field and modeling

studies of Lower Bay: (1) more stations exceeded statistical threshold value criteria

during the Lower Bay Shoreline Study at low tide (outlets exposed) than high tide

(outlets submerged) (Figure 4.6 A,B); and (2) model predicted FIB concentrations

and shoreline distributions had the strongest tidal signature when trap-and-release

discharge was simulated (Scenario 3, Figure 4.9 and Figure 4.6 G,H).

Although FIB pollution in Lower Bay is largely consistent with a trap-and-release

process, some exceptions were observed: (1) model simulations including trap-and-

release discharge were unable to reproduce observed FIB contamination along the
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western portion of the Newport Bay Peninsula (black box in Figure 4.6), and (2) FIB

concentrations measured during the Cross-Shore Drain Study were higher at low-high

tide (LHT; 6 AM) than low-low tide (LLT; 10 PM) (Figure 4.7 D,E). Relative to ex-

ception (1), it is notable that the western portion of the Newport Bay Peninsula has

only two drainpipe outlets (located at either end of the black dashed box in Figure

4.6). Hence the elevated FIB concentrations measured there may reflect contributions

from non-runoff sources such as bird or dog droppings, sediments, and/or contami-

nated shallow groundwater, and/or bather shedding (Grant et al., 2010; Halliday et

al., 2011). Exception (2) likely reflects prevailing irrigation schedules in residential

communities surrounding Lower Bay; yard irrigation often occurs during the night

or early morning when evapotranspiration is low and yards are not in use (personal

observation). Indeed, samples collected during LHT had lower salinity than those col-

lected during LLT, suggesting a larger irrigation runoff signal during early morning

LHT (Figure 4.7).

Upon release from small drains, FIB plumes are diluted by ambient turbulence and

transported horizontally and vertically by tide- and wind-driven currents. Because the

initial dilution step is characterized by relatively small eddy diffusivities (Nearshore

Turbulence Measurements Study: ∼0.001 m2/s), FIB released from small drains may

linger at the shoreline, where they are more likely to trigger water quality exceedences

(routine beach monitoring involves collecting water samples in ankle depth water). By

comparison, tributaries (e.g., SDC and SAD, Figure 4.1 B) contribute relatively little

to shoreline FIB pollution in Lower Bay (Scenario 1: Flow and Transport Modeling
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Study, Figure 4.6 C,D). This may be due to: (1) large effective mixing coefficients (100

m2/s) associated with estuarine scale mixing processes (tidal trapping, longitudinal

shear dispersion, and baroclinic exchange) (Fischer et al., 1979; Geyer et al., 1992),

and/or (2) long transit times which increase the opportunity for non-conservative

processes (e.g., bacterial mortality) to attenuate FIB concentrations prior to reaching

Lower Bay (Rippy et al., 2013; Sassoubre et al., 2012).

Because irrigation runoff (median salinity 0.5 ppt) is less dense than Bay water

(median salinity >30 ppt) it can form a buoyant surface plume upon entering the

Bay. Buoyant plumes are likely to be responsive to the speed and direction of local

winds given their location near the air-water interface. Wind-driven plume transport

was observed in the Drain-Dye Study at Genoa Beach, with dye tagged freshwater

traveling in the direction of local winds (and in opposition to tidal currents; Experi-

ments 2 and 3, Figure 4.2 A). It is also likely that an ENT-laden freshwater plume was

present during the LHT transect of the Cross Shore Drain Study, as offshore surface

water (Stations 8 and 9, 4.6 C) had higher ENT concentrations and lower salinities

than subsurface water. Notably, ENT was well mixed over the vertical in samples

collected closer to shore (<5.2 m Bay-ward, Figure 4.2 E), highlighting the three-

dimensional (and no doubt temporal) complexity associated with FIB in nearshore

waters of Lower Bay. Because bacterial die-off is a function of both salinity (low in

surface plumes, (Rozen and Belkin, 2001)) and light intensity (high at the air-water

interface (Sinton et al., 2002)), runoff plumes could have implications for FIB survival

as well as transport and mixing in the Bay. In summary, buoyant freshwater plumes
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are an important but poorly understood feature of FIB fate and transport at enclosed

saltwater beaches.

Model-predicted FIB concentrations in Lower Bay were generally below measured

concentrations (Figure 4.6). This could be a consequence of model oversimplifica-

tion of biology or fluid dynamics (e.g., our model does not consider the possibility of

wind-driven buoyant plume transport, as noted above) and/or the way in which source

concentrations were parameterized. Field measured FIB concentrations in irrigation

runoff were highly variable (<10 to 20,762 MPN per 100 ml), yet the model was run

assuming they were fixed (EC: 50 and ENT: 1,500 MPN per 100 ml) (Figures 4.6, 4.7

and 4.9). FIB monitoring data are often log normally distributed, with concentrations

spanning several orders of magnitude (Noble et al., 2003). Given the highly variable

nature of FIB concentrations in source waters (and irrigation runoff in particular),

a direct comparison between model-predicted and observed FIB concentrations in

Newport Bay might best be performed using a probabilistic framework, e.g., gener-

ating FIB concentration distributions at sites throughout the Bay using Monte Carlo

sampling techniques (Beck et al., 1987). Given that the present study focused on

evaluation of spatial and temporal patterns in FIB (not model-data comparison of

absolute concentrations), this method was not employed here. As performed, our

model provides insights into the trap-and-release mechanism and the relative influ-

ence of small drains, large drains, and tributaries on nearshore water quality; it does

not allow for robust model-data comparisons of FIB concentration.

From an urban infrastructure perspective, the design of small drains in Lower
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Bay is (unintentionally) optimized to impact nearshore water quality and expose

beachgoers to dry weather runoff. The human health risk posed by this engineering

design will ultimately depend on the nature of contaminants entering and exiting

the local storm drain system. Numerous studies support a dose-response relationship

between ENT concentrations in sewage-impacted waters and recreational waterborne

illness (Wade et al., 2003). The dose-response relationship weakens, however, when

FIB have non-sewage sources including non-human feces (e.g., birds and animals) and

environmental re-growth (on vegetation, sediments, and storm drain piping) (Colford

et al., 2007). Multiple lines of evidence suggest that dry weather runoff in the region

surrounding Newport Bay contain FIB from non-sewage sources (Ferguson et al.,

2009; Skinner et al., 2010). Thus, storm drain discharge of irrigation runoff may not

contribute significantly to recreational waterborne illness, even if it is (as our study

suggests) a significant source of FIB pollution in Lower Bay. This is not meant to

imply that storm drain discharge is “safe”, as storm drains may occasionally contain

untreated sewage from illicit cross-connections, sanitary sewer exfiltration, and/or

sewage spills and overflows (Mallin et al., 2007; Sercu et al., 2009; Noble et al., 2006).

Furthermore, the storm sewer system is a conduit through which illicitly disposed

chemicals (e.g., motor oil, detergents) can enter the Bay.

This suggests that Lower Bay water quality might be improved by re-engineering

the drainage system and/or drainpipe outlets. For example, drainpipe outlets could

be extended bay-ward to minimize human contact with runoff plumes. Alterna-

tively, management strategies aimed at collecting, retaining, evapotranspiring, treat-
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ing, and/or reusing dry weather runoff (e.g., biofilters, porous pavement, swales) have

proven efficacy and many co-benefits (Grant et al., 2012; Fletcher et al., 2008; Dorsey,

2010). A number of large-scale studies are currently underway to evaluate the per-

formance (and incentivize the adoption) of green infrastructure for capturing both

dry and wet weather runoff in urban streams (Fletcher et al., 2011). The results of

these studies may prove useful for managing dry weather runoff at enclosed beaches,

as technologies and incentive strategies that are effective in riparian systems may also

be successful in urban-impacted coastal embayments.
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Chapter 5

Fluid Mud Characteristics and

Processes

In estuaries subject to tidal forcing, the interaction between the flow field and

suspended particulates is complex and may give rise to a vertical structure involving

several distinct layers as shown in Figure 5.1 (Ross, 1988). Particles are in suspension

in the upper part of the water column, and as particle concentrations increase with

increasing depth, the suspension may transition into a fluid mud and then a stationary

mud. As shown in Figure 5.1, the interface between the suspension and the fluid mud

is termed the lutocline and is characterized by a strong vertical gradient in buoyancy

which acts to stabilize the profile against the influence of turbulent mixing.

Fluid mud is composed primarily of water and clay- and silt-sized particles, typ-

ically defined as particles less than 62.5 µm in diameter, and is commonly found in

many estuaries, bays and channels (ASCE, 2005). Whereas turbulent eddies (e.g.,
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Figure 5.1: Suspended sediment concentration in a high concentration estuarine
environment.
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from tidal currents interacting with the bed) act to mix particles and maintain par-

ticles in suspension, the added density of particles promote stability and effectively

dampen the mixing effects of turbulence. The effective viscosity of a fluid mud can

be 10-100 times that of clear water (Einstein and Chien, 1955; Ross, 1988). Addition,

the degree of vertical stratification has been attributed to asymmetric mixing over the

region of high density gradients (Wolanski et al., 1992; Scarlatos and Mehta, 1993;

Kranenburg and Winterwerp, 1997; Jiang and Wolanski, 1998; Ross, 1988). High

density sediment concentrations near the bed also affect settling velocities through

flocculation and hindered settling. And opposed to cohesionless particles where de-

position is primarily determined by particle size, deposition for cohesive sediment is

controlled by bed shear stress, turbulence processes in the zone near the bed, set-

tling velocity, type of sediment, depth of flow, suspension concentration and ionic

substitution of the suspending fluid (Mehta and Partheniades, 1973).

The high density suspension of a fluid mud above the bed makes delineation of

erosion and deposition processes more complicated. For example, fluidization of the

cohesive bed and entrainment of fluid mud due to hydrodynamic forcing may both

be thought of as erosion-type processes, while gravitational settling of sediment onto

the fluid mud, as well as formation of the bed by dewatering of fluid mud, can be

considered to be deposition-type phenomena (Mehta, 1989).

The importance of the fluid mud layer from a water quality perspective is that

in some estuaries, fifty to ninety percent of the sediment load may be transported

as fluid mud (Kirby, 1986; Smith and Kirby, 1989; Kendrick and Derbyshire, 1985;
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Leussen and Velzen, 1989). The sediments themselves are sometimes a water quality

concern as turbidity caused by sediment particles can restrict the penetration of sun-

light and increase food availability, thus affecting aquatic life (Preston et al., 1972;

Kirby and Parker, 1973; Hayter, 1986; Yan, 1995). Perhaps more importantly, co-

hesive sediments, which are composed primarily of clay-sized material, have strong

interparticle forces due to their surface ionic charges that adsorb heavy metals, pesti-

cides and nutrients. Numerical models that neglect the near-bed fluid mud layer may

yield unrealistic results in predicting dispersion of sediment into the water column

and sediment advection through the water body making these models unsuitable tools

for predicting pollutant fate and transport, developing water quality standards, or de-

veloping water quality mitigation measures and programs. Considerable advances in

predicting cohesive sediment transport have been made in the past decades, however,

one of the key difficulties in making accurate predictions is the difficulty of assessing

the critical shear stress for fluid mud entrainment. The determination of this key

parameter for Newport Bay is one the goals of this portion of the dissertation.

In the following sections, properties of the fluid mud, cohesive bed and lutocline,

are reviewed. Then key sedimentation processes of cohesive sediment are surveyed

along with experimentally derived mathematical formulations for these processes. In

Chapter 6, a 1D vertical numerical model is presented that explores more complex

sedimentation processes such as flocculated settling, turbulence damping of eddy

diffusivity, and bed-shear induced entrainment to demonstrate whether there is a

need for incorporating a set of complex parameters to predict suspended sediment
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distributions above a cohesive sediment bed. In Chapter 7, critical shear stresses for

bed samples collected in Newport Bay are calculated from erosion rates that were

determined using a recirculating flume. These critical shear stresses are used in a

2D model to back-calculate entrainment parameters of the fluid mud overlying the

consolidated bed sediments.

5.1 Fluid Mud

The fluid mud is a comparatively thin layer, sometimes on the order of a few cen-

timeters. Near bed fluid mud results from the rapid deposition of suspended sediment

or erosion of the consolidated bed. During deposition, if the rate of deposition ex-

ceeds the rate at which sediment develops structural integrity (effective stress), fluid

mud will form. The upper interface of the fluid mud layer was found to correspond

to the hindered flux (from settling) concentration in quiescent settling, and to the

maximum net downward flux (sum of the settling and diffusive fluxes) when mix-

ing occurred. This is nearly always the case for cohesive sediment at relatively high

suspension concentrations because hindered settling result in decreasing settling flux

with increasing concentrations (i.e. concentration ≥ 20 g/l). The concentration at

which bed formation occurs, being high (e.g., 200 g/l), causes sediment to “bunch

up” near the bed (Ross, 1988).

For fluid mud formation by rapid erosion (or fluidization), the rate at which bed

material loses structural integrity must be greater than the rate at which sediment

is entrained into the upper, well-mixed mobile suspension layer. For example, wave
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action has been shown to result in fluid mud formation by rapid destruction of bed

effective stress resulting in fluidization with little vertical entrainment (Ross, 1988).

Measured total and pore pressures and concentrations under wave loading in a labo-

ratory flume showed that destruction of effective stress occurred with little change in

near bed concentration.

The fluid mud is composed of mobile and stationary layers that depend on the

applied pressure gradient, internal shear stress, and rheological properties of the fluid

mud. Stationary fluid mud suspensions are defined by Parker and Lee (1979) as as-

semblages of high concentration of sediment particles that are supported jointly by

the water and the developing skeletal soil framework, and which have no horizontal

movement. These suspensions, which are in the process of consolidation, have high

water content and a very low, but measurable shear strength. Sediment concentra-

tions in the fluid mud layer are typically usually in the range of 10-170 g/L with

bulk density of about 1.03-1.30 g/cm3 (Wells, 1983). There is a gradation of shear

strengths transitioning from the upper, low sediment concentration suspension to the

bed sediment. Krone (1962) demonstrated this gradation of fluid mud shear strengths

in San Francisco Bay identifying six layers of fluid mud with shear strengths varying

from 0.020 to 2.20 N/m2.

5.2 Bed Formation and Consolidation

Sediment concentrations of 170-200 g/L define the transition from the fluid mud

to the sediment bed. Partially consolidated sediment is defined by Parker and Lee
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(1979) as assemblages of high concentration of sediment particles, having no horizon-

tal movement, that are supported jointly by the water and the developing skeletal

soil framework. These suspensions, which are in the process of consolidation, have

high water content and a very low, but measurable shear strength. A structured

matrix usually exists for bulk densities exceeding 1.1 g/cm3 which corresponds to an

approximate shear strength of 1.0 N/m2 (Parker, 1987).

A cohesive sediment bed is formed when deposited particles and/or aggregates be-

gin intergranular contacts thereby developing an effective stress which is transmitted

by particle-to-particle contacts (Hayter, 1986; Parker, 1986). Deposited soils undergo

self-weight consolidation where the overburden stress causes the soils matrix to col-

lapse, expelling the interstitial fluid and resulting in a decreased void space which in

turn creates a stronger soil matrix due to increased surface contact of the particles.

The strengthening of a soil mass with depth is finite and approaches a steady state

condition exponentially that will remain mostly constant assuming homogeneous soil

composition. For heterogeneous soils, soil stratification will occur due to differential

settling and depositional history (Teisson et al., 1993). In the early stage of consolida-

tion, the self-weight of the aggregates near the bed surface is balanced by the seepage

force induce by the upward flow escaping from the underlying sediment. Thus, the

effective stresses in this region are very small and, in general, not measurable. As the

bed continues to undergo consolidation and the upward flux of pore water reduces,

the self-weight of this near surface soil gradually turns into an effective stress. The

surface stress may first crush the floc structures and then crush the aggregates them-
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selves (Hayter, 1986). During consolidation, bed properties (density, effective stress)

begin to vary with depth due to particle rearrangement and aggregates breakdown.

For a fully consolidated bed, shear strengths are usually greater than 5 N/m2 (Parker,

1986; Ross, 1988). The degree of bed consolidation strongly influences bed sediment

erosion.

5.3 Lutocline

The transition from the upper water column to the fluid mud, sometimes charac-

terized by a four- to five-order of magnitude sediment concentration gradient, is the

zone of maximum settling velocity and minimum vertical mixing (Ross, 1988). This

sharp sediment concentration gradient layer is termed the lutocline. The lutocline

separates the water column into two reasonably well-defined zones: the near-bottom,

non-Newtonian fluid mud characterized by high suspended sediment concentration,

hindered settling, turbulence damping, and a sediment-modified velocity profile; and

the overlying fluid suspension zone generally characterized with a suspended sediment

concentration less than 10 g/L3, free or flocculation settling, higher level of turbulence

and near-Newtonian flow properties (Jiang, 1999).

Lutocline genesis, growth, and decay is governed by the dynamic interaction be-

tween the counteracting processes of turbulent mixing and gravitational settling. Lu-

toclines occur because sediment, being heavier than water, tries to settle out under

quiescent conditions. Due to settling velocity differences between the flocculation

and hindered settling regimes, fine sediment concentrates at a sharp, high concen-
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tration interface. Turbulent eddies impinging on the interface exchange packets of

sediment-laden fluid. However, vertical mixing is damped due to the buoyancy force

because work must be done to raise heavy fluid packets and lower the lighter fluid

packets. Due to the potential energy difference of each packet with its surroundings,

they are returned to near origin levels with only modest mixing. Thus, additional

work (the change in kinetic energy per unit mass) is required to keep the sediment

in suspension and overcome cohesion and interactions between flocs. The resulting

stable stratification, termed buoyancy or gravitational stabilization, causes damping

of turbulent mass and momentum diffusion across the upper interface of the fluid mud

layer resulting in minimal vertical mixing (Fischer et al., 1979). When the magnitude

of shear production exceeds the static stability of the fluid susupension due to vertical

buoyancy flux, upward diffusion, which is dependent on the degree of stratification

and relative turbulent intensity, becomes the dominant mixing mechanism. The dif-

fusion process causes the lutocline to rise due to water entrained from above diluting

the suspension (Kranenburg and Winterwerp, 1997).

Correct portrayal of the lutocline, the low-sediment concentration suspension layer

in the upper water column that forms above the fluid mud, requires the concept

of turbulence damping (or buoyancy stabilization). Buoyancy-induced stabilization

of vertical mixing in the fluid mud reduces mass diffusion which is a function of

vertical eddy diffusion. The most commonly applied expression of vertical variations

in eddy diffusivity is the formulation given by Rouse (Vanoni, 1975). By following

von Karman’s assumptions of a linear shear stress distribution with depth leading
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to a logarithmic velocity profile, the following expression for eddy diffusivity under

neutral conditions is found:

εzo = κu∗hσ(1 − σ) (5.1)

where h = η-b is the depth of flow, κ=0.41 is von-Karman’s constant, σ=(z-b)/h, and

u∗=
√

τb/ρ is the shear velocity, with τb the bed shear strength and ρ the fluid density

above the fluid mud. While this expression may be sufficient for describing turbulent-

logarithmic, uni-directional flows, it does not describe highly oscillatory flows (Ross,

1988). When buoyancy-induced stabilization is a factor and assuming that eddy fluxes

of mass can be related to mean gradients through a single eddy-mixing coefficient, the

vertical eddy diffusion coefficient is modified using the approach described by Munk

and Anderson (1948) shown in Eq. 5.2,

εz = εzo (1 + α1Ri)
−β1 (5.2)

where α1 and β1 are empirical coefficients and Ri is the Richardson number. The

Richardson number is a measure of vertical stability based on the ratio of local density

gradient (vertical buoyancy flux), which dampens turbulence, to mixing energy from

turbulent shear stress (velocity shear), which generates turbulence. The Richardson

number thus provides an index of the tendency of the water column to either mix

(weak stratification) or resist mixing (strong stratification). The Richardson number

is given by

Ri =
−g

ρ

∂ρ

∂z

(

∂u

∂z

)−2

(5.3)
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Maa and Mehta (1987) found the eddy mass diffusion coefficient for the upper water

column above the fluid mud layer ranged from 2 x 10−6 to 4 x 10−5 m2/s. Within

the fluid mud, the mass diffusion coefficient was found to be on the order of 1 x 10−6

m2/s.

5.4 Erosion and Entrainment of Cohesive Soils

There is no comprehensive theory regarding the erosion and deposition of cohe-

sive soils; erosion equations are all empirical. Principal factors controlling erosion of

cohesive sediment beds are bed shear stress, sediment composition, pore fluid com-

position, eroding fluid composition and bed structure (deposition and stress history)

(Hayter, 1983). During the increasing velocity periods of the ebb and flood tides,

high bed shear stresses reduce effective stresses within the bed sediments leading to

reduced shear strength of the bed sediments. If shear stresses are sufficiently large,

continuous inter-particle contact ceases, effective stresses of the bed are destroyed and

a fluid mud suspension is formed. Inasmuch as the hydrodynamic boundary effect is

confined to a layer of relatively small height over the bed, the fluidized mud is not

easily entrained into the upper water column unless a current-generated shear stress

exceeds a critical value to entrain fluid mud into the upper water column. If shear

stresses are sufficiently large, bed sediments are directly mixed into the upper water

column (Ross, 1988).

After a fluid mud layer is formed, either from high erosion or deposition rates,

re-entrainment of this high concentration sediment suspension can occur due to flow
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shear at the upper fluid mud interface. The position of the interface between the

upper low concentration layer and the fluid mud layer may change greatly due to

re-entrainment and deposition. In a tidally influenced estuary, sediment is deposited,

resuspended and deposited again without ample time for complete consolidation. The

top several centimeters of the soil are critical, as this is generally the extent of the

erosion over shorter time periods, e.g. days. For this situation, an increase in the bed

shear strength with depth is significant, as opposed to riverine applications where a

bed may be expected to undergo only erosion of a consolidated bed (Yan, 1995).

Research suggests that the critical entrainment stress threshold varies with the

spring-neap cycle (Kirby, 1986; Clarke and Elliot, 1997). On the approach to neap

tides where currents are less energetic, the erosion threshold was observed to increase

due to consolidation of the sediment bed. The opposite was observed during the tran-

sition to spring tide. The cumulative effect of consolidation due to spring-neap tidal

phasing was found to lead to net sedimentation, since the deposited material hardens

with time and becomes less erodible. Once eroded from the bed, cohesive sediment is

transported as suspended load by the estuarial flow. The transport is a result of ad-

vection, turbulent diffusion (driven by the spatial suspended sediment concentration

gradients), and longitudinal dispersion (driven by spatial velocity gradients) (Ippen,

1966).

Ariathurai (1974) presented a formula for surface erosion rate by fitting experi-

mental plots of erosion rate versus applied shear stress:
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E = Ec

(

τb − τc

τc

)n

, (τb ≥ τc) (5.4)

where Ec and n are, respectively, the empirically derived surface erosion rate constant

and power coefficient, τb is the applied bed shear stress, and τcr is the critical surface

erosion shear stress for a consolidated bed.

One expression for the rate of entrainment for very soft, partially consolidated

soils found in the upper few centimeters of the bed is:

E = Eoexp[α(τb − τcr)
0.5] (τb > τcr) (5.5)

where Eo and α are empirical coefficients, τb is the applied bed shear stress, and τcr

is the bed shear strength for erosion of a partially consolidated beds (Mehta et al.,

1982; Parchure and Mehta, 1983).

Hwang and Mehta (1989) presented a relationship between critical shear stress for

surface erosion and the wet bulk density of the bed,

τb = a(ρwb − ρl)
b + c (5.6)

where ρwb is the wet bulk density with a, b, c and ρl determined by field data. Nichol-

son and O’Connor (1986) proposed an expression for critical shear stress dependent

upon the dry bulk density,

τb = τef + A(ρb − ρf )
B (5.7)

where τef is the critical shear stress of a freshly deposited bed, ρf and ρf are the
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dry bulk density of bed and freshly deposited bed, respectively, and A and B are

empirically-derived constants.

5.5 Settling Velocity

Unlike cohesionless sediments where settling velocity is a primarily a function

of particle diameter, the settling velocity of cohesive sediments depends on sediment

concentration, salinity and turbulence, all of which affect the rate and degree of aggre-

gation (Krone, 1962). Sediment concentration affects aggregation due to differential

settling and Brownian motion. In saline conditions encountered in estuaries, repul-

sive electrochemical surface forces are suppressed and clay particles coagulate to form

flocs. The systematic build-up of flocs as occurs in estuaries is defined as aggregation.

Turbulence limits the size of aggregates as a result of fluid shearing (Mehta and Dyer,

1990).

The settling velocity, ws, can be divided into three sub-ranges in terms of con-

centration. At low sediment concentrations, the rate of aggregation is negligible and

individual sediment particles do not physically interfere with each other while set-

tling. This is defined as free settling. For cohesive sediments, the free settling upper

concentration limit is in the range of 300 to 500 mg/L (Krone 1962). For a particle

with a diameter d settling in a viscous fluid with viscosity ν, the free settling velocity

is

ws =

[

4

3

gd

CD

(ρs − ρw)

ρw

]1/2

(5.8)

where ρs and ρw are the sediment and fluid densities respectively and CD the drag
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coefficient which is function of the Reynold’s Number (R = wsd/ν) and the shape

of the particle. Fine sediment particles in dispersed conditions usually fall within

the Stokes’ settling range (R<0.1) and for spherical particles, CD = 24/R. However,

the shape of a cohesive sediment particle is generally plate-like, with a large ratio of

surface area to volume. This results in a higher drag coefficient (Ross, 1988).

At moderate suspended sediment concentrations (approximately 400 to 3,000

mg/L), there is an increase of interparticle collisions in suspension that increases

the likelihood that particles will coagulate into flocs. The three principal mechanisms

of interparticle collisions are Brownian motion, internal shearing produced by local

velocity gradients in the fluid, and differential sedimentation that results from the fact

that particles of different sizes have different settling velocities. Settling velocity of

flocs increase with increasing suspended sediment concentration due to the formation

of stronger, denser and larger flocs (Hayter, 1986). This is the so-called enhanced or

flocculated settling range, generally assumed to behave in a power-law form, i.e.,

ws = k1c
n1

s (5.9)

where k1 and n1 are fitted constants. According to Teeter (1983) and Mehta (1986),

n1 should be in the range of 1 to 2 but should tend towards 4/3.

When sediment in suspension exceeds the flocculation settling range (about 3,000

to 10,000 mg/L), the mean sediment settling velocity begins to decrease with increas-

ing suspended sediment concentration due to an aggregated particulate network of

the fluid mud that inhibits the upward escape of the interstitial water present within
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the fluid mud deposits. This region of increasing suspended sediment concentration

defines the upper boundary of the fluid-mud where there is hindered settling and a

corresponding decrease in the net downward vertical flux (Ross 1988). Richardson

and Zaki (1954) account for the hindered settling velocity as follows,

ws = wso(1 − k2cs)
n2 (5.10)

where wso is a reference settling velocity, k2 and n2 are empirical coefficients that

depends on the sediment composition.

In the limiting case when sediment concentrations are small, the effects of floccu-

lation settling can be ignored, and the eddy diffusivity for channel flow can be defined

as Eq. 5.11, the steady-state vertical profile of suspended sediment is defined by the

Rouse profile,

cs = ca
s

(

a(η − z)

z(η − a)

)Ro

(5.11)

where ca
s represents the reference sediment concentration a distance a above the bed

(typically 5 percent of the depth) and Ro=ws/κu∗ is the Rouse number. In the

absence of buoyancy effects, the Rouse Number equals zero and cs is computed to

decrease smoothly with height above bottom. This is in agreement with conventional

sediment transport theory where flocculation and hindered settling effects are ignored

and lutocline formation above the bed is not predicted.

The boundary condition at the near-bottom reference elevation at z=a, corre-

sponds to a prescribed flux condition,

− wscs − εz
∂cs

∂z
= E − D (5.12)
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At steady state, the deposition flux equals the entrainment flux, therefore the

entrainment can be expressed as a function of the Rouse number:

E = ca
sws

(

a(H − z)

z(H − a)

)Ro

(5.13)

5.6 Deposition

A relationship for the depositional flux related to the settling flux can be written

as

D = pDwscs (5.14)

where pD can be interpreted as an attachment probability and represents the fraction

of settling sediment within the fluid mud that is incorporated into the bed matrix

(Krone, 1962). The attachment probability can be expressed as

pD = 1 −

(

τb

τcd

)

(τb ≤ τcd) (5.15)

where τcd is the critical shear stress for full deposition.

138



Chapter 6

One-Dimensional Modeling of

Sedimentation Processes Modified

by Fluid Mud

The literature indicates that the occurrence of fluid mud is common in deep es-

tuaries (Parker and Kirby, 1982; Kirby, 1986; Clarke and Elliot, 1998). Is there a

minimum water column depth where the effects of fluid mud should be considered?

That is, for a shallow estuary like Newport Beach, does a 2D evaluation of sedi-

ment transport need to consider modification of entrainment, mixing and settling

parameters due to the existence of a fluid mud layer? To examine this question, a

one-dimensional (1D) numerical model was developed that includes parameterization

options for characterizing bed shear induced sediment entrainment, turbulence damp-
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ing of vertical mixing, and free, flocculated or hindered settling velocity regimes. The

1D model was tested against known forms of the governing equation having exact

solutions. Gridding requirements were checked for various combinations of linear and

non-linear parameterization. Model predictions were verified using suspended sed-

iment concentration profiles from the Severn Estuary, a deep estuary in England.

Finally, the model examined Newport Bay, a shallow estuary to see if generation of

a fluid mud layer would be expected to be produced.

6.1 Model Development

The 1D model predicts suspended sediment concentration in terms of a steady

or unsteady balance between the upward flux of sediment as a result of turbulent

mixing and the downward flux of suspended sediment due to the fall velocity of the

sediment particles, with the fluxes modified appropriately in the presence of fluid

mud. Changes in bed elevation or density changes in the fluid mud due to the pro-

cesses of deposition and entrainment are not considered. Instead, a high sediment

concentration is assumed at a reference level slightly above the bed which acts as

a reservoir of material where sediment is deposited or entrained depending on the

settling velocity, bed shear, and critical shear strength of the sediment. For a con-

trol volume V with surface S, Reynolds transport equation applied to the mass of

sediment gives the integral form of the sediment transport equation,

∂

∂t

∫

V

csdV +
∫

S

Fs · n dS = 0 (6.1)
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where cs is sediment concentration, Fs is the sediment flux through the control sur-

face S, and n is the unit outward normal vector. The sediment flux accounting for

advection, settling and eddy diffusion is,

Fs = (u− wsk)cs − Ds∇cs (6.2)

where u = ui + vj + wk, u, v, and w are the velocity components in the x, y, and

z directions, respectively, i, j, and k are unit vectors in the x, y, and z directions,

respectively, ws is the settling velocity, Ds is the eddy diffusion second rank tensor

for sediment, and ∇ is the gradient operator.

The eddy diffusion tensor is diagonal and its elements are εx, εy, and εz, where

the subscript indicates the direction of each component. The differential form of the

sediment transport equation is obtained by applying Gauss’ divergence theorem to

the second term on the left hand side of Eq. 6.1 to convert the surface integral to

a volume integral and then grouping all terms under the volume integral. Since the

integral must be zero for all V for which cs is a continuous differentiable function, the

integrand must be zero on a pointwise basis. That is,

∂cs

∂t
+ ∇ · Fs = 0 (6.3)

where ∇· is the divergence operator. Expanding Eq. 6.3 into scalar form yields,

∂cs

∂t
+

∂

∂x
(ucs)+

∂

∂y
(vcs)+

∂

∂z
[(w−ws)cs] =

∂

∂x

(

εx
∂cs

∂x

)

+
∂

∂y

(

εy
∂cs

∂y

)

+
∂

∂z

(

εz
∂cs

∂z

)

(6.4)
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The vertical component of the sediment transport equation (Eq. 6.3) is:

∂cs

∂t
−

∂

∂z
(wscs) =

∂

∂z

(

εz
∂cs

∂z

)

b < z < η (6.5)

where b is the elevation of the top of the bed and η is the free surface elevation.

Boundary conditions and are required to solve the sediment transport equation.

The vertical dimension is bounded from above by the air/liquid interface. The bound-

ary condition at the air/liquid interface, z = η, corresponds to a no-flux condition,

−wscs − εz
∂cs

∂z
= 0 (6.6)

The boundary condition at the bottom defined by the liquid/bed interface at z = b,

corresponds to a prescribed flux condition,

− wscs − εz
∂cs

∂z
= E − D (6.7)

where the sediment exchange consists of an upward flux of bed sediment, E, into the

water column and a downward depositional flux D of suspended sediment returning

to the bed sediment reservoir.

6.2 Numerical Solution Formulation

The vertical component of the sediment transport equation (Eq. 6.3) can be writ-

ten as:

∂C

∂t
+

∂Fa

∂z
+

∂Fd

∂z
= 0 (6.8)

where the advective flux, Fa, is given by

Fa = −wsCs (6.9)
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and the diffusive flux Fd for sediment is given by,

Fd = −

(

εz
∂Cs

∂z

)

(6.10)

with εz the eddy diffusivity in the z-direction. A staggered grid is employed to solve

the finite volume formulation of the sediment transport equation given by Eq. 6.8

where sediment concentrations, settling velocity, and density are calculated at the

middle of each cell and advective and diffusive fluxes are calculated at the boundaries.

Each cell is numbered at its center with index j and cell boundaries at half integer

j+1/2. The upper boundary of the top cell defines the free surface. The lower

boundary of the bottom cell defines the bed bottom (or reference elevation above the

bottom). Diffusive fluxes are discretised by the finite difference method. Advective

fluxes are discretised using flux limiters which are non-linear interpolations.

The discretization of the transport equation using the generic concentration and

settling velocity parameters C and w respectively is:

Cn+1
j − Cn

j

∆t
+ (1 − θ)

Fa
n
j+1/2 − Fa

n
j−1/2

∆z
+ (θ)

Fa
n+1
j+1/2 − Fa

n+1
j−1/2

∆z

+
1

2

Fd
n
j+1/2 − Fd

n
j−1/2

∆z
+

1

2

Fd
n+1
j+1/2 − Fd

n+1
j−1/2

∆z
= 0 0 < θ < 1 (6.11)

where θ is the temporal weighting factor for advection, and

Fa
n
j+1/2 = Fa

n
j+1 −

1

2
φn

j+1δFa
n
j+1 = Fa

n
j+1 −

1

2
φn

j+1(
Fa

n
j+2 − Fa

n
j

2
) (6.12)

Fa
n+1
j+1/2 = Fa

n+1
j+1 −

1

2
φn

j+1δFa
n+1
j+1 = Fa

n+1
j+1 −

1

2
φn+1

j+1 (
Fa

n+1
j+2 − Fa

n+1
j

2
) (6.13)

Fd
n
j+1/2 = εz

n
j+1/2

Cn
j+1 − Cn

j

∆z
=

1

2
(εz

n
j + εz

n
j+1)

Cn
j+1 − Cn

j

∆z
(6.14)

143



Fd
n+1
j+1/2 = εz

n+1
j+1/2

Cn+1
j+1 − Cn+1

j

∆z
=

1

2
(εz

n+1
j + εz

n+1
j+1 )

Cn+1
j+1 − Cn+1

j

∆z
(6.15)

with φ, the flux limiter,

φ =
4(Cj+1 −Cj)

(Cj+1 − Cj−1)
0 ≤ φ ≤ 1 (6.16)

Substituting these values into (Eq. 6.11) yields:

Cn+1
j +

θ∆t

∆z
[−wn+1

j+1 Cn+1
j+1 + φn
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1

4
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j−1 Cn+1
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−
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n+1
j+1 + εz

n+1
j )(Cn+1

j+1 − Cn+1
j ) − (εz

n+1
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j−1 )(Cn+1

j − Cn+1
j−1 )]

= Cn
j −

(1 − θ)∆t
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[−wn

j+1C
n
j+1 + φn

j+1

1

4
(wn

j+2C
n
j+2 − wn

j Cn
j )

+wn
j Cn

j − φn
j

1

4
(wn

j+1C
n
j+1 − wn

j−1C
n
j−1)]

+
∆t

4∆z2
[(εz

n
j+1 + εz

n
j )(Cn

j+1 − Cn
j ) − (εz

n
j + εz

n
j−1)(C

n
j − Cn

j−1)] + 0 (6.17)

The two independent variables, z and t, denote the vertical space coordinate and time,

respectively, using j subscript to represent z-directions grid index and n superscript

to denote the number of time intervals that have elapsed where j, n = 1,2,3, etc.

Boundary Conditions

For the second cell below the free surface, assume Fa=0 and wsC=0 above the

free surface when computing the slope δF , then (Eq. 6.17) becomes

Cn+1
N−1 +

θ∆t

∆z
[−wn+1

N Cn+1
N + φn

N

1

4
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(wn+1

N Cn+1
N )]
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For the top cell right below the free surface, assume Fa=Fd=0 at the free surface

and the slope δF is limited assuming F=0 above the free surface. Then (Eq. 6.17)

becomes
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For the first cell above the bottom boundary, assume

δFa = Faj+1 − Faj (6.20)

δFd = E −D (6.21)

where D and E are the depositional and entrainment fluxes respectively. Then

(Eq. 6.17) becomes
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6.3 Parameterization of Buoyancy-Induced Stabi-

lization

The buoyancy-induced stabilization of vertical mixing in the fluid mud, as previ-

ously described in Equation 5.2 is,

εz = εzo (1 + α1Ri)
−β1 (6.23)

where Ri is the Richardson number, α1 and β1 are empirical coefficients, and εzo is the

eddy diffusivity under neutral conditions given by the commonly applied expression

of vertical variation in eddy diffusivity (Rouse, 1937) based on a linear shear stress

distribution with depth leading to a logarithmic velocity profile,

εzo = κu∗hσ(1 − σ) (6.24)

For the mathematical expression for the Richardson number,

Ri =
−g

ρ

∂ρ

∂z

(

∂u

∂z

)−2

(6.25)

the local density gradient is discretised as
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∂ρ(j)

∂z
=

(ρs − ρw)

ρs

(Cj −Cj−1)

∂z
(6.26)

for ρs and ρw, the density of sediment and water, respectively. Velocity shear is

parameterized as

(

∂u

∂z

)

= (û/H) (6.27)

where û is the time-averaged velocity in turbulent flow parameterized as

û = ū0

(

1 +
(0.003)0.5

κ

)

(6.28)

ū0 the maximum surface tidal stream velocity.

6.4 Model Testing

Special forms of the governing equations having exact solutions were used to test

the accuracy of the numerical formulation.

Test Case 1: Harmonically-Varying Velocity Field with Con-

stant Eddy Diffusivity

This numerical solution was first compared to an exact solution for the unsteady

flow case derived by Dobbins (1952) that is based on the assumption of a harmonically-

varying velocity field with a constant eddy diffusivity ε, constant settling flux ws and
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constant entrainment flux. The analytical solution to Eq. 6.5 is

c = Ae−wy/ε + (co − A)e−0.5wy/ε ∗
∞
∑

t=1

2α2
nw exp[−(α2

nε + 0.25w2/ε)t]Yn

(α2
nε + w

4ε
)[(α2

nε + w2

4ε
)h + w

ε
]

(6.29)

where A is the concentration at the sediment bed at t = ∞, h is the depth of water,

and α is defined in the following relationship:

2 cot(hα) =
hα
wh
4ε

−
wh
4ε

hα
(6.30)

where Yn is given by:

Yn = cosαny +
w

2εαn
sin αny (6.31)

The vertical component of the sediment transport equation given by Eq. 6.5 has

four boundary conditions, two of which specify the conditions that prevail at the

surface, z=η, and at the bed, z=0; and two that specify the original and the final

distribution of the suspended sediment. There is no transport of material across the

surface so the first boundary condition at z=η is:

ε

(

∂cs

∂z

)

η

= −wscη (6.32)

At the equilibrium condition the rate of entrainment at the bed equals the rate of

deposition wsc0 and the second boundary condition is:

ε

(

∂cs

∂z

)

0

= −wsc0 (6.33)

where the minus sign accounts for the fact that the pickup is positive when the

concentration gradient is negative.
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For the third boundary condition, the initial vertical profile of suspended sediment

is defined by the Rouse profile (see Eq. 5.11). The fourth boundary condition is the

distribution of the sediment concentration as t approaches infinity. If it is assumed

that ε is constant down to the top of the bed, the final concentration distribution is,

c = c0e
−wzε−1

(6.34)

where c0 is the concentration at the bed (Dobbins, 1943) defined in this example

as 2.0 kg/m3. Buoyancy stabilization was simulated using Eq. 5.2 with α1=0.5 and

β1=10. The mean particle diameter was defined as 10 µ. For the settling veloc-

ity/concentration relationships given by Equations 5.9 and 5.10, k1= 0.51 × 10−3

m/s, n1=1.29, wso= 2.6 × 10−3, k2=0.80 × 10−2 and n2=4.65. Eq. 5.5 was used for

the bed entrainment with α = 2.5 (N/m2)−1/2 and Eo= 2.4 × 10−6 kg/m2s. The

critical shear stress for entrainment was defined as τ cr = 0.20 Pa and the shear stress

for deposition set at τ ci as 0.10 Pa. The horizontal velocity was defined as a harmonic

function with the maximum surface velocity of 1.5 m/s and mean water column depth

of 21 meters. The numerically predicted concentrations with depth are plotted in Fig-

ure 6.1 against the Dobbins exact analytical solution for model durations of 10, 40,

100 and 400 seconds. The predicted results are identical to the exact solution for the

model durations 40, 100 and 400 seconds.

Test Case 2: Steady Flow with Quadratic Eddy Diffusivity

The numerical model was then tested in a second case involving steady flow with

a quadratic expression (Rouse profile) for eddy diffusivity (Equation 6.24). The
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Figure 6.1: Case 1: The numerical model correctly predicts sediment concentrations
at model durations of 10, 40, 100 and 400 seconds for an unsteady flow regime with
constant eddy diffusivity.
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quadratic form for the eddy diffusion is appropriate when sediment concentrations

are small and the effects of flocculation settling can be ignored. For Case 2, the en-

trainment flux at the reference elevation, a, is assumed equal to the settling flux based

on the particle velocity of the first grid cell. The model was run with a maximum

surface tide velocity of 1.5 m/s, an initial sediment concentration of 1.0 kg/m3 at a

reference elevation of 0.001H, sediment settling velocity of 0.001 m/s, and a mean

depth of the estuary of 21 meters. A modeling duration of 64,000 seconds was used

with a time step of 25 seconds. Figure 6.2 shows that for an initial sediment concen-

tration defined by the Rouse steady-state sediment profile (with number of grid cells

N = 320), the numerical solution coincides with the exact solution.

Based on the model’s success with these special forms, the next section examines

the level of process representation needed to accurately simulate the development of

the fluid mud.

6.5 Evaluation of Grid Resolution and Process For-

mulation

Toward the goal of determining whether a fluid mud layer in Newport Bay is an

important feature relative to sediment (and FIB) transport, this section examines the

relative importance of using entrainment, mixing and settling parameters modified to

account for the existence of a fluid mud layer. The following six scenarios, consisting

of various combinations of linear and non-linear processes (see Table 6.1), were con-
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Figure 6.2: Case 2: The numerical model correctly predicts the suspended sediment
concentrations for a steady flow regime with a quadratic parameterization for the
eddy diffusion, a constant sediment settling velocity and a constant entrainment flux.
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Sedimentation Linear Non-linear
Process Parameterization Parameterization

[1] [2]
Eddy Diffusion Quadratic Buoyancy-stabilized

Settling Velocity Constant Function of sediment concentration
Entrainment Equal to settling flux Function of bed shear

Table 6.1: Types of linear and non-linear parameterizations used in the 1D modeling
for the processes of eddy diffusion, settling velocity and entrainment.

sidered. The numbers in brackets are used as a shorthand reference for characterizing

each scenario.

1. Scenario A [1,1,1]: Quadratic eddy diffusion, constant settling velocity, and

entrainment flux equal to the settling flux.

2. Scenario B [1,2,1]: Quadratic eddy diffusion, settling velocity a function of

concentration, and entrainment flux equal to the settling flux.

3. Scenario C [1,1,2]: Quadratic eddy diffusion, constant settling velocity, and fluid

mud entrainment/deposition a function of bed shear.

4. Scenario D [2,1,1]: Buoyancy-stabilized diffusion, constant settling velocity, and

entrainment flux equal to the settling flux.

5. Scenario E [1,2,2]: Quadratic diffusion, settling velocity a function of sediment

concentration, and fluid mud entrainment/deposition a function of bed shear.

6. Scenario F [2,2,2]: Buoyancy-stabilized diffusion, settling velocity a function

of sediment concentration, and fluid mud entrainment/deposition a function of

bed shear.
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Two cases are considered: a steady velocity condition and a case with a harmonically-

varying stream velocity, as follows.

Case 1: Constant Stream Velocity

The first case assumes a constant velocity of 1.5 m/s, stream depth of 21 meters,

mean sediment diameter of 10 µm, a critical shear stress for entrainment of 0.2 Pa,

and a critical shear stress for deposition of 0.1 Pa. For those scenarios involving en-

trainment as a function of bed shear, the entrainment parameterization for a partially

consolidated bed case used Eq. 5.5 with Eo equal to 2.4 × 10−6 kg/m2s and αe equal

to 2.5 (N/m2)−1/2.

Case 2: Harmonically-Varying Stream Velocity

Case 2 use the same values for all parameters as Case 1 with a harmonically-varying

velocity (maximum velocity of 1.5 m/s).

Grid Resolution

Before considering the relative importance of each of these scenarios, grid reso-

lution requirements were first examined. A reference solution was defined assuming

that non-linear parameterizations for settling, entrainment and mixing are required,

e.g., Scenario F, with a resolution of N=320 grid cells. Cases 1 and 2 were run five

times with the following progressively finer grid resolutions: N= 10, 20, 40, 80 or

160. The results of each run were compared to the reference solution and the relative
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Number of Case 1 Case 2
Grid Cells

10 4.7% 4.4%
20 4.0% 4.0%
40 3.2% 3.3%
80 2.3% 2.6%
160 1.3% 1.5%

Table 6.2: L2 errors using Scenario F parameters with a progressively finer grid
resolution as compared to the reference solution (Scenario F, N=320).

errors was calculated as an L2-norm. (The L2 norm of a vector is the square root

of the sum of the absolute values squared.) Results for Cases 1 and 2 are shown in

Figures 6.3(a) and 6.3(b), respectively As expected, error progressively decrease with

finer grid resolution. The L2 errors for the steady velocity case and the harmonically-

varying velocity case with N=160 are approximately 1.3% and 1.5% respectively (see

Table 6.2. For the process evaluations in the next section, grid resolution was set at

N=320.

Processes Evaluation

The 1D model was then run to evaluate the process combinations defined as

Scenarios A, B, C, D and E with a grid resolution of N=320. As before, the reference

solution was defined as Scenario F run with N=320 grid cells. Table 6.3 shows the

calculated L2 errors.

For Case 1, Scenario B, which incorporates settling velocity a function of con-

centration, shows a somewhat improved accuracy compared to the base scenario,

Scenario A (L2 error equals 9.1% vs. 16.5%), which assumes a constant settling ve-
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Scenario Case 1 Case 2
Scenario A 16.5% 54.2%
Scenario B 9.1% 39.0%
Scenario C 160% 145%
Scenario D 16.5% 51.9%
Scenario E 1.5% 3.1%

Table 6.3: L2 errors of Scenarios A-E with N=320 as compared to the reference
solution (Scenario F, N=320).

locity. There is considerable improvement under Scenario E (3.1%), which includes

a non-linear parameterization for entrainment/deposition a function of bed shear in

combination with settling velocity a function of concentration. Note that in Scenario

C which has the non-linear parameterization for entrainment/deposition without the

settling velocity a function of concentration, there is a L2 error higher than the base

scenario.

Case 2 shows the same relative relationship among the scenarios. However, as

opposed to Case 1 where even Scenario A provided a reasonably accurate prediction,

only Scenario E for Case 2 provided good results. For the harmonically-varying

velocity case, non-linear parameterization for entrainment/deposition and settling

velocity as a function of concentration, are required as a minimum.

6.6 Model Verification Using Suspended Sediment

Data from the Severn Estuary

The predictive ability of the vertical transport model was tested using suspended

sediment concentrations measurements from a 1982 study of the Severn Estuary, Eng-

156



land (Kirby, 1986). Figures 6.4 and 6.5 compares model predictions with measured

suspended sediment concentrations at Hours 0000, 0130, 0200 and 0300. Buoyancy

stabilization was simulated using Eq. 5.2 coefficients selected for a bay mud: with

α1=0.5 and β1=12 (Partheniandes, 1965). For the settling velocity/concentration re-

lationships given by Equations 5.9 and 5.10, k1= 0.66 × 10−3 m/s, n1 =1.26, wso =

2.6 × 10−3, k2=0.80 × 10−2 and n2=4.65. Eq. 5.5 was used for the bed entrainment

with α = 3.1 (N/m2)−1/2 and Eo= 3 × 10−6 kg/m2s. The critical shear stress for

entrainment was defined as τ cr = 0.27 Pa and the shear stress for deposition set at

τ ci as 0.13 Pa. The horizontal velocity was defined as a harmonic function with the

maximum surface velocity of 1.5 m/s and mean water column depth of 24 meters.

The model correctly portrays the highly differentiated suspension with a dense sus-

pended sediment layer formed adjacent to the bed during accelerating flows and an

overlying water column virtually stripped of suspended sediment. At Hour 0130 the

model simulates the beginning of the thickening of the lutocline which disappears by

Hour 0300. Notice the irregularity of the bed entrainment with a very high sediment

concentration layer that rises 1 to 3 meters above the bed with plumes of sediment

with concentrations greater than 500 mg/L rising into the water column.

This model was then rerun using parameters that typify Newport Bay: mean

water depth of 7 meters and maximum tide velocity of 1 m/s. The critical shear

stress for entrainment was defined as τ cr = 0.54 Pa (see Chapter 7). Entrainment

coefficients for Eq. 5.2 were adjusted to be reflective of estuarial mud with α = 2.4

(N/m2)−1/2 and Eo= 2.5 × 10−5 kg/m2s (Thorn and Parson, 1977).
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Figure 6.6 shows that during a period of increasing tide velocities (during a spring

tide), a suspended sediment concentration layer of ∼ 50 mg/L, with thickness of about

10 cm layer, forms above the bed. In Figure 6.7, tide velocities are decreasing and

the suspended sediment concentration layer above the bed disappears. It appears

from this modeling that with increasing tide velocity, bed shear due to tides may

be sufficient in Newport Bay to entrain bed sediments into the water column with

subsequent deposition (at a different location due to transport) as tide velocities

decrease.
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(a) Case 1: Steady Stream Velocity
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Figure 6.3: Steady Flow: Relative error with respect to number of grid cells compared
to Scenario F with N=320 cells for steady flow velocity (Case A) and harmonically-
varying flow velocity (Case B).
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Figure 6.4: Predicted versus measured suspended sediment concentrations as Hours
0000 and 0100.
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Figure 6.5: Predicted versus measured suspended sediment concentrations as Hours
0200 and 0300.
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Figure 6.6: Predicted development of a layer of higher concentration suspended sed-
iment above the bed as tidal flow velocity increases during a Spring tide for a water
column depth of 7 meters and critical shear stress, τcr, equal to 0.54 Pa.
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Figure 6.7: Predicted disappearance of suspended sediment layer with decreasing
tidal velocity.
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Chapter 7

Fine Sediment Entrainment in

Newport Bay

This chapter examines two basic questions. Is sediment erosion an important

contributor to dry-weather water quality, e.g, FIB, impacts? And if so, what reaches

of the bay are subject to erosion and what areas of the bay are impacted by the

transport of this material in suspension?

From an environmental perspective, the importance of quantifying dry-season

entrainment of bed sediments into the water column is three-fold: (1) suspended

sediments can be a water quality concern as turbidity caused by suspended sedi-

ment particles can restrict the penetration of sunlight to the detriment of aquatic

biotic, e.g., eel grass, (2) heavy metals, pesticides and nutrients readily adsorb to fine

sediment facilitating pollutant transport and potentially increasing pollutant bioavail-

ability (Preston et al., 1972; Kirby and Parker, 1973; Hayter, 1986; Yan, 1995), and
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(3) studies have noted a complex web of processes that influence the distribution

of bacteria in estuaries including sedimentation and resuspension, and regrowth on

sediments, flushing by ocean water, die-off, predation, vegetation, and debris (Sav-

age, 1905; Goyal et al., 1977; Roper and Marshall, 1979; Jensen et al., 1979; Labell

et al., 1980; Grimes et al., 1986; Thomann and Mueller, 1987; Davies et al., 1995;

Oshiro and Fujioka, 1995; Anderson et al., 1997; Byappanahalli and Fujioka, 1998;

Solo-Gabriele et al., 2000; Grant et al., 2001).

Considerable advances in predicting cohesive sediment entrainment have been

made in the past decades, however, one of the key difficulties in making accurate

predictions is the difficulty of assessing the critical shear stress for esturial bed sedi-

ments. There has been no previous testing of bay sediments to evaluate erosion rates

and bulk properties of bed sediments in Newport Bay. Previous modeling to predict

sediment transport through the bay during a storm event used literature values for

bulk density (US EPA, 2002). Therefore, to determine an appropriate critical bed

shear stress needed for predicting entrainment in Newport Bay, four core samples

(depth of 20-25 cm) were collected at the surface of the bed and an erosion rate study

of these cores was conducted (Section 7.1-7.3). An additional field study collected

suspended sediment data in the bay (Section 7.4). The 2D numerical model was then

employed to mimic tidally induced bed shear and predict suspended sediment con-

centrations based on different combinations of critical shear stress and entrainment

coefficients using an entrainment parameterization for partially consolidated bed sed-

iments (see Eq. 5.5). Predicted suspended sediment concentrations were compared
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with field measurements for determining an appropriate critical shear stress and as-

sociated entrainment coefficients (Section 7.5). In Sections 7.6 and 7.7, bed sediment

erosion over the entire Bay is modeled and evaluated.

7.1 Collection of Bed Cores

Prior to field sampling, the 2D numerical model was run over a fourteen-day period

to predict locations of the maximum bed shear stresses, τb, induced by tidal currents

in Newport Bay in order assist in identifying potential critical sampling locations.

For these numerical runs, bed shear was parameterized per Eq. 2.2.

Figure 7.1 shows two reaches within the main channel where the highest bed shears

occur. One high shear reach is within the harbor from the jetty to the center of the

harbor. The other reach starts at Coast Highway and extends two-thirds up the bay

to Station BTO5.

To simplify the field work, sampling was focused on the second reach in Upper

Bay where the bay is shallower. Four core sample sites were selected: Core 1 in the

center of the harbor west of BTO9, Core 3 at the top of the bay opposite the outlet of

San Diego Creek west of BTO4, Core 2 halfway up Upper Bay near the outlet of Big

Canyon Creek between Stations BTO5 and BTO6, and Core 4 opposite the outlet of

the Santa-Ana Delhi Channel near BTO5. (See Figure 7.2.) The sediment cores were

collected with a push coring apparatus. The water depths varied between 1.37 and

4.85 meters at the time of coring. Detailed description on the core locations and core

sampling methodology can be found in Appendix A.
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Figure 7.2: Location of Bed Sediment Samples
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7.2 Measurement of Sediment Erosion Rates and

Bulk Properties

A straight, recirculating flume, located at the Sea Engineering Laboratory in

Santa Cruz, California, was used for measuring the erosion rates for each of these

undisturbed bed sediment samples as a function of applied shear stress and eroded

core depth (see Figure 7.3). The recirculating flume method, known at Sedflume

(Sediment Erosion at Depth Flume), was developed by McNeil et al. (1996). The

flume has a test section with an open bottom through which a rectangular coring tube

(10 cm by 15 cm) containing a bay core sample was attached. The core sample was

raised into the test section flume using the hydraulic jack until the sediment surface

was even with the bottom of the flume channel. A measurement was then made of

the core length. The flume was then run at a specific flow rate corresponding to

a particular shear stress. As the sediment eroded from the surface of the core, the

piston inside the core was raised to keep the sediment sample flush with the flume bed.

Erosion rates were obtained by measuring the core length at different time intervals,

taking the difference between each successive measurement, and dividing by the time

interval. Details for the measurement methodology are provided in Appendix A.

The critical shear stress of a sediment bed, τcr, is defined quantitatively as the

shear stress at which a very small, but accurately measurable, rate of erosion occurs.

This rate of erosion has been practically defined as 10−4 cm/s. This represents 1 mm
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Figure 7.3: Sedflume Diagram
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of erosion in approximately 15 minutes. Since it is difficult to measure τcr exactly at

10−4 cm/s, erosion rates were determined above and below 10−4 cm/s. The τcr was

then determined by linear interpolation. The technique gives the τcr with at least a

20% accuracy (McNeil et al., 1996; Roberts et al., 1998).

Each core was also sub-sampled at vertical intervals to determine the water con-

tent, bulk density, and particle size distribution of the sediments. See Appendix A

for details on the sampling and analysis methodology.

7.3 Evaluation of Core Sediment

All samples were found to be heterogeneous with depth with each core having

its own character. Table 7.1 summarizes the measurement results. All core bulk

densities were measured as 1.30 g/cm3 or greater. Fluid mud has been defined as

having bulk densities less than 1.30 g/cm3, so this would indicate the core samples

should be classified as partially-consolidated sediments. However, the low critical

shear stresses fall within the range for a fluid mud.

Critical Shear Stress of Core Samples

Table 7.1 shows there is a range of critical shear stresses from 0.22 to 0.64 Pa

for the top bed sediments. Table 7.2 compares the τcr of the top bed sediments at

each of the mudcore locations to the numerically-predicted tidally-induced bed shear,

τb, at each core location (from Figure 7.1). At all of the four core locations, tide-

induced bed shear is insufficient to erode/entrain the top bed sediments. Note that
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Core-1 (Mid-Harbor) D50 ρb τcr

Depth [µm] [g/cm3] [N/m2]
0-5.4 cm 13.6 1.32 0.26

5.4-10.5 cm 10.35 1.44 1.79

Core-2 (Big Canyon D50 ρb τcr

Depth [µm] [g/cm3] [N/m2]
0-6.9 cm 17.15 1.3 0.52

6.9-11.6 cm 212.9 1.86 0.24

Core-4 (Narrows) D50 ρb τcr

Depth [µm] [g/cm3] [N/m2]
0-6.5 cm 21.9 1.33 0.22

6.5-11.3 cm 21.13 1.5 0.16

Core-3 (Unit I/III) D50 ρb τcr

Depth [µm] [g/cm3] [N/m2]
0-5.4 cm 47.76 1.4 0.64

5.4-11.3 cm 61.73 1.77 0.32

Table 7.1: Sediment Properties for the Four Cores.

Max τb Sedflow τcr

[Pa] [Pa]
Core 1 0.14 0.26
Core 2 0.38 0.58
Core 4 0.09 0.64
Core 3 0.11 0.22

Table 7.2: Critical shear stress versus bed shear.

all the core locations are located outside the main channel and therefore not subject

to the higher bed shears. The direct implication is that sediment entrainment by

tidal currents only occurs in the main channel during spring tides.

Bed Sediment Particle Sizes

Along with measuring erosion rates of the bed sediment, particle sizes were also

determined. Figure 7.4 compares the particle sizes of the top 5 cm layer from each
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Clays [%] Fine Sediment [%] Coarser Sediment [%]
Core 1 11.2 77.0 11.8
Core 2 10.1 68.1 21.8
Core 4 6.6 49.0 44.4
Core 3 9.7 56.9 33.4

Table 7.3: Percentages of sediment size classes.

core. The two southerly-most bed samples, Core 1 and Core 2, have similar profiles

with a significant amount of fines less than 10 µm. Core 2 has larger volume fractions

of particles larger than 60 µm. Core 4, located near the outlet of the Santa Ana-Delhi

Channel into Newport Bay, has significantly less fines with the peak volume fraction

at about 200 µm. The northerly-most core, Core 3, has more fine sediment fractions

than Core 4 (and similar to Cores 1 and 2), but a larger volume fraction of the large

diameter particles. Table 7.3 shows the percentages of clays (<2 µm), fine sediments

(<63 µm), and coarser materials, e.g., sands and gravels for each of the four core

samples. There are higher percentages of clays and fine sediment in the downstream

samples (Cores 1 and 2).

7.4 Suspended Sediment Field Data

A bacterial study conducted by Grant et al. (2006) involved the collection of

surface sediment samples at the BTO stations in Newport Bay. These field data were

used to check 2D model predictions for suspended sediment concentrations using an

assumed critical shear stress within the range suggested by the mudcore evaluation.

Samples were collected using a Wildco Ponar Petite Grab lowered approximately one
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meter over the side of the boat with a mechanical davit. Sediment grab samples were

emptied into a plastic tray on the deck of the boat and sub-sampled with a 50 mL

sterile plastic centrifuge tube. The 50 mL tube was immediately capped and placed

on ice in the dark. A total of four to eight samples were collected at each site over

a ten month period. The samples were analyzed for grain size distribution as fol-

lows. Archived sediment samples were retrieved from the -85 ◦C freezer and defrosted

overnight in the refrigerator. Approximately 30 grams of refrigerated sediment sam-

ple was suspended in 30 mL of 30% hydrogen peroxide and placed in the fume hood

overnight to remove the organic fraction. Each sample was then centrifuged at high

speed for 10 to 15 minutes and filtered through a 53 µm sieve to remove the sand

fraction, diluted into DI water, and analyzed using a LISST-100 particle size analyzer

(Sequoia Scientific, In., Bellevue, WA) in batch mode. Particle size were character-

ized into separate sediment size classes ranging for 1 to 230 µm.

The suspended sediment samples were collected during neap and spring tide peri-

ods. The time of the sample collection is not noted. Most of the suspended sediment

samples collected (36 of the 40 samples) have filtered suspended sediment concen-

tration between 7 to 60 mg/L (see Table 7.4). The remaining four filtered samples

had elevated total suspended sediment concentrations ranging from 97 to 442 mg/L.

These samples were collected during the rain season or after storm events so are likely

not indicative of suspended sediment concentrations in the dry season.

The filtered samples were adjusted to compensate for the missing coarser sediment

by observing the fraction of coarser sediment in the nearby mudcore samples. For

175



Station Filtered Suspended Sediment Filtered Suspended Sediment
Concentration (dry season) Concentration (rain season)

[mg/L] [mg/L]
BTO4 16-47 443
BTO5 19-58
BTO6 10-60
BTO7 19-58 158-248
BTO8 8-35
BTO9 9-44
BTO10 14-41
BTO11 7-24 97

Table 7.4: Range of suspended sediment concentrations (filtered) from samples col-
lected from January to October 2006. Samples were taken at the surface at BTO
stations along Newport Bay thalweg.

instance, the coarse sediment fraction from Table 7.3, for Mudcore 1 is 0.12, while for

Mudcore 2, the coarse sediment fraction is 0.22. Focusing on the suspended samples

collected in September 2006 when the mudcore samples were taken, Table 7.5 shows

the adjusted suspended sediment concentrations (SSC). Even with the adjustment,

the suspended sediment concentration is low, ranging from 28 to 66 mg/L.

7.5 Representative Critical Shear Stress of Main

Channel

The entrainment parameterization for a partially consolidated bed sediments can

be expressed using Eq. 5.5:

E = Eoexp[α(τb − τcr)
0.5] (τb > τcr) (7.1)

where Eo and α are empirical coefficients, τb is the applied bed shear stress, and τcr

is the bed shear strength for entrainment of the partially consolidated bed sediments.
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The 2D model was run iteratively with different critical shear stress threshold, en-

trainment parameters and settling velocities. A range of settling velocities between

0.01 - 0.03 cm/s were used based on in-situ measurements made with a laser in-situ

scattering and transmissometer (LISST-100, Type C) (Grant, 2008).

A first set of trials assumed a critical shear stress of τcr = 0.22 Pa (the critical

shear stress for Mudcore 3) using entrainment coefficients similar to those suggested

by Thorn and Parson (1977 and 1979) for estuarial mud. The model predicted total

suspended sediment mass concentrations considerably higher than measured concen-

trations. (See Table 7.6.) However, for a critical shear stress of 0.54 Pa (similar

to the critical shear stress calculated at Core Location 2), total suspended sediment

mass concentration predictions were reasonably close (but somewhat lower) to the

adjusted total mass concentration (see Figure 7.5). While additional bed sediment

samples should be collected in concert with suspended sediment concentrations within

the water column, this first estimate of the critical shear stress within the main chan-

nel of the bay represents an important advance in our understanding of Bay sediment

dynamics.

7.6 Sediment Resuspension, Transport and Depo-

sition Processes in Newport Bay

The 2D model predicts that once the tidally-induced bed shear exceeds the critical

shear stress of 0.54 Pa, the partially-consolidated bed sediments begin to be entrained
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Figure 7.5: Assuming a critical shear stress of 0.54 Pa, suspended sediment concen-
trations during a spring tide reach 40 to 45 mg/L in the reach between BTO6 and
BTO7 for assumed entrainment parameters Eo equal to 3.3 × 10−5 kg/m2s and α
equal to 4.2 (N/m2)−1/2.
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Station Filtered Total Coarse Bed Adjusted Total
Mass Concentration Sediment Fraction Mass Concentration

[mg/L] [%] [mg/L]
BTO5 19 44 44
BTO6 34 22 44
BTO7 58 12 66
BTO9 43 12 49
BTO10 25 12 28

Table 7.5: Suspended sediment concentrations (filtered) collected at the surface at
BTO Stations in September 2006 with adjustments to account for filtered coarser
sediment fraction based on evaluation of sediment bed cores collected nearby.

Trial τc Eo × 105 α BTO5 BTO6 BTO7 BTO10
[N/m2] [kg/m2s] [(N/m2)−1/2] [mg/L] [mg/L] [mg/L] [mg/L]

Measured 44 44 66 28
Modeled 0.22 7.0 5.0 300 300 250 200
Modeled 0.27 2.5 8.3 80 80 80 60
Modeled 0.30 2.0 6.9 70 50 60 50
Modeled 0.54 3.3 4.2 27 37 43 17

Table 7.6: Comparison of measured and predicted suspended sediment concentra-
tions at selected BTO stations. Modeling indicates that the critical shear stress is
approximately 0.54 Pa.

within an approximate 3,000 meter reach of the main channel from BTO7 to a point

halfway between BTO5 and BTO6. Entrainment continues during a spring tide as

the maximum bed shear approaches 1.1 Pa in some regions of the main channel.

The entrained material is advected with the tides with a low-concentration sediment

plume reaching the harbor jetty on the ebb tide and extending part way out into the

ocean (see Figure 7.6). The model shows most of the sediment plume returning back

into the harbor with the flood tide.

As the flood tide evolves, the suspended sediment plume advects up the harbor

and is split at BTO9 with most of the suspended sediment flowing up the main
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channel toward BTO4 and a portion of the suspended sediment proceeding westerly

toward BTO8 along the north side of Lido Island (Figure 7.7). Model predictions

suggest that this slug of suspended sediment does not quite get to BTO8 on a single

flood tide before the ebb tide pulls the plume back into the main channel.

The model predicts that during decelerating flow conditions, much of the sus-

pended sediment settles back onto bed along the main channel. Apparently some

sediment finds its way into the western harbor and other quiescent areas of the bay

as these areas require periodic dredging. Mudcore 1, located in the center of the

harbor somewhat west of the main channel, is composed of fine sediment with D50

sediment size ranging from 10 to 15 µm over the entire 35 cm core length. This

sediment profile may be indicative of the settlement of fine sediment in the western

area of the bay. Due to the small size and slow rate of settling, consolidation of these

very fine sediments within the quiescent regions of the bay may be expected to occur

slowly.

7.7 Discussion

Modeling results suggest that only the central section of the main stem of New-

port Bay is subject to sediment erosion by tidal currents; currents elsewhere in the

bay are too weak. Moreover, modeling results suggest that much of the suspension

falls out during the same tidal cycle, in the vicinity of the main stem, although the

finest particles may stay in suspension indefinitely and ultimately get mixed into

the neighboring ocean. From a perspective of FIB transport, these results point to
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sediment contamination within the central channel being a potentially important lo-

calized source for impacts to benthic community in that area and perhaps a potential

contributor to bay-wide water quality impacts. On the other hand, contaminate sed-

iments in quiescent parts of the harbor are unlikely to contribute to bay-wide “FIB

impairment”. An important caveat of the above analysis is that light, unconsolidated

material (e.g., biofilms) may grow at the sediment-water interface. This can create a

nutritionally favorable condition for bacterial regrowth in estuarine systems (Rhein-

heimer, 1968;Rheinheimer, 1992). These bacteria can then be mobilized throughout

the bay by tidal currents either as free bacteria, or more likely, attached to parti-

cles or flocs (Kirchman, 1983; Geesey and Costerton, 1979; Goulder, 1976; Lind and

Lind, 1991; Koske et al., 1966; Cammen and Walker, 1982; Ferguson et al., 1996),

contributing to FIB impairment as has been shown in other marine wetlands (e.g.,

Sanders et al. 2005).

A more accurate dry season model of sediment entrainment, advection, and set-

tling would require a more accurate assessment of characteristic critical shear stress

for entrainment τcr , throughout the bay. Additional bed sediment cores would be

needed within the main channel collected at key times of the lunar cycle, along with

field study to measure the evolution of the suspended sediment concentrations during

spring and neap tide periods just downstream of Coast Highway.

As a final thought, it should be stressed that the majority of sediment transport in

Newport Bay is associated with storm events, not the dry-weather conditions which

are the focus of this dissertation. Additionally, dredging is required on an ongoing
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basis because high sediment loads are shed from the San Diego Creek Watershed

resulting in significant deposits, particularly in upper Newport Bay. Nevertheless,

the results of this study show that during dry-weather periods when water-contact

recreation is heightened, the potential exists to suspend bed material and this may

contribute to FIB impairment.
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Summary

The objective of this dissertation is to advance a better understanding of two

dry-weather distributed loading mechanisms in Newport Bay that will be central to

future water quality management actions: (1) the magnitude of dry weather urban

runoff from storm drains from the hundreds of watershed areas directly tributary into

Newport Bay, and (2) the magnitude and spatial distribution of sediment resuspension

during dry-weather periods in response to tidal currents. In addition to investigating

these two dry-weather loading mechanisms, another objective of this dissertation is

to improve the characterization of tidal circulation to better understand how this

process acts to redistribute loads from storm drains and resuspended sediment.

From the investigations of this dissertation some fundamental aspects of Newport

Bay have been revealed. First, salinity measurements along the main channel from

Upper Bay to the Harbor Jetty indicate that the Bay is well mixed downstream

of BTO 5 (see Section 2.6). This allows the deployment of a 2D numerical model

which was calibrated with the salinity data. With salinity as tracer, the 2D modeling

reveals an interesting bay-wide circulation pattern. The pattern involves the exchange
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of water from the main stem of the estuary and the channel loop around Lido Island,

on the western side of the bay. Successive flood and ebb tides create a residual

circulation in the counter-clockwise direction around Lido Island, a complete circuit

taking about 3 days during a Spring tide (Sections 2.7 and 2.8). In Newport Bay,

this gives rise to a pattern of low and high salinity water parcels wrapped around

Lido Island. Occurring on a shorter time-scale, a residual circulation in the clockwise

direction can be observed around the Balboa Islands. These circulation patterns

provide a clue of sediment and pollutant transport in the harbor.

In some estuaries, a majority of sediment load may be transported as fluid mud

which can transport sorbed heavy metals, pesticides and nutrients. In Chapter 6, a

vertical, 1D model was developed to analyze near-bed sediment dynamics with the

goal of determining whether a fluid mud layer in Newport Bay may be an important

feature relative to sediment (and FIB) transport. The 1D model predicts suspended

sediment concentration in terms of a steady or unsteady balance between the upward

flux of sediment as a result of turbulent mixing and the downward flux of suspended

sediment due to the fall velocity of the sediment particles, with the fluxes modified ap-

propriately in the presence of fluid mud. Model testing indicated the importance of a

fine grid resolution with non-linear parameterizations for entrainment/deposition (as

a function of bed shear), settling velocity (a function of fluid mud concentration), and

eddy diffusivity (a function of buoyancy-stabilized diffusion). The predictive ability of

the vertical transport model was tested using suspended sediment concentrations mea-

surements from a 1982 study of the 21-meter deep Severn Estuary, England (Kirby,
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1986). The 1D model correctly portrayed the formation and thickening of a dense

suspended sediment layer formed adjacent to the bed during accelerating flows and

subsequent disappearance of this layer as flow velocity decelerated (Section 6.6). The

model was then rerun using parameters that typify the 7-meter deep main channel of

Newport Bay. Modeling indicated that conditions in Newport Bay are not favorable

for creating a significant fluid mud layer, however, bed shears developed during the

high velocity portions of a spring tide appear large enough to entrain bed sediments

within the main channel.

In Chapter 7, the importance of bed sediment erosion in Newport Bay as a po-

tential contributor to dry-weather water quality, e.g., FIB, was evaluated including

identification of reaches of the bay subject to erosion and areas of the bay impacted

by the transport of this material in suspension. A key sediment parameter, the bed

shear strength for entrainment of the partially consolidated bed sediments, τcr, was

evaluated (Section 7.5) from measured erosion rates of core samples collected within

the bay’s main channel along with field measured suspended sediment concentrations.

While additional bed sediment samples should be collected in concert with suspended

sediment concentrations within the water column, this first estimate of the critical

shear stress within the main channel of the bay represents an important advance in

our understanding of Bay sediment dynamics. Using this critical shear stress value,

2D modeling results suggest that only the central section of the main stem of Newport

Bay is subject to sediment erosion by tidal currents; currents elsewhere in the bay are

too weak (Section 7.6). Moreover, modeling results suggest that much of the suspen-
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sion falls out during the same tidal cycle, in the vicinity of the main stem, although

the finest particles may stay in suspension indefinitely and ultimately get mixed into

the neighboring ocean. From a perspective of FIB transport, these results point to

sediment contamination within the central channel being a potentially important lo-

calized source for impacts to benthic community in that area and perhaps a potential

contributor to bay-wide FIB impairment. On the other hand, contaminate sediments

in quiescent parts of the harbor are unlikely to contribute to bay-wide water quality

problems. An important caveat of the above analysis is that light, unconsolidated

material (e.g., biofilms) may grow at the sediment-water interface. This can create a

nutritionally favorable condition for bacterial regrowth in estuarine systems. These

bacteria can then be mobilized throughout the bay by tidal currents either as free

bacteria, or more likely, attached to particles or flocs, contributing to FIB impairment

as has been shown in other marine wetlands.

As opposed to entrainment of pollutants in bed sediments, a more likely source of

water quality in Newport Bay is direct inputs from urban runoff. In Chapter 3, an

original empirical model was presented to predict the magnitude of these dry-weather

flows as a function of drainage area (Sections 3.1 and 3.2). The empirical model is

developed from a combination of storm drain flow measurements and a unique study

of nearshore salinity using the 2D salinity transport model described in Chapter 2,

along with an original “trap-and-release” model to describe the intermittent release

of urban runoff from tidally flooded storm drains, to back-calculate discharge rates

from individual storm drains. This discharge formula, when applied to the drainage
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conveyances for every watershed tributary to Newport Bay indicates that the smaller

watersheds, i.e. watersheds <100 acres, which account for 95% of number of watershed

directly tributary to Newport Bay, contribute about one percent of the total dry

weather flow discharging into the bay (Section 3.3).

While small drains account for only ∼ 1.0% of the total freshwater volumetric flow

into Newport Bay on a typical dry weather day, field and modeling results presented

in Chapter 4 suggest that episodic freshwater discharges from small drains could be

a significant source of nearshore fecal pollution at Lower Bay beaches during dry

weather conditions (Section 4.3). This conclusion is supported by studies and mod-

eling showing FIB concentrations in Lower Bay are typically high at the shoreline

and low offshore, consistent with a beach-side bacterial source. The intermittent na-

ture of FIB loading near storm drain outlets in Lower Bay was found by field testing

to be highest at low tide when salinity is <30 ppt when drainpipe outlets are ex-

posed, consistent with the idea of episodic discharges. As opposed to the continuous

flow model, the trap-and-release model, developed in Chapter 3 for predicting storm

drain dry-weather discharge, was more successful in showing tidal influence on FIB

concentrations and simulating exceedances of detection limits and recreational stan-

dards for enterococci. The studies and modeling showed that upon release from small

drains, FIB plumes are diluted by ambient turbulence and transported horizontally

and vertically by tide- and wind-driven currents. Because the initial dilution step is

characterized by relatively small eddy diffusivities (∼0.001 m2/s), FIB released from

small drains may linger at the shoreline, where they are more likely to trigger water
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quality exceedances. By comparison, tributaries e.g., San Diego Creek and Santa

Ana-Delhi Channel, contribute relatively little to shoreline FIB pollution in Lower

Bay.

The results of these studies indicate new ways for evaluating and estimating con-

stituent loads to a receiving water especially dry weather runoff at enclosed beaches,

and provide a basis for further investigations of water quality impacts within embay-

ments.
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List of Symbols

a, b, α, β, sediment-dependent empirical coefficients for settling velocity

b, top of fluid mud layer

cs, concentration of suspended sediment

CD, drag coefficient

Cm, a coefficient dependent on the granular density cs, sediment concentration

D, eddy diffusion tensor

d, sediment diameter

D, depositional flux

Ds, eddy diffusivity of sediment

F (θ), temperature function

E, erosion flux from a partially consolidated bed

Eo, bed erosion flux parameter

Er, consolidated bed erosion flux parameter

Fa, advective flux

Fd, diffusive flux
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Fs, sediment flux through the control surface S

i, j, and k, unit vectors in the x, y, and z directions, respectively

h, depth of flow

k1 and n1, settling velocity coefficients for flocculated settling

k2 and n2, settling velocity coefficients for hindered settling

ME , rate of interfacial entrainment

n, unit outward normal vector

n and m, erosion flux calibration constants

pD, attachment probability

Ro, Rouse number

Re, Reynolds number

Ri, Richardson number

S surface of control volume

u, v, and w, velocity components in the x, y, and z directions

u∗, turbulent bed shear or shear velocity

ws, sediment settling velocity

wso, reference settling velocity for hindered settling

V , control volume

α1 and β1, eddy diffusivity empirical coefficients

α2, entrainment flux empirical coefficient

∇, gradient operator

∇·, divergence operator
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εx, εy, and εz, eddy diffusivity where the subscript indicates the direction of each

component

εzo, eddy diffusivity under neutral conditions

η, interface elevation between air and liquid

θ, temperature

κ, von-Karman’s constant

ν, viscosity

ρs, sediment granular density

ρw, fluid density

ρb, dry bulk density, sediment mass per unit bed volume

τb or τo, bed shear stress

τci, critical stress for deposition

τcr, critical shear stress for entrainment, bed shear strength for entrainment of the

partially consolidated bed sediments

τp, critical stress for a partially consolidated bed
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Appendix B - Collection and Evaluation of Bed

Core Samples

As part of the bed sediment investigation, bed cores were collected at four loca-

tions in Newport Bay and then sediment properties and erosion rates evaluated under

the supervision of Sea Engineering, Inc. The results of the evaluation appear in a

summary report entitled “Sedflume Analysis Upper Newport Bay, California” (Sea

Engineering, Inc., 2007). The following sections summarize the collection methodol-

ogy and findings.

Core Locations and Sampling Methodology

Four bed sediment cores were collected from Newport Bay: one from the center

of the harbor and three along the length of Upper Bay. (See Figure 7.2.) At each

coring location, a GPS system was used for horizontal positioning. The following

table provides the core sample designation, coring date and time, and the depth of

water for the four cores obtained from the Newport Bay. Depths are measured from

the water surface and are not referenced to any datum.

The cores were collected with a push core apparatus. A pole was attached with

clamps to the 10 cm by 15 cm rectangular core barrel. A valve was temporarily affixed

to the top of the core tube to provide suction when the core was pulled out of the

sediment bed. The core was then lowered into the water and positioned perpendicular

to the sediment bed. Pressure was applied by hand until at least 30 cm and no more
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than 100 cm of the core penetrated into the sediment bed. Upon penetration of

the core barrel into the bed, the valve opened upward allowing sediment to enter

the core tube and water to exit without disturbing the sediment surface or deeper

strata. When the barrel was lifted from the sediment bed, the valve was closed to

retain sediment inside the core tube. During this sampling effort, core samples were

immediately inspected visually for length and quality. Undisturbed surficial sediments

were present for each core sample. The cores were sealed and transported upright

to a laboratory in Santa Cruz, California for analysis. All cores arrived intact with

sediment structure and surface preserved.

The first core, the southerly most core, was obtained near the center of the harbor

near Bay Island just outside the main channel. The location is about 200 meters feet

to the west of sampling point BTO9. This sample site was selected to be representa-

tive of sediments in the low shear stress areas of the harbor, e.g., the western portion

of the harbor and perhaps the channel North of the Balboa Islands. The water depth

at the time of coring was 4.85 meters. This core was difficult to pull because of the

depth of the water. Subsequent cores were taken at depths less than 2 meters. Initial

inspection of the core revealed 1-2 cm of light-colored silt over darker silt. Two large

worms existed on the surface with smaller amphipods.

Core 2 was taken at the edge of the main channel just South of the mouth of

Big Canyon Creek. The water depth at the time of coring was 1.37 meters. This

core location is between Stations BTO5 and BTO6 approximately 1000 meters North

of BTO6. Initial inspection of the core revealed a surface consisting of fine organic

220



E

N

1.844E+06 1.846E+06 1.848E+06 1.85E+06 1.852E+06

658000

660000

662000

664000

666000 .BTO4

BTO5,

.BTO6

.BTO7
.BTO8

.BTO9

.BTO10

.BTO11

.BTO12

.Core2

.Core4

Core3.

Core1.
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Core No. Latitude Longitude Coring Date Depth [m]
1 N 33 36 29.0 W 117 54 27.6 01/04/07 4.85
2 N 33 37 51.0 W 117 53 10.0 01/04/07 1.37
3 N 33 39 04.2 W 117 52 17.0 01/04/07 1.45
4 N 33 38 35.0 W 117 53 13.7 01/04/07 1.68

Table A1: Core collection information.

material with some small visible worms, worm tubes and gravel pieces (<0.5 cm in

diameter). There was a 1/2 cm light-colored fine silt layer over 5 cm of light and

dark-colored clayey silt and sandy mixture. The remainder of the core consisted of

light and dark-colored silt and sandy silt and some pockets of fine sand.

Core 3 was the northerly most core and was taken within the Unit I/III Basin

South of the Jamboree Road bridge. This core was taken near the time of MHHW

in order to get the craft well into the mudflat area. The water depth at the time of

coring was 1.45 meters. This core location is about 250 meters west of Station BTO4.

Initial inspection of the core revealed a mixed dark- and light-colored material. The

top 1 cm was a silt and sandy silt layer over a layer of coarser silt and sandy silt.

Shells existed on the surface.

Core 4 was taken on the bank opposite the outlet of the Santa Ana-Delhi Channel

adjacent to the main channel of Newport Bay. This core is about 10 meters North

of Station BTO5. The water depth at the time of coring was 1.68 meters. Initial

inspection of the core revealed a mostly gray-colored silt and sandy silt material with

some pockets of dark-colored silt.

Photos of each core are shown in Figures A.2, A.3, A.4, and A.5.
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Figure A.2: Bed Sediment Sample (Core 1) Taken in the Harbor West of BTO9
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Figure A.3: Bed Sediment Sample (Core 2) Taken in Upper Bay near the Mouth of
Big Canyon
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Figure A.4: Bed Sediment Sample (Core 3) Taken at the to of Upper Bay near the
outlet of San Diego Creek
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Figure A.5: Bed Sediment Sample (Core 4) Taken in Upper Bay near the Outlet of
the Delhi Channel
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Methodology for Measuring Erosion Rate and Sed-

iment Bulk Properties

A straight, recirculating flume, located at the Sea Engineering Laboratory in

Santa Cruz, California, was used for measuring the erosion rates for each of these

undisturbed bed sediment samples as a function of applied shear stress and eroded

core depth (see Figure A.6). The recirculating flume method, known at Sedflume

(Sediment Erosion at Depth Flume), was developed by McNeil et al. (1996). The

flume has a test section with an open bottom through which a rectangular coring tube

(10 cm by 15 cm) containing a bay core sample was attached. The core sample was

raised into the test section flume using the hydraulic jack until the sediment surface

was even with the bottom of the flume channel. A measurement was then made of

the core length. The flume was then run at a specific flow rate corresponding to

a particular shear stress. As the sediment eroded from the surface of the core, the

piston inside the core was raised to keep the sediment sample flush with the flume bed.

Erosion rates were obtained by measuring the core length at different time intervals,

taking the difference between each successive measurement, and dividing by the time

interval:

E =
δz

T
(A-1)

where E the rate of erosion, δ z the depth of core sample eroded, and T the sampling

time.
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Figure A.6: Sedflume Diagram
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In order to measure erosion rates at several different induced shear stresses for

each core, the following procedure was used. Starting at a low shear stress, flow

rates were increased to generate sequentially higher shear stresses such that each

succeeding shear stress was twice the previous one. Generally about four flow rates

were run sequentially in one shear cycle. Each flow rate was run for 10 minutes or

until no more than 2 cm was eroded for that shear stress. The time interval was

recorded for each run with a stopwatch. The flow was then increased to induce the

next shear stress, and so on until the highest shear stress was run. This cycle was

repeated until all of the sediment had eroded from the core. If after three shear cycles

a particular shear stress showed a rate of erosion less than 10−4 cm/s, it was dropped

from the cycle; if after many cycles the erosion rates decreased significantly, a higher

shear stress was included in the cycle.

The critical shear stress of a sediment bed, τcr, is defined quantitatively as the

shear stress at which a very small, but accurately measurable, rate of erosion occurs.

This rate of erosion has been practically defined as 10−4 cm/s. This represents 1 mm

of erosion in approximately 15 minutes. Since it is difficult to measure τcr exactly at

10−4 cm/s, erosion rates were determined above and below 10−4 cm/s. The τcr was

then determined by linear interpolation. The technique gives the τcr with at least a

20% accuracy (McNeil et al., 1996; Roberts et al., 1998).

Each core was also sub-sampled at vertical intervals to determine the water con-

tent, bulk density, and particle size distribution of the sediments. Sub-samples were

collected from the surface of the cores at the end of each erosion cycle. This procedure
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typically allows 5 samples to be collected for analysis for approximately every 5 cm

of core depth.

Bulk density was determined by water content analysis using methods outlined in

Hakanson and Jansson (2002). This consisted of determining the wet and dry weight

of the collected sample to determine the water content, W,

W =
Mw − Md

Mw
(A-2)

W = water content

Mw = wet weight of sample

Md = dry weight of sample

With water content determined, the bulk density, ρb, is calculated:

ρb =
ρwρs

ρw + (ρs − ρw)W
(A-3)

ρw = density of water (1 g/cm3)

ρs = density of sediment particle (2.65 g/cm3)

Particle size distributions were determined using laser diffraction analysis. Sam-

ples collected from the core were prepared and inserted into a Beckman Coulter

LS13-320. Each sample was analyzed in three 1-minute intervals and the results of

the three analyses were averaged. This method is valid for particle sizes between

0.04 and 2000 mm. Any fraction over 2000 mm was weighed and compared to total

sample weight to determine the weight percentage greater than 2000 mm. During the

analysis no significant fraction over 2000 mm was sampled.
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Evaluation of Core Sediment Samples

All samples are heterogeneous with depth with each core having its own character.

Table A2 summarizes the results.

Core 1, collected in the harbor near Bay Island, became much stiffer with depth.

Beneath a depth of 5 cm, erosion was only observed for applied shear stresses of

3.2 N/m2 and 6.4 N/m2, until a slight increase in the erosion rate at the deepest

depths (Figure A.2. Critical shear stresses calculated from the erosion rates were low

at the surface (0.26 N/m2) but large at mid-depths (greater than 1.62 N/m2). At

the deepest shear cycle depth, the critical shear stress decreased to 0.82 N/m2. The

bulk densities increased from 1.32 g/cm3 to 1.59 g/cm3. The median particle sizes

remained in the range of fine silt throughout the core (10.35 µm to 14.99 µm).

For Core 2, collected in Upper Bay downstream of Big Canyon, material stiffness

varied greatly with depth. This was reflected in the fluctuating erosion rates with

depth (Figure A.3. The critical shear stresses were largest at the surface and deepest

shear cycle location (0.52 N/m2), but smaller at mid-depths (0.24 N/m2 and 0.12

N/m2). The bulk densities increased from 1.30 g/cm3 to 1.86 g/cm3 before decreasing

to a minimum of 1.65 g/cm3 near the deepest sampling location. The median particle

sizes fluctuated with depth as well. The surface value was 17.15 µm, increased to

212.9 µm, decreased to 33.02 µm and increased to 122.6 µm at the deepest sampling

depth.

Core 3 was collected in Unit I/III Basin is the northerly-most coring station.
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Similar to other cores collected in the upper bay, material stiffness and erosion rates

fluctuated with depth (Figure A.4. The critical shear stresses were low near the

surface (0.22 N/m2 and 0.16 N/m2), increased with depth to 0.45 N/m2 and 3.31

N/m2 before decreasing to 0.64 N/m2. The bulk densities increased with depth from

1.33 g/cm3 to 1.60 g/cm3. Conversely, median particle sizes decreased with depth,

from 21.90 µm at the surface to 11.19 µm near the deepest sampling location. Particle

sizes were all in the range of fine silts.

Core 4, collected near the outfall of the Delhi Channel into Upper Bay, exhibited

fluctuating stiffness with depth, but in a more uniform manner than the other Bay

cores. The erosion rates decreased slightly beneath the surface, increased slightly at a

deeper depth, and decreased again at the deepest shear cycle depth. The critical shear

stresses were largest at the surface (0.64 N/m2) and decreased with depth between

0.26 N/m2 and 0.32 N/m2. The bulk densities increased from a surface value of

1.40 g/cm3 to 1.77 g/cm3 before decreasing to 1.54 g/cm3 at the deepest sampling

location. The median particle size increased from 47.76 µm to 74.42 µm (the range

of silts and very fine sands) before decreasing to 10.64 µm (fine silt) at the deepest

sampling location.

Evaluation of Particle Size Distributions

Figure A.7 compares the particle sizes of the top 5 cm layer from each core. The

two southerly-most bed samples, Core 1 and Core 2, have similar profiles with a

significant amount of fines less than 10 µm. Core 2 has larger volume fractions of
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particles larger than 60 µm. Core 4, located near the outlet of the Santa Ana-Delhi

Channel into Newport Bay, has significantly less fines with the peak volume fraction

at about 200 µm. The northerly-most core, Core 3, has more fine sediment fractions

than Core 4 (and similar to Cores 1 and 2), but a larger volume fraction of the large

diameter particles. It is interesting to note that almost each core sample has local

maximum sediment volume fractions near 5.6 µm, 18 µm, 40 µm, 150 µm, and 410

µm. Table A3 shows the percentages of clays (<2 µm), fine sediments (<63 µm),

and coarser materials, e.g., sands and gravels for each of the four core samples. There

are higher percentages of clays and fine sediment in the downstream samples (Cores

1 and 2).

Figure A.8 compares the particles sizes for each of the cores at depths of 5 to 10

cm. Core 1 has substantially more fines than any of the other cores. Cores 2 and 4

have somewhat sediment distributions with Core 2 having a peak volume fraction at

340 µm and Core 4 a peak at 177 µm.
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Core-1
Depth D50 ρb τcr

[cm] [µm] [g/cm3] [N/m2]
0 13.6 1.32 0.26

5.4 10.35 1.44 1.79
10.5 12.49 1.42 1.76
15.3 12.77 1.42 1.62
35 14.99 1.59 0.82

Mean 12.84 1.44 1.25

Core-2 (Big Canyon)
Depth D50 ρb τcr

[cm] [µm] [g/cm3] [N/m2]
0 17.15 1.3 0.52

6.9 212.9 1.86 0.24
11.6 83.09 1.83 0.12
17.2 33.02 1.65 0.52
23.7 122.6 1.71 n/a
Mean 93.75 1.67 0.35

Core-4 (Narrows)
Depth D50 ρb τcr

[cm] [µm] [g/cm3] [N/m2]
0 21.9 1.33 0.22

6.5 21.13 1.5 0.16
11.3 16.58 1.55 0.45
15.5 11.19 1.53 3.31
20.3 13.09 1.6 0.64
Mean 16.78 1.5 0.96

Core-3 (Unit I/III)
Depth D50 ρb τcr

[cm] [µm] [g/cm3] [N/m2]
0 47.76 1.4 0.64

5.4 61.73 1.77 0.32
11.3 74.42 1.75 0.26
15.6 10.9 1.55 0.32
22.5 10.64 1.54 n/a
Mean 41.09 1.6 0.39

Table A2: Sediment Properties for the Four Cores.
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Clays [%] Fine Sediment [%] Coarser Sediment [%]
Core 1 11.2 77.0 11.8
Core 2 10.1 68.1 21.8
Core 4 6.6 49.0 44.4
Core 3 9.7 56.9 33.4

Table A3: Percentages of sediment size classes.
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