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ABSTRACT

As part of  a large interdisciplinary study, particulate fluxes in the Waipaoa River sedimentary  

system in New Zealand have been studied from the terrestrial headlands o f  the catchm ent to  

the oceanic basin over timescales spanning storm events, seasons, and the Holocene. Here, w e  

com plem ent prior efforts by evaluating the formation and reworking of riverine deposits during 

episodic flood and wave events, and considering their role in accumulation patterns created  

over longer timescales on the Waipaoa shelf. Using a numerical hydrodynamic and sedim ent  

transport model, sedim ent fluxes and deposition were analyzed from January 2010  through 

February 2011.

A version of  the three dimensional ROMS-CSTMS (Regional Ocean Modeling System -  

Community Sediment Transport Modeling System) was used to investigate the spatial and 

temporal variability o f  sedim ent fluxes on the Waipaoa shelf. The model could account for river 

input, waves, winds, larger-scale currents, tides, multiple sedim ent classes and a multi-layered 

seabed. Sediment sources to the water column included both the river plume and resuspension  

from the seabed. For model stability and to prevent the reflection of the river plume at the  

open boundary, the Waipaoa shelf model was nested within a larger-scale New Zealand ocean  

model. Model inputs were based on observations and model estimates, depending on 

availability.
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Event sedimentation on the Waipaoa shelf differed from net accumulation patterns, especially 

over relatively short timescales. During floods, sediment generally deposited near the river 

mouth and along the coast in water shallower than 30 m. In the days to months following initial 

em placem ent, waves reworked this deposit, preferentially resuspending sedim ent from shallow  

depths and redistributing it toward deeper  areas where bed stresses were relatively low, 

including shelf depocenters and offshore. Overall, shelf deposition depended on characteristics 

of oceanographic transport (wave energy, current velocities) as well as on source (flood size, 

sedim ent size distribution).



Transport and Fate of Waipaoa Shelf Sediment



CHAPTER 1: Introduction

Sediment transport and deposition in the coastal ocean impact navigation and shoreline change, habitat 

suitability, and the geologic record and the natural resources contained there. Yet sedim ent fluxes 

remain difficult to predict because they are affected by hydrodynamic and seabed processes (e.g. 

seabed reworking, flocculation, and seabed consolidation) that depend on sedim ent type and 

environmental characteristics (e.g. Wheatcroft et al., 2007; Hill et al., 2000; Parchure and Mehta, 1985). 

Even at a single field site, sedim ent fluxes vary in time on scales from minutes to in excess of thousands  

of years, and on spatial scales from ripples to ocean basins (Sadler, 1981; Wright et al., 1977). This study  

analyzed sedim ent fluxes on the Waipaoa Shelf, New Zealand over timescales that ranged from single 

storms to months as part of a larger effort to understand the transport of  material from terrestrial 

source to oceanic sink.

NSF's MARGINS Source-to-Sink (S2S) program was initiated to study sediment transport and deposition  

over a variety o f  temporal and spatial scales that bridged terrestrial and marine environments. The 

Waipaoa Sedimentary System (see Figure 1-1), the focus of this thesis and an S2S study site, has been  

well-studied, from sedim ent production in the terrestrial headlands to sedim ent accumulation in the  

ocean, and over time scales of floods to the entire Holocene (see Carter et al., 2010). Three scientific 

questions guided the S2S program (NSF MARGINS Program, 2004):

1. How do tectonics, climate, sea level fluctuations, and other forcing parameters regulate the  

production, transfer, and storage of sedim ents and solutes from their sources to their sinks?
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2. What processes initiate erosion and sedim ent transfer, and how are these  processes linked 

through feedbacks?

3. How do variations in sedim ent processes and fluxes and longer-term variations such as tectonics  

and sea level build the stratigraphic record to create a history o f  global change?

This thesis addressed the second and third questions using a coupled hydrodynamic and sediment  

transport model for the continental shelf offshore of  the Waipaoa River, New Zealand.

Previous studies on this continental margin identified two long-term mid-shelf (40-70 m water depth) 

depocenters  separated by a zone of low accumulation called Poverty Gap (Miller and Kuehl, 2010; 

Gerber et al., 2010). Analyses of  these  seabed observations alone, however, were unable to  identify the  

mechanisms responsible for delivering sedim ent to the depocenters, or to evaluate the extent of  

modification of the sedimentary signal betw een  the river mouth and preservation in the geologic record. 

In response, the Waipaoa Shelf Initiative (described in Chapter 3) proposed to obtain seabed and 

hydrodynamic observations to characterize sedim ent transport and deposition on event- to seasonal­

time scales. As part of this, three instrumented tripods were deployed on the Waipaoa continental shelf 

from January, 2010 -  February, 2011, and hundreds o f  sediment bed samples were obtained during the  

five associated research cruises. Complementing these  observations, w e used a numerical model to 

estim ate and analyze sedim ent fluxes on the continental shelf.

Numerical models com plem ent observations in the investigation of sediment transport and depositional 

processes. Field experiments carry a high cost and are hampered by difficulties of observing water  

column sedim ent fluxes during energetic conditions such as floods and storms, except at discrete points
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served by deployed instruments. Numerical models can interpolate point observations to continuous  

spatial scales, however, and extrapolate beyond the spatial and temporal coverage of field experiments.

Numerical sediment transport models range from one to three dimensions. For example, o n e ­

dimensional bottom boundary layer models have been useful for providing high vertical resolution 

(Grant and Madsen, 1979; Madsen, 1994; Wiberg et al. 1994). Two-dimensional models, e.g. the plan- 

view gravity flow model by Scully e t  al., 2003 or the depth-resolving suspended transport model by 

Harris and Wiberg, 2001, resolve horizontal gradients in processes but avoid the computational 

requirements of three dimensional models. Three-dimensional circulation and sedim ent transport 

models, such as the Community Sediment Transport Modeling System (CSTMS; Warner et al., 2008) 

which has been recently implemented within the numerical circulation model Regional Ocean Modeling 

System (ROMS; Haidvogel et al., 2000; Haidvogel e t  al., 2008; Shchepetkin and McWilliams, 2005, 2009), 

fully resolve horizontal and vertical gradients, all o f  which can be important in the coastal ocean. 

Although increased model complexity and resolution carries a heavier computational load, a three 

dimensional model is necessary to represent the Waipaoa shelf's complex bathymetry, bottom  

boundary layer, and river plume dynamics.

Many three-dimensional coastal sedim ent transport models have either neglected larger-scale currents

or simplified them by using temporal and/or spatial averages to specify currents at the model's

boundary (e.g. Bever and Harris, submitted; Ralston et al., in press; Xu et al., 2011; Ganju and

Schoelhamer, 2010; Chen et al., 2009). For example, Bever and Harris (submitted) developed a

numerical model for Poverty Bay, the coastal portion of the Waipaoa Sedimentary System, that

accounted for wind, wave, tidal, and river plume processes that act to disperse sedim ent there. At the
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open boundaries, Bever and Harris (submitted) accounted for tides and allowed waves to propagate  

through the boundary by using Chapman (1985), Flather and Procter (1983), Marchesiello et  al. (2001), 

and a no-gradient boundary condition for the free surface, two and three dimensional currents, and 

tracers, respectively. More recently, however, numerical models of continental shelf sedim ent  

transport have specified conditions along open boundaries based on estim ates of coastal currents, 

temperature, and salinity from larger scale, lower resolution models (Blaas et al. 2006, Xue et al., 2012). 

Like Blaas et al. (2006) and Xue et al. (2012), w e  build on previous efforts by nesting a finer-scale grid 

within a larger scale hydrodynamic model, thereby accounting for larger scale circulation patterns. For 

the event-driven Waipaoa shelf model, nesting not only allowed us to account for larger scale currents, 

but was necessary to prevent the reflection of freshwater and sediment from the river plume at the  

model boundary, and to increase the stability o f  the model.

This thesis used the CSTMS -  ROMS numerical model implemented for the Waipaoa continental shelf for 

a thirteen month period. Chapter Two describes the model in detail, with model input files provided in 

the Appendix. Chapter Three provides an analysis o f  model estimates. As described in that section, 

sedim ent fluxes and the resulting depositional patterns differed betw een  floods, wave events, and 

fairweather periods. In the months following floods, energetic waves and currents resuspended  

sedim ent and redistributed riverine deposits. Preferential resuspension of shallow deposits encouraged  

sedim ent accumulation in deeper areas, including mid-shelf depocenters.
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Figures

Figure 1-1: Map of Waipaoa Sedimentary System (WSS)

After Carter et al., 2010. Oceanic crust of the Pacific Plate (PP) is subducted under the Australian Plate, 

uplifting the North Island axial ranges (NIAR), including the Raukumara Ranges (RR). Also labeled are the 

Taupo Volcanic Zone (TVZ), Lake Tutira (LT), and Pakarae River (PR).
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CHAPTER 2 : Implementation of a hydrodynamic and sediment transport 
model for the Waipaoa Shelf, New Zealand

2.1 Abstract
This chapter details the numerical hydrodynamic and sedim ent transport model implemented for the  

Waipaoa Shelf, New Zealand, describing the formulations used to estimate sediment fluxes and 

deposition from January 15, 2010 to February 15, 2011. The model was based on Release 3.6 of ROMS- 

CSTMS (Regional Ocean Modeling System -  Community Sediment Transport Modeling System; see  

Warner et al, 2008; Haidvogel et  al., 2000; Haidvogel e t  al., 2008; Shchepetkin and McWilliams, 2005, 

2009). This primitive equation model used a finite difference solution to the equations for conservation  

of mom entum , water mass, and concentrations of sediment, temperature, and salinity. To represent 

the complex shelf bathymetry offshore of the Waipaoa River mouth, the model grid had a horizontal 

resolution of about 450  m. Sediment sources to the water column included riverine discharge and 

resuspension of material from the seabed. In addition to fluvial input, fluxes of water and particulates 

were forced by spatially-and temporally- variable winds, waves, and tides. Model nesting, a relatively 

new  capability for sedim ent transport models, allowed larger-scale currents to affect local processes.

2.2 Model development
This section describes the equations and numerical schem es used to specify hydrodynamic and 

sedim ent transport processes within the model and at the boundaries of the grid. Table 2-1 lists 

symbols for all equations.
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2.2.1 Hydrodynamic model and numerical schemes
ROMS-CSTMS, a community-developed numerical circulation and sedim ent transport model, solves the  

equations for Reynolds-averaged Navier-Stokes (1-3), tracer advection-diffusion (4), and continuity (5) 

using the hydrostatic and Boussinesq assumptions:

Bu^Bu _* Bd) B f
(1) Momentum Balance in X :  b u » V u - fv  = -------- 1---- \ (K M +v)

Bt Bx Bz v Bz

Bv Bd) B (  Bv ̂
(2) Momentum Balance in Y :  b w*Vv +  f u  —-----------1-----( K M + v )  —

Bt By Bz v Bz)

+ Fu + D u

+ F. + D.

(3) Momentum Balance in Z (Hydrostatic Approximation): —  = -  ^ ■
Bz p 0

BC B (  BC\
(4) Tracer Advective-Diffusive E q u a tio n :----- bw*VC = —  (KM + ve) —  + Fc +DC

Bt Bz v Bz J

^  • • i- • Bu Bv Bw ^(5) Continuity E q u a tio n :-----1------1-----= 0
Bx By Bz

where (x, y, z) were vertical coordinates, u =  (w ,v ,vr) was water v e lo c i ty , /w a s  the Coriolis parameter,

(p was dynamic pressure, defined as pressure divided b y , p0, a reference density, Km was eddy viscosity, 

v  was molecular viscosity, and g  was the gravitational acceleration. In Equations (l)-(4), 'D' represented  

horizontal dispersion of  tracers and m om entum . For Equation (4), the tracer concentration, C, could 

represent an array of different tracers, which included temperature, T, salinity, S, and seven sediment  

classes for the Waipaoa shelf. The F terms represented forcing that included sources and sinks of  

m om entum  (Fu and Fv in Equations (1) and (2)), such as bottom friction, wind stress, or nudging to match 

the regional grid (see section 2.2.5), and tracers (Fc in Equation (4)), such as river discharge, sediment  

settling, and deposition. River discharge was treated as a point source for mom entum , temperature,
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salinity and suspended sediment. The density equation of state accounted for temperature, salinity, and 

sedim ent concentrations, C5 (Jackett and McDougall, 1995; Warner et al., 2008):

(6) Density Equation of State: p ( T , S ,C s) = p ( T , £ ) + Cs ^
/  P s

ROMS is similar to other community models, such as the Princeton Ocean Model (POM; Blumberg and 

Mellor, 1 9 8 3 ,1987)  and Finite-Volume Coastal Ocean Model (FVCOM; Chen et al., 2003), but 

distinguishes itself through the features described here. It uses a curvilinear orthogonal grid in the  

horizontal and a stretched-terrain following grid in the vertical which allows it to carry high resolution in 

both the surface and bottom boundary layers (Haidvogel et al., 2000). The numerical schem es in ROMS 

include split barotropic-baroclinic m odes (Leap-Frog -  Adams-Moulton predictor-corrector scheme;  

Haidvogel et al., 2000; Haidvogel et al., 2008, Shchepetkin and McWilliams, 2005, 2009) and reduce the 

pressure-gradient truncation error (Haney, 1991; Beckmann and Haidvogel, 1993; Mellor et al., 1994, 

1998) by redefining the pressure-gradient term (Ezer et al., 2002; Shchepetkin and McWilliams, 2003; 

Haidvogel et al., 2008). ROMS also provides high-order schem es for estimating both vertical and 

horizontal advection (Huang et al., 2008; Haidvogel et al., 2008). For horizontal advection of sediment  

and other tracers, ROMS provides the MP-DATA schem e (Multidimensional Positive Definite Advection 

Transport Algorithm; Smolarkiewicz and Margolin, 1988) to avoid numerical oscillations and negative 

concentrations, and reduce numerical dispersion (e.g. Warner et al., 2008; Hyatt and Signell, 2000). For 

vertical advection o f sediment, the ROMS framework implemented the PPM (Piecewise Parabolic 

Method) so that relatively large t im esteps can be used for faster settling sands without the introduction  

of instabilities (Colella et al., 1984; Liu et al., 1994; Warner et al., 2008). These numerical schem es and 

reasonably high spatial resolution are important for representing the high gradients typical of coastal
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and estuarine settings without sacrificing computational efficiency (Hyatt and Signell, 2000; Huang et al., 

2008; Ezer et  al., 2002; Shchepetkin and McWilliams, 1998).

For application of ROMS to the Waipaoa shelf, numerical schem es and the model grid (Figure 2-1) were  

chosen to reduce error in numerical computations w ithout sacrificing model efficiency. Table 2-2 lists 

the specific numerical schemes. A tim estep of  15 seconds was used.

2.2.2 Surface boundary layer formulation
The surface boundary formulation in ROMS was adopted from the physically-based COARE (Coupled- 

Ocean Atmosphere Response Experiment) framework described in Fairall et al. (1996) and Fairall e t  al. 

(2003). In this one layer boundary model, m om entum  was transferred from the atm osphere to the  

ocean through wind and rain:

surface P a , f i d  \W \W  + 0.%5*R*\W\ *sign(W)

w here p air represented air density, W  was mean wind velocity, and R was rainfall rate in kg m'2 s'1. The

surface drag coefficient, Cd, was calculated using:

(8 )

(9)

(10)
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Here, Wt was the Monin-Obukhov similarity scaling parameter based on Liu et al. (1979),

W  si represented wind gusts, k  was the von Karmen constant, Z0 was a roughness length scale, a  was

the Charnock constant, and g  was gravity. The height o f  wind observations ( w  j was Zobs, and if/w was a

stability function. The Charnock constant, and therefore Z0, increased with wind stress since the ocean  

surface becom es rougher under energetic winds.

2.2.3 Bottom boundary layer formulation
This implementation o f  ROMS used the Sherwood, Signell and Warner (Warner et al., 2008; referred to  

as W08) bottom boundary layer parameterization, a physics-based approach that could account for form 

drag and ripples. This formulation, defined as 'SSW' within ROMS, was based on Madsen (1994;  

referred to as M94) that divided the bottom boundary layer into tw o sections: a combined wave-current 

boundary layer, and a current boundary layer. The model parameterized turbulence using the following 

eddy viscosity profile:

(11) M94 Equation 2, W08 Equation 49:

K M =
KÛ Ĉ Z for  z0 < z < z ,  

k u % z  f o r  Zj < z

where z 0 was the hydraulic roughness, and ẑ  defined the upper boundary of the wave-current boundary 

layer. The von Karman constant was k, while u *c and u *CW/max were the current-induced and wave-  

current induced shear velocities. For this study, the hydraulic roughness, zc, neglected ripples and 

biological features and was set equal to the grainsize roughness z0/v:

( 1 2 ) =  Z „,N
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(13) W08 Equation 44: z o N =  2 . 5 - D 50/ 3 0

where D50 was the median grain size on the seabed. The model then used the bottom roughness, the  

eddy viscosity profiles, wave orbital velocities provided by input files, and currents, un at reference  

height zr (20 cm above the bed) estimated by the hydrodynamic model, to calculate the current-induced,

Tc , wave-induced, "̂w,max/ and combined maximum current-wave-induced, ^ c\\\max > bed stresses  

following Madsen, 1994 (referred to as M94).

(14) T  =  t  4 - T
cw,max c M,max

(15) M94 Equation 26: u ‘ =  C u ‘
J-1 *

COS(16) M94 Equations 27 and 28: C^ — 1 +  2

(17) M94 Equation 29: u.wmsil = ^ f mM2b

(18) M94 Equations 32 and 33, W08 Equation 48:

0.3 for

-8 .8 2  for  0.2 < 

7.30 fo r  102 <

v U* ,*w,max J

/„ .=c„ exp

V k NC0 J
< 0.2

7.02

5.61

CyUb 

\ kN® j

( C u  ^ 109

\ k N ^  J

f  C ub

y k NCO j

(  C u ^^ U u b 

y k NCD j

<10^

<104

^ ( Zr / Zc J
(19) W Z o J Z o )

-1 +  4 K H Z c u- / Z o )  U r

H Z r / Z c J U *
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(  c <Mh \  
f o r  — —  < 8 . 0

k K,co

(20)
2

co

( C  u \
^  f o r  > 8 . 0
* k K ,oo

(21) kN = 3 0 - z o

Here, u*w max was the wave-induced shear velocity, and kN was bottom roughness length. Model input 

included the wave orbital velocity, ub, and the angle betw een  the waves and the currents, . The 

wave friction factor, f cw, increased with wave orbital velocity and period, and with C M (which increased 

as currents becam e more energetic compared to waves). The bottom boundary routine iterated 

through Equations (15) -  (20) to find consistent values for M*wmax, u*c , u*cw, C M and f m, that were then  

used to determine the dampening o f  circulation by bottom friction and evaluate sedim ent mobility.

2.2.4 Seabed model
As described in Warner et al. (2008) and summarized in Section 2.2.1, the model accounted for 

advection, diffusion, erosion and deposition of sediment. Both fluvial discharge and seabed erosion 

provided sedim ent to the water column, with erosion calculated following the Ariathurai and 

Arulanandan (1978) formulation for each sedim ent size class:

(22)
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In Equation {22), Fc was the net entrainment of  suspended sediment, where E represented erosion and 

the second term estimated settling to the bed based on settling velocity, w s, and on C5 l , the mass of 

suspended sedim ent per unit area of the bed in the near-bed grid cell. In Equation (23), M  was the  

erosion rate parameter, p  was porosity, or void fraction o f the seabed, rcvv,mox was combined wave-  

current - bed shear stress from Equation (14), and i crit was a spatially-constant, time-invariant critical bed  

shear stress. Equations (22) and (23) were calculated for several sediment types, each having different  

input values for settling velocity and critical shear stress (see section 2.3.7). Note that these  and other  

parameters (e.g. erosion rate parameter) were treated as constants for each sedim ent class, and so  

processes including flocculation (Syvitski et al., 1985), seabed consolidation (Parchure and Mehta, 1985) 

and bioturbation (Paterson, 1997) were not explicitly represented in the model. For the Waiapoa Shelf, 

different sediment types were used to distinguish material delivered by the river from particulates that 

originated on the seabed. Erosion was restricted by sedim ent mass conservation, and limited to the  

thickness of  the active layer za following Harris and Wiberg (1997; their equation 1):

(24) za =  m a x  [ k t ( r „  -  r cm), 0 ]  +  k 2D 50.

where /ê  and k2 were constants set  equal to 0.007 m2 s2 kg^and 6.0, respectively. As implemented for 

the Waipaoa shelf, active layer thicknesses on the mid-shelf rarely exceeded ~5-10 mm and increased in 

shallow areas and near the anticlines due to the relatively high bed stress and larger sedim ent grains



found there (Figure 2-2). Overall, seabed erodibility was determined by the availability within the active 

layer of  sedim ent having a critical shear stress exceeded by the combined wave-current bed stress.

Sediment bed properties such as grain size distribution w ere stored for eight seabed layers that initially 

represented 1.6 m of sediment. Erosion and deposition of multiple sediment classes modified the grain 

size distributions stored for the sediment bed and the thickness o f  the seabed layers, as described in 

Warner et al. (2008). These changes impacted the upper few  layers of the sediment bed, while the  

deeper layers served as a repository of sediment. The surficial seabed layer was ~1 cm across the shelf  

on average, but was thinner in areas of low deposition and where the active layer was thin. Choice of  

model formulations and parameters is further discussed in section 2.3.7.

2.2.5 Open Boundary Conditions
The Waipaoa shelf model grid was bounded by land only on the northwestern side (Figure 2-1), so a 

free-slip wall condition was used there. Specifically, a zero gradient condition was assumed for tracers 

and sea surface elevation, water velocities normal to land were zero, and a free-slip condition was used 

for the tangential velocities:

(25) Clamped OBC:

^  = 0
d n

^  = 0
dn

u * r \ -  0

where n is direction perpendicular to the boundary. Along the other three edges, open boundary 

conditions (OBCs) for sea surface height, barotropic and baroclinic velocities, and tracer concentrations
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accounted for tides, shelf waves, and the transient behavior of the river plume. Radiation conditions 

along the southwest, southeast, and northeast boundaries allowed waves to propagate through them  

without reflecting. Specifically, the Chapman (1985) and Flather (1976; Roed and Smesdtad, 1984) 

conditions were applied at the model boundaries for the free surface and barotropic m omentum, 

respectively, to account for tides (Martinsen and Engedahl, 1987; Palma and Matano, 1998; Carter and 

Merrifield, 2007):

(26) Chapman OBC: — +  *Jg(h +  r)) —^  =  0

du — du _ dij , du
(27) Flather OBC: —  +  J g h  —  =  0 ; —  + h —  = 0

dt dx dt dx

w here £ is the variable of  interest (e.g. velocity, the free surface, or tracer concentrations) unless  

otherwise specified. Velocity, uobc(t), and sea surface height, r)obc(t), at the boundary, required as input, 

were specified using data provided by M. Hadfield (National Institute for Water and Atmosphere, New  

Zealand; NIWA) from a larger-scale model, ROMS-NZ, described below (Figure 2-3). Similarly, using the  

oblique radiation condition for baroclinic velocities and tracer concentrations reduced artificial 

reflections at the boundaries (Chapman, 1985; Palma and Matano, 2000; Marchesiello et  al., 2001).

Following Marchesiello et al. (2001) and Lavelle and Thacker (2008), the model nudged current 

velocities, salinity, temperature, and suspended sedim ent concentrations near open boundaries toward 

values specified from a larger scale hydrodynamic model, ROMS-NZ (see Section 2.3.5). Model nudging 

occurred at locations within the interior of the grid first, followed by points on the open boundary:
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(28a) Nudging, evaluated within grid interior:

F
4  =  4 ' + ^ - ( 4 ^ ~ 4 ' ) ^T,R  0

(28b) Nudging-Radiation OBC, evaluated at model boundary:

3 4  3 4  „—— + c -^- + c  =  F
dt  '  dx y 8y g T\ V R J

c. =

d t ,
dx

c.. = —3 4
34,

3y

T =1  R

T,R O

T,R O

K

' d /

cu rre n t  v e lo c i t ie s  d i r e c t e d  o u t  o f  g r i d  

c u rre n t  v e lo c i t ie s  d i r e c t e d  int o  g r i d
O B C

Here, was the variable of interest before any nudging occurred, TR was the relaxation timescale, and 

A t  was the timestep. The larger scale model provided £obc(t). The relaxation timescale decreased with 

decreasing TR0 and increasing F0Bc, enhancing nudging when currents flowed into the model grid. Based 

on sensitivity tests, TR0 and F0BC were set to 2.5 days and 2.5. The constant Fgrid specified spatial 

variability for nudging so that it decreased sinusoidally with distance from the open boundary, and was  

limited to those  locations within 30 grid cells of open boundaries:
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(29) F  =grid

1 • \ n  JI -  sin I — —

1-s in

1-s in

0

2 30 j  

 ̂n J  — j  +1  ̂
v 2~ 30 ,

f  n I  -  i +1 ̂
30

for  y e  [1,30]

for j  g [ J - 29, j ]

for i e [ l - 2 9 , l ]  

otherwise

where I and J were the total number of grid cells in the NW-SE and SW-NE directions and coordinates  

(i,j) indicate location within the grid. Note that since ROMS-NZ did not include sediment, this meant  

that suspended sedim ent concentrations within 30 grid cells of the boundaries were nudged toward  

zero. This model nesting not only enabled the model to account for larger scale currents, but also 

reduced reflection o f  river plume salinity and suspended sediment concentrations at the boundaries, 

and increased model stability.

2.3 Model Initialization and Forcing
Observed and modeled datasets for bathymetry, winds, waves, river discharge, tides, currents, 

temperature, salinity, metrological conditions and sedim ent were used to initialize and force the model.  

Table 2-3 lists the specific datasets. All interpolations used linear Delaunay triangulation, unless 

specified below.

2.3.1 Model grid construction and bathymetry
Designed to include the river mouth, Poverty Bay, and the proximal continental shelf, the model grid 

(Figure 2-1) also encom passed the three depocenters identified by Miller and Kuehl (2010), Gerber et al. 

(2010), and Orpin et al. (2006). Use of a curvilinear horizontal grid and a stretched terrain-following
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vertical grid allowed the model to resolve regions of interest (e.g. two depocenters landward of shelf  

anticlines) and the near-bed and near-surface areas that have high vertical gradients in sedim ent  

concentration or velocity. While our model achieved lower resolution within Poverty Bay than that used 

by Bever and Harris (submitted), it included more of  the proximal continental shelf, allowing us to focus 

on shelf transport mechanisms.

Gridgen, a program that creates near-orthogonal grids, and Matlab were used to construct an 

appropriate model grid that had a horizontal resolution o f about 450  m on the mid-shelf (see Figure 2- 

1). The grid was curved to reduce the number of terrestrial grid cells and to approximately parallel 

bathymetry to facilitate post-processing of data (i.e. across-shelf fluxes), and reduce model errors 

associated with nesting and along-isobath flow (Hadfield, pers. comm., 2012). In the unmasked (water) 

section o f the grid, the angles of grid corners deviated from perpendicular by a maximum of 1.4° and a 

mean o f  0.13°. Vertical resolution varied with depth, and was about 0 .25 m , 2.2 m, and 0 .78 m near the  

surface, mid water-column, and seabed where the water was 24 m deep at the entrance to Poverty Bay. 

In d eeper  areas o f  the shelf, resolution decreased so that, for example, surface, mid-water column and 

near-bed layers were 0.39 m, 4.8 m, and 1.6 m thick at 52 m depth near the Southern depocenter.

Four datasets that each had a different focus provided the basis for the model's bathymetry. Multibeam

was used to map Poverty Bay in 2005 and 2006 by J. McNinch (then VIMS, now USACoE), while S. Kuehl

(VIMS) provided multibeam data of  the continental shelf and slope that had been obtained in 2005 on

the R/VKilo Moona.  The NIWA dataset provided by S. Stephens (NIWA) contained complete, though

low resolution, 10 m bathymetric contours of the continental shelf and slope. Finally, the historical

gridded bathymetry from NIWA was the only data source near the entrance of Poverty Bay. The datasets
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were all referenced with respect to the WGS 84 datum and the universal transverse Mercator horizontal 

projection, except for the historical gridded dataset, for which the projection was unknown.

Comparisons revealed systematic offsets betw een  the datasets. In areas that overlapped (see Figure 2- 

4), the NIWA contours and Kuehl water depths w ere ~3 m and ~2 m shallower, respectively, than those  

from J. McNinch. The offsets were removed by adding 3 and 2 m to the NIWA contours and Kuehl data, 

which aligned them with the McNinch data from Poverty Bay. The deeper-water datsets were  

referenced to the McNinch data because bed stresses were most sensitive to bathymetry in shallow  

water and because 2-3 m was a smaller percentage of water column height in deeper areas compared to  

shallow areas. These three data sets were then combined for interpolation. Note that because the  

NIWA 10 m contours had lower resolution for much of the shelf, this dataset was relatively sparse 

compared to the gridded products. Thus, the gridded multibeam datasets dominated the model  

bathymetry where they provided coverage, while the NIWA contours filled in areas that were sparsely 

covered, primarily near the coastline and in the southw est and northeast portions of the grid.

After gridding, the model bathymetry was sm oothed with a Shapiro (1975) filter to improve model 

stability (Haney, 1991; Beckmann and Haidvogel, 1993; Sikiric et al., 2009). Finally, water depths near 

the open boundaries of the model grid were tapered to match ROMS-NZ bathymetry to facilitate model 

nesting. Both water depth and land-ocean masking were identical to ROMS-NZ over the region where  

nudging occurred (see Section 2.2.5). This methodology avoided noticeable seam s where the datasets  

abutted, and the bathymetry, slope and curvature of  the model grid (Figure 2-1) was consistent with 

those  of  each individual dataset. The greatest uncertainty in bathymetry unfortunately lay at the

entrance of  Poverty Bay, where recent datasets on known projections did not provide much coverage.
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2.3.2 Winds and Waves
Modeled wind and wave data were used as input to account for their spatial and temporal variability. 

Estimates from NZLAM and NZWAVE (see Figure 2-5) w ere used because they w ere calibrated against 

local as opposed to global data, and had relatively fine resolution. NZLAM, an implementation of the UK 

Meteorological (Met) Office's Unified Model (Davies et al., 2005), provided hourly estim ates of  wind 

velocity on a 12 km resolution grid. A local implementation of NOAA's Wave Watch 3 model (Tolman et  

al., 2001), NZWAVE produced output every three hours on a 12 km resolution grid. Wind velocities and 

wave estim ates (significant wave height, mean wave direction, wave length, and mean wave period) 

from these  two models were interpolated to the ROMS grid and used as input.

Since NZWAVE did not provide wave spectra, the bottom wave period was assumed to be equal to the  

surface average period. This assumption resulted in underestimations of bottom wave period, because  

high frequency waves within a wave spectrum decay with water depth, h, so that only the longer-period 

waves are felt at depth. Wave orbital velocities, ub, were calculated using linear wave theory and the  

interpolated NZWAVE data and bathymetry from the model grid:

Where/-/S(g was significant w ave height, L is wave length and T is wave period.

2.3.3 River discharge
Waipaoa River water and sedim ent discharges were represented as a point-source entering Poverty Bay 

at a single grid cell located near the river mouth. Observations of  river stage were collected hourly at 

Kanakania Bridge, ~80 km upriver, above tidal influences by G. Hall and D. Peacock at the Gisborne

(30) T smh{2jihl L)
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District Council (GDC). For water and sedim ent input, recently-calibrated rating curves provided by the  

GDC were applied to the river stage and water discharge, respectively (see Figure 2-5). ROMS required 

that the vertical profile of the freshwater and sedim ent flux be specified at the point source. For the  

Waipaoa River, the profile was configured so that the freshwater and river sedim ent was delivered in 

the top half o f  the water column to represent estuarine circulation(see Figure 2-6).

2.3.4 Tides
Tidal velocities, amplitudes and phase com ponents  extracted from the Oregon State Tidal Prediction 

Software (OTPS) TPX07.1 global solution (Egbert et al., 1994; Egbert and Erofeeva, 2002) were used to 

specify estimated tidal currents and sea surface height at model open boundaries. OTPS accounted for 

eleven ocean tidal constituents, and was driven by satellite altimeter data (i.e. TOPEX/Poseidon and 

Jason). This model was previously used by Bever and Harris (submitted) to represent tides on the  

Waipaoa Shelf and Poverty Bay. Future work may instead use NZTIDE, provided by M. Hadfield and M. 

Uddstrom (NIWA), because it is a locally-calibrated tide model (Walters et al., 2001).

2.3.5 Baroclinic Currents, Temperature and Salinity
Current velocities, temperature and salinity at and near open boundaries of  the Waipaoa grid were

nudged toward values from ROMS-NZ, a larger scale baroclinic model adapted for northern New Zealand

by M. Hadfield (NIWA; see  Figure 2-3). ROMS-NZ provided estim ates of current velocity, temperature

and salinity every three hours on an about tw o kilometer grid. This one-way nesting of  the Waipaoa

shelf model within the lower resolution hydrodynamic model allowed larger-scale circulation (i.e. shelf

w aves and offshore eddies) to influence modeled Waipaoa shelf hydrodynamics. ROMS-NZ estimates

agreed well with NIWA's established storm surge model River and Coastal Ocean Model (RiCOM;
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Walters, 2005, 2006; Lane and Walters, 2009), and used a rectilinear grid, which facilitated interpolation  

of currents betw een  grids (Hadfield, pers. comm., 2010).

Three-dimensional, time dependent current velocities, temperature and salinity estim ates  from ROMS- 

NZ w ere linearly interpolated to the Waipaoa shelf grid and used for model initialization and nudging at 

model boundaries. ROMS-NZ estim ates were unavailable for som e grid cells near the coast in the  

interior of  the grid where the land-ocean masking differed betw een  the tw o models. At these  sites, 

current velocities were initialized to zero, and initial temperature and salinity estim ates were set  equal 

to  values from adjacent grid cells. Since land-ocean masking was identical betw een  model grids near the  

open boundaries, these  approximations only affected model initialization and not nudging at open  

boundaries (see Section 2.2.5).

2.3.6 Atmospheric forcing
As discussed in section 2.3.2, wind velocities were interpolated from the estimates provided by NZLAM. 

ROMS also required as input estim ates for air pressure, cloud cover, precipitation, relative humidity, 

shortwave radiation, and air temperature. Hourly records of  these  metrological data from the Gisborne, 

NZ airport were applied uniformly across the Waipaoa shelf, and obtained from NIWA's National Climate 

Database web system (Cliflo; http://cliflo.niwa.co.nz/).

2.3.7 Sediment characteristics
Model calculations accounted for a total o f  seven sedim ent types and eight seabed layers (see Table 2-

4). Different sediment classes w ere used to store fluvial and bed sedim ent so that model analysis could

differentiate betw een  material from these  two sources. Although model calculations included both
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types of sediment, nearly all o f  the analysis presented in Chapter 3 focused on the transport and fate of  

the riverine material. Wadman and McNinch (2009), Wood (2006) and the January, 2010 cruise 

provided data used to develop the initial seabed sedim ent distributions (Figure 2-7). Grain size data 

w ere converted to percent sand and percent mud for all sites, and then spatially interpolated. Near the  

model open boundaries, there was no available grain size data and so grid cells with water depth deeper  

than 300 m or near the northeastern and southwestern boundaries were assumed to be mud. For the  

purpose of  interpolation, the coastline was assumed to be com posed of sand. Finally, the grain size 

distribution was constrained so that at least 10% of the seabed was com posed of fast-settling material 

to enhance bed armoring based on Bever and Harris (submitted).

Four classes w ere  used to represent sedim ent delivered fluvially. Their properties were informed by 

Hicks et al. (2004) and tripod estim ates of  effective settling velocity from the field site (obtained from A. 

Ogston and R. Hale, University of Washington). These sources estimated a median grain diameter of 8.5  

pm in the Waipaoa river during floods and effective settling velocities ranging from <0.1 to ~ 1 mm s'1, 

with a peak at ~0.1 mm s'1 during energetic shelf conditions at 40 m water depth. Since information 

regarding the distribution of sediment settling velocity in the river plume was unavailable, however, a 

range o f reasonable sedim ent settling velocities (0.15 -  1 mm s'1) was chosen. The fluvial sedim ent was  

logarithmically partitioned into these  sedim ent classes following sensitivity tests  that considered the  

sedim ent budgets for Poverty Bay and the continental shelf following a three month model run 

representing early 2010.

Sediment parameters (critical shear stress, erosion rate parameter) were chosen to match estimates

from ADV (Acoustic Doppler Velocimeter) and OBS (Optical Backscatter Sensor) m easurem ents from the
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first tw o months of the tripod deploym ent (data obtained from A. Ogston and R. Hale, University of  

Washington) and Gust erosion chamber experiments conducted at the field site (data from J.P. Walsh, 

D.R. Corbett, and J. Kiker, East Carolina University; Kiker; 2012). Critical shear stress for riverine 

sedim ent was set to 0.1 Pa, consistent with tripod estimates of bed shear stress and sediment  

concentration, Gust chamber erodibility experiments (Kiker, 2012), and sedim ent transport models for 

other continental shelves that represented fluvial sedim ent (e.g. Ferre et al., 2010; Harris et al. 2008; 

Harris et al. 2005; Harris and Wiberg, 2002; Wiberg et al., 1994). Seabed sediment classes were  

assigned critical shear stress values that varied with grain size and source. Porosity was assumed  

constant across the shelf and was set equal to a relatively high value of 0.9 based on estim ates of  

seabed elevation change from ADV backscatter. The erosion rate parameter (Equation (23)) was  

assigned a value of M= 2 x 10'4 kg m'2 s 1 based on OBS-derived suspended sedim ent concentrations. 

Although the model neglected seabed consolidation, spatially-variable sedim ent distributions and bed 

stresses created a gradient of high to low seabed erodibility from Poverty Bay to the depocenters,  

consistent with Gust erodibility estimates, as discussed in Chapter 3.

2.4 Computational Limits
Many decisions in the implementation of three-dimensional numerical ocean models must consider  

tradeoffs betw een  the required accuracy, an acceptable level o f  spatial resolution and computational  

limits. The model described had a total of 118 x 287 horizontal grid cells, each with 20 vertical water  

column layers and 8 vertical sedim ent bed layers. A total of 9 tracer variables were estimated (salinity, 

temperature, and seven sedim ent classes), in addition to the m om entum  state variables. To provide 

estim ates that overlapped with the Poverty Shelf field experiment, the modeled time period spanned
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thirteen months, from January, 2010  -  February, 2011. In setting up the model, sensitivity tests  were  

run on a subset of this time period, the three months at the beginning of the longer model run.

ROMS has been parallelized using MPI (Message Passing Interface), which allowed us to run the model  

on the Virginia Institute of Marine Science's (VIMS') High Performance Computing (HPC) cluster using 16 

nodes. The full thirteen month model run required 23 days to run to completion. Som e choices of  

model implementation significantly slowed the computations, including the MPData algorithm for 

horizontal advection o f tracers, and the nudging of currents and tracers near the open boundaries. 

These com ponents  o f  the model were, however, important for model stability.

Each thirteen month model run produced ~210 gigabytes (GB) of model output, which recorded hourly 

estim ates of state variables including velocities and tracer concentrations for each grid point, as well as 

characteristics o f  the sedim ent bed.

2.5. Summary
This project built on previous efforts by using a nested hydrodynamic -  sediment transport model to 

examine sedim ent fluxes on the Waipaoa Shelf. A three-dimensional sedim ent transport model 

accounting for a river plume, winds, waves, larger scale currents, and tides was developed and 

implemented for the Waipaoa Shelf, New Zealand. These processes were represented using the ROMS- 

CSTMS framework in conjunction with locally-validated observed and modeled datasets described  

above. By varying spatial and vertical resolution in the model, w e  focused on the area of interest and 

boundary layer processes while maintaining sufficient model efficiency.
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Tables

Table 2-1: Param eters in ROMS-CSTMS as described in Chapter 2

Param eter M eaning Unit

C Tracer concentration
Amount of tracer (degrees Celsius, 
psu, or kg of  sediment) per cubic 

meter of water

Cd Surface layer drag coefficient non-dimensional

Cs Suspended sedim ent concentration kg m'3

Cs.1

Suspended sedim ent concentration per unit 
area of the bed in the bottom water column 
grid cell

kg m 2

C,
Coefficient for wave-current interaction in 
bottom boundary layer

non-dimensional

CX/ Cy
Phase speeds for oblique radiation boundary 
condition

m s 1

D Dispersion m s'2

D50 Median grain diameter m
E Erosion kg m'2 s 1
f Coriolis parameter s'1

few Wave friction factor non-dimensional

F

Forcing term in ROMS m om entum  and tracer 
advective-diffusion equations. Can include, 
but is not limited to, sedim ent settling 
betw een  vertical layers, surface stress, and 
river discharge

m s'2

Fc
Source o f  sedim ent to the water column due  
to seabed deposition and erosion

kg m'2 s 1

Fgrid
Constant specifying spatially-variable 
nudging at open boundaries

non-dimensional

Fobc

Constant specifying changes to  nudging at 
open boundaries based on direction of  
currents

non-dimensional

g Gravitational constant m s-2
Hsig Significant wave height m
h Water depth m
1 Number of grid cells in NW-SE direction non-dimensional
i Index for model grid in NW-SE direction non-dimensional
J Number of grid cells in SW-NE direction non-dimensional

j Index for model grid in SW-NE direction non-dimensional

K m Eddy viscosity , 2  -1 m s
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k i , k2
Coefficients for active layer formulation  
(0.007 and 6.0, respectively)

m2 s2 kg'1; non-dimensional

kN
Bottom roughness for bed shear stress 
calculations

m

L Wave length m
M Erosion rate parameter kg m'2 s'1

P Seabed porosity non-dimensional
R Rainfall rate kg m'2 s 1
S Salinity psu
T Wave period s

Tr
Relaxation timescale for nudging at open  
boundaries

s

T ro

Relaxation constant for nudging at open  
boundaries

non-dimensional

t Time s
u Current velocity in x direction m s'1

u Depth-averaged velocity m s 1

U0bc
Prescribed value for vertically averaged  
velocity in open boundary equations

m s'1

Ub Wave orbital velocity m s'1

Ur
Near-bed current speed at reference height
zr

m s'1

U*c Current-induced shear velocity m s'1

U*cw,max
Maximum combined wave-current shear 
velocity

m s 1

U*w,max Maximum wave-induced shear velocity m s'1
V Current velocity in y direction m s'1

W Mean wind velocity m s'1

W  ,g u s t Wind gusts m s'1

w* Monin-Obukhov similarity scaling parameter m2 s'2
w s Sediment settling velocity m s'1

x, y Horizontal coordinates non-dimensional

Z 0
Roughness length for atmospheric boundary 
layer

m

Zobs Height of  observations above ocean surface m
Z Vertical coordinate in water column non-dimensional

Zo Hydrodynamic roughness m

Z0,N Bottom roughness due to sedim ent grains m

Zi
Upper boundary o f wave-current boundary 
layer in bottom boundary formulation

m

Za Thickness of seabed active layer m

Zcw Thickness of wave boundary layer for m
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calculations of bed shear stress

Zr Reference height for near-bed currents m

Zs Vertical coordinate in seabed m

a Charnock constant non-dimensional

n Sea surface height m

no
Prescribed value for sea surface height in 
open boundary equations

m

K vanKarmen constant Non-dimensional
V Seawater viscosity 2 -1 m s

$
Variable of interest in boundary condition 
equations

Same units as velocity, sea surface 
height, temperature, salinity, or 

sedim ent concentrations

^obc
Prescribed value for variable of interest in 
open boundary condition equations

Same units as velocity, sea surface 
height, temperature, salinity, or 

sedim ent concentrations

P Water density kg rrf3

Po Reference water density kg m'3

Pair Air density kg m 3

Ps Sediment density kg m‘3

Tvi .max
Maximum wave-induced bed shear stress  
over a wave period

Pa

Current-induced bed shear stress Pa

Tcm\max
Maximum wave-current induced bed shear 
stress over a wave period

Pa

"tcrit Critical shear stress for seabed Pa

T ,surface Shear stress at ocean surface Pa

§
Dynamic pressure (Pressure divided by a 
reference density)

m 2 s'2

4*cw
Angle betw een  waves and currents in 
bottom boundary layer

Radians

Ipw
Stability function for atmospheric boundary 
layer

non-dimensional

(JL) Angular wave frequency 1/s

4 0



Table 2-2: Numerical Schemes for Waipaoa Shelf Model

Descriptions and citations o f  numerical schem es provided in Section 2.2.1.

Process Numerical Schem e

Advection of mom entum  (Vertical, 3D) 4th order, centered

Advection o f  m om entum  (Horizontal, 3D) 3rd order, upstream

Advection of tracers MPData

Vertical Sediment Settling PPM
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Table 2-3: D atasets used for m odel initialization and forcing

Type o f Data Data Description and Source

Bathymetry to construct model 
grid

• Multibeam surveys (McNinch et al., 2008; Gerber et al., 2010  
provided by S. Kuehl)

• Bathymetric contours provided by S. Stephens (NIWA)
• Historical gridded bathymetry (pers. Comm. NIWA)
• Modeled bathymetry of New Zealand ROMs model (ROMS-NZ; 

Hadfield, 2010)

Currents, temperature and salinity 
at open boundaries, and for 
model initialization

• Baroclinic version o f ROMS-NZ, provided by M. Hadfield

Wave height, direction, and period • NIWA's New Zealand Wave (NZWAVE) model (NZWAVE, an 
implementation of NOAA's Wave Watch III model; Tolman et  
al., 2002)

Wind stress • NIWA's New Zealand Limited Area Model (NZLAM, an 
implementation of the UK Met Office's Unified Model; Davies et  
al., 2005)

Tidal components: open boundary 
sea surface height and tidal 
velocities

• Tidal velocities, amplitudes and phase com ponents  from the  
Oregon State Tidal Prediction Software TPX07.1 global solution  
(OTPS; Egbert et al., 1994; Egbert and Erofeeva, 2002)

Metrological data • Air pressure, cloud cover, precipitation, relative humidity, 
shortwave radiation, air temperature from NIWA's National 
Climate Database w eb system (Cliflo; http://cliflo.niwa.co.nz/) 
at Gisborne airport

River discharge o f freshwater and 
sedim ent

• River gauge m easurem ents provided by G. Hall and D. Peacock 
(Gisborne District Council, New Zealand)

Sediment properties of fluvial and 
seabed material (diameter, 
settling velocity, critical stress for 
erosion)

• Hicks et al., 2004
• Wood, 2006.
• ADV and OBS data provided by A. Ogston and R. Hale

Seabed characteristics for 
comparison to model estim ates

• Radiometric and x-ray analysis o f  cores (by J.P. Walsh, R. 
Corbett, and J. Kiker of ECU; A. Orpin of NIWA; and T. Kniskern 
of VIMS)
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Table 2-4: Sediment characteristics for all sedim ent classes

Grain Size 
Class

Sedim ent
Source

% of  
Riverine 

Load

Settling  
V elocity  
(mm s'1)

Critical 
Shear 

Stress (Pa)

Dsotkim) D s o ( p h i )

1 Seabed - 2.4 0.1 63 4.0

2 Seabed -- 65.0 0.28 500 1.0

3 Seabed - 125.0 0.53 1000 0.0

4 River 53 0.15 0.1 16 6.0

5 River 27 0.3 0.1 22 5.5

6 River 13 0.5 0.1 30 5.1

7 River 7 1.0 0.1 40 4.6

For all grain size classes:
Sediment density: 2650  kg/m3 
Erosion rate: 2 x 10'4 kg/m2/s  
Porosity: 0.9
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Figures

Figure 2-1: Study site  on North Island, N ew  Zealand

A. Adapted from Miller and Kuehl, 2009. Spatial distribution of 210Pb accumulation rates (cm y'1) with 

labels for Waipaoa River (red arrow), Poverty Bay, Poverty Gap, Lachlan Anticline (L.A.), Ariel Anticline 

(A.A.), and depocenters (Dep.). Grey bathymetric contours indicate every 10 m. B. Waipaoa Shelf map 

showing tripod locations (brown) and multi-core stations (black) from the first research cruise. Grey and 

black bathymetric contours indicate every 10 m up to 100 m depth and every 50 m up to 150 m depth. 

Inset shows location of study site in New Zealand. C. Waipaoa model grid showing bathymetry with 

gridlines. Each box encom passes  25 grid cells. Model boundaries labeled 'NW', 'SW', 'SE', 'NE'. D. 

Waipaoa model grid showing details o f  shelf bathymetry without gridlines. Grey and black bathymetric 

contours indicate every 10 m up to 100 m depth and every 50 m up to 150 m depth.
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Figure 2-2: Sediment within active layer

Shows time-averaged (a) mass of sediment within the active layer and (b) mass of riverine sediment  
within the active layer. Colorbar in (b) is for both panels. To obtain estimated active layer thickness in 
millimeters, assuming a sediment density o f  2650 kg m'3 and a porosity of 0.9, multiply the figure's 
colorbar by 3.8 m3 kg'1.
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Figure 2-3: Bathym etric map of th e  larger-scale m odel NZ-ROMS

Bathymetric map of larger grid used by NZ-ROMS covering the eastern half of North Island, New  

Zealand. Black box shows approximate extent o f  the Waipaoa shelf model. Note that the X direction is 

oriented Northeast, the Y direction is oriented to the Northwest, and bathymetry is given in meters. 

Figure slightly modified by one provided by Mark Hadfield, NIWA.
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Figure 2-4: Coverage o f bathym etric d atasets near Poverty Bay m outh

The NIWA contours also act as 10 m bathymetric contours. Note that the NIWA contours and 
multibeam data provided by S. Kuehl extend onto the continental shelf and slope.
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Figure 2-5: Timeseries of weather conditions on Waipaoa Shelf

(a) River and (b) sedim ent discharge from Gisborne District Council, New Zealand, (c) modeled  

significant wave height from NZWAVE, (d) modeled wind speed from NZLAM, and (e) modeled depth-  

averaged tidally-filtered current speed from ROMS-NZ. Wave and wind time-series are averages over  

the model domain. Currents are model estim ates made for a location near the shallow tripod site (see  

Figure lb ) .  Grey boxes identify events analyzed in Chapter 3.
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Figure 2-6: Vertical profile of river input

Show s the partitioning o f m om entum , fresh water, and river sedim ent at river mouth.
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Figure 2-7: Initial sedim ent distribution

Shows (a) median grain size, and fraction of (b) mud and (c) sand, respectively.
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CHAPTER 3: Event -  to -  Seasonal Sediment Dispersal
on the Waipaoa River Shelf, New Zealand: a Numerical Modeling Study

3.1 Abstract
The formation of the geologic record offshore of small mountainous rivers is event-driven and, 

compared to other environments, results in relatively com plete sequences. One such river, the Waipaoa 

in New Zealand, has been studied from its terrestrial source to its oceanic sink over timescales spanning 

storms, seasons, and the Holocene. This study com plem ented other efforts by comparing the formation 

of riverine deposits on the Waipaoa Shelf during episodic flood and wave events  to accumulation 

patterns created over thirteen months. Sediment fluxes and fate were estimated using a numerical 

hydrodynamic and sediment transport model (ROMS-CSTMS). During the study period (January 2010 -  

February 2011), event sedimentation on the Waipaoa shelf differed from accumulation patterns, 

especially over relatively short timescales. Initial deposition generally occurred near the river mouth  

and along the coast in water shallower than 30 m. In the days to months following a flood pulse, waves  

reworked this deposit, preferentially resuspending sedim ent from shallow depths and redistributing it 

toward deeper areas having lower near-bed wave stresses, including shelf depocenters and offshore. 

Overall, accumulation depended on characteristics o f  oceanographic transport (wave energy, current 

velocities) as well as source (flood size, sedim ent size distribution).

3.2 Motivation
Flood deposits comprise significant com ponents  of  the geologic record on river-dominated margins, but 

may be reworked by physical and biological processes following em placem ent (e.g. Wheatcroft et al.,
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2007). This resuspension and redistribution of fluvial sedim ent can erase flood deposits from the  

stratigraphic record and reduce the role of  flood deposits as carbon sinks (Wheatcroft and Drake, 2003; 

Blair et  al. 2004). Although depositional and erosional processes act on a variety of  timescales, Sadler 

(1981) showed that short-term accumulation rates typically exceed those representing longer timescales  

because the seabed does not directly record erosion and non-deposition. The marine geologic record is 

therefore incomplete (e.g. Orpin et al., 2009), complicating interpretation of seabed observations. Here, 

w e com plem ent previous studies by investigating how patterns of fluvial accumulation, or net 

deposition, change on short timescales, from days to months.

Recent studies have shown that geologic records offshore o f  small mountainous rivers, such as the  

Waipaoa River, New Zealand, may have relatively good fidelity (e.g. Sommerfield and Nittrouer, 1999; 

Wheatcroft et al., 2007; Blair et al., 2004; Brackley e t  al., 2010). Certain characteristics of  these  river- 

dominated active margins, e.g. the rivers' small drainage basins, high sedim ent yield, and steep  slopes, 

help to coherently deliver flood signals from terrestrial events to the coastal ocean (Milliman and 

Syvitski, 1992; Wheatcroft, 2000). Upon reaching the continental shelf, steep  slopes and energetic  

waves and currents may help transport sedim ent quickly to deeper sites where resuspension is less  

likely (Wheatcroft, 2000; Warrick and Milliman, 2003; Traykovski et al., 2000).

Despite the relatively good fidelity and terrestrial influence of  stratigraphic records on river-dominated 

margins, these  deposits reflect physical and biological reworking by oceanographic processes, in 

addition to flood magnitude and characteristics. Energetic waves and currents can resuspend fine sand
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and mud to mid-shelf water depths and beyond (e.g. Bever et al., 2011; Ma et al., 2008; Drake and 

Cacchione, 1985), and sedim ent may be redistributed as dilute suspension (e.g. Sherwood et al., 1994; 

Drake, 1999, Harris and Wiberg, 2002), or gravity flows (Ma et al., 2008; Ma et al. 2010; Traykovski et  al., 

2000; Traykovski et al., 2007). Disturbances from benthic organisms may also modify sedim ent bed 

properties and erase deposit characteristics, e.g. through bioturbation (Drake, 1999; Bentley and 

Nittrouer, 2003; Wheatcroft, 1990).

The importance of  biological and physical reworking for event layer preservation varies with depth into 

the seabed and water depth. For instance, both biological and physical processes act primarily on near­

surface sediments, so rapid burial of event layers enhances the preservation of distinct beds in the  

geologic record (Wheatcroft, 1990; Bentley and Nittrouer, 2003; Wheatcroft and Drake, 2003).

Similarly, wave orbital velocities attenuate with water depth, so waves more effectively resuspend  

sedim ent in shallow water (e.g. Harris and Wiberg, 2002). The spatial and temporal variations in all of  

th ese  processes affect sedim ent fluxes, and are an important control on the preservation of flood beds. 

Thus, this study investigated the role of  physical reworking on the formation of  flood deposits on the  

Waipaoa River continental shelf, New Zealand.

3.2.1 Waipaoa Source-to-Sink Studies
NSF's MARGINS program chose the Waipaoa, a small mountainous river in New Zealand, as a Source-to-

Sink study site for its high sedim ent yield, interesting marine geologic record, and because its offshore

anticlines were thought to be conducive to preserving a relatively complete geologic record (see Figure

3-1, Carter et  al., 2010; Foster and Carter, 1997; Gomez e t  al., 2004, Hicks et al., 2000; Milliman and
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Farnsworth, 2011). The Waipaoa River has one of the Earth's highest sediment yields, about 6800 tons  

km'2 yr'1 (Milliman and Farnsworth, 2011; Griffiths and Glasby, 1985; Hicks et al., 2004), with even larger 

yields of 17,340 tons km"2 y r 1 in its upstream catchment (Walling and Webb, 1996). Previous studies, 

described further in Section 3.2.2, observed temporary storage of fluvial sediment in Poverty Bay (Bever 

et al., 2011; Bever and Harris, submitted) and also long-term accumulation in shelf depocenters (Miller 

and Kuehl, 2010; Gerber et al., 2010). Past studies also indicated that physical processes (e.g. 

resuspension by waves, gravity-driven transport) likely affected variations (e.g. grain size, carbon 

signature) within the Waipaoa shelf geologic record (Bever, 2010; Brackley et al., 2010; Carter et al.,

2010). However, transport processes have only recently been studied on the Waipaoa shelf. Questions  

remain about how physical processes drive sedimentation and how short-term deposition differs from 

long-term accumulation.

The Waipaoa Shelf Initiative was funded to look at the formation, reworking, and preservation of flood  

deposits on the continental shelf over the course of  a year (Walsh et al., 2009; Kniskern, 2010). From 

January 2010 -  February 2011, the Waipaoa Shelf Initiative led four scheduled research cruises and one  

rapid response following the January 31, 2010 flood to deploy tripods and collect seabed and 

hydrodynamic observations (see Figure 3 -lb ).  Measurements included current velocities, wave  

properties, suspended sedim ent concentrations, seabed elevation, and seabed radioisotope profiles.

This numerical modeling study com plem ented the m easurem ents made during the field program by 

analyzing estimated sedim ent fluxes and deposition during tw o floods, subsequent wave events, and the  

thirteen month field season in its entirety.
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3.2.2 Waipaoa Sedimentary System (WSS)
The Waipaoa River, a small mountainous river with a highly erodible catchment, delivers sedim ent to  

the coastal ocean primarily during floods (Orpin et al., 2006; Hicks et al., 2000). Sediment sources vary 

depending on river conditions and precipitation, with landsliding and gullying dominating during highl­

and low-flow conditions, respectively (Hicks et al., 2000). Primarily muds (D50 = 8.5 pm during floods) 

are transported in suspension, although sands comprise about one percent of the load (Hicks et al., 

2004; Orpin et al., 2006). Despite a very high sedim ent yield, hyperpycnal plumes do not seem  to occur  

very often, with an approximate recurrence interval o f  > 40 years (Hicks et al., 2004). Large floods  

occurred during the Waipaoa Shelf Initiative's field program on January 31 and July 6, 2010, however, 

representing the 5th and 14th largest discharges in the forty-four years of  observations provided by the  

Gisborne District Council (GDC). Riverine sediment concentrations during their peaks were estimated to 

slightly exceed 40 g L'1 based on recent rating curves provided by the GDC. On century-long timescales, 

about 25% of Waipaoa riverine sedim ent seem s to remain on the shelf (Miller and Kuehl, 2010), but the  

sedim ent budget for shorter timescales has not been estimated.

Observed sedimentation on the shelf indicates that event-scale deposition differs from patterns of  long­

term accumulation. During the 2010 field season, for instance, recent depositional patterns varied 

among the five research cruises. Depending on the timing of  the research cruise relative to recent 

conditions, 7Be (t 1/2 = 53.3 days) inventories indicated high deposition near the river mouth in Poverty 

Bay, on the inner to mid shelf near the entrance to Poverty Bay, and/or in depocenters identified by 

Miller and Kuehl (2010) and Orpin e t  al. (2006). Similarly, numerical model estimates indicated that 

som e portion o f  riverine sediments delivered by floods would be retained in Poverty Bay for several
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days before swell wave events resuspended them, and allowed currents to transport them  to the shelf 

(Bever and Harris, submitted). Over century to Holocene timescales, grain size measurem ents, 210Pb (i 

1 /2  = 22.3 years) accumulation rates, and geophysical mapping identified two mid-shelf (40 -  70 m) 

depocenters bordered by anticlines on their seaward edge, and separated from each other by an area of  

low accumulation called Poverty Gap; (see Figure 3-1) (Foster and Carter, 1997; Miller and Kuehl, 2010; 

Orpin et  al., 2006). Even in areas of  high accumulation, however, event layers may be destroyed by 

biological reworking, and Rose and Kuehl (2010) found biologically-dominated seabed facies ~25 km 

from the river mouth to the shelf break.

The w eather system s and hydrodynamics driving sedim ent suspension and transport on this margin are 

highly variable. Energetic waves and winds on the Waipaoa shelf generally coincide with southward- 

travelling storms that also cause river floods (Orpin et al., 2006). Although winds are predominantly 

from the north-northwest (seaward), winds associated with these  storms are typically easterly  

(landward) and then rotate and becom e westerly (seaward) (Stephens et al., 2000; Orpin et al., 2006). 

While winter is the stormy season, som e of the largest historical floods have happened during other  

times of  year (Orpin et al., 2006). For example, the largest recorded flood, Cyclone Bola, occurred in 

March, 1988 and one of the biggest floods of  our study period was in late January, 2010.

During the 2010 field season, shelf current velocities generally flowed along shore. The tripod deployed  

at 40 m water depth recorded time- and depth-averaged velocities of 1.6 cm /s  to the NE and a mean  

speed of 26.3 cm /s  that switched direction often (data obtained from A. Ogston and R. Hale, University
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of Washington). Several factors may influence currents, including a northward coastal current, 

coastally-trapped waves, and southward-traveling eddies (Chiswell, 2000; Wood, 2006; Hadfield, pers. 

comm., 2010; Stephens et al., 2000; Chiswell and Roemmich, 1998; Chiswell, 2005). In Poverty Bay, the  

river plume drives counter-clockwise circulation (Stephens et al., 2000; Healy et  al., 1998; Bever et al.,

2011). Waves generally travel from the southeast into Poverty Bay, and have average periods of  9-10  

seconds, and significant wave heights of  0.8 -  0.9, although longer-period swell waves also propagate  

onto the shelf from the Southern Ocean (Bever e t  al., 2011; Smith, 1999). Waves dominate bed shear 

stresses at the study site, which were estimated to exceed 0.1 Pa (a typical threshold for suspension of  

fine-grained sedim ent on continental shelves; Ferre et al., 2010; Wiberg e t  al., 1994; Kachel and Smith, 

1989) 58% of the time at the Southern Depocenter tripod during the 2010 deployments (bed stress data 

provided by A. Ogston and R. Hale, University of Washington).

In context, the 2010  field season was a relatively w et  year for the WSS (Orpin, pers. comm., 2011), with 

multiple floods and periods of high discharge (wet storms) in addition to wave events that did not 

coincide with precipitation or discharge (dry storms). These events included a flood with relatively low  

waves on January 31, 2010, a series of subsequent dry wave events with peak shelf sediment fluxes on 

March 7, 2010, a flood with high waves on July 6, 2010, and a series of w et  wave events with peak shelf 

sedim ent fluxes on August 31, 2010 (Figure 3-2). We used the numerical model to compare shorter- 

term sedimentation patterns during th ese  events to each other and the year as a whole.
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3.3 Objectives
This study addressed the following questions:

•  How did shelf suspended sedim ent fluxes and deposition vary during a flood coinciding with 

relatively low waves, a series of subsequent dry wave events, a flood coinciding with high waves, 

and a series o f  subsequent w et  wave events?

•  How did event deposition contribute to sedim ent accumulation over the thirteen month study 

period? To what extent were initial flood deposits reworked by waves and currents?

3.4 Methods
To investigate sedim ent transport and deposition on the Waipaoa River continental shelf, a numerical 

circulation and sedim ent transport model, ROMS -  CSTMS (Regional Ocean Modeling System -  

Community Sediment Transport Modeling System) was developed for the Waipaoa shelf. Model results 

for January 1, 2010 -  February 15, 2011 were compared to data collected during the 2010 field season.  

Estimates of  sediment flux and deposition during floods, wave events, and the year as a whole were  

analyzed. This section briefly reviews the formulation o f the model that was described in detail in 

Chapter 2, and provides details of the model run implementation and analysis.

3.4.1 Model Description
ROMS, an open-source community-developed model, solves the Navier-Stokes, continuity, and tracer 

advective-diffusion equations (Haidvogel et al., 2000; Haidvogel et al., 2008; Shchepetkin and 

McWilliams, 2005, 2009). To implement ROMS for the Waipaoa shelf, a model grid was developed using 

multibeam estim ates of  bathymetry from J. McNinch (USACoE) and from S. Kuehl (VIMS; Gerber et al.,

60



2010), bathymetric contours and gridded bathymetry provided by NIWA, and modeled bathymetry from 

a lower resolution model, ROMS-NZ, provided by Mark Hadfield (NIWA; Figure 3 - lc ,  d). In the area of  

interest near shelf depocenters, horizontal grid resolution was ~450 m. Vertical grid resolution varied 

with water depth and location in the water column. Resolution increased in shallow water, near the  

bed, and near the water surface. At 50 m depth, for example, grid cells ranged from 0.24 -  4.6 m in 

thickness, and were 1.4 m thick at the bed.

The ROMS implementation relied on a variety of  observations and model estim ates (see Figure 3-2, 

Table 3-1). Model inputs included wind velocities from NZLAM (NZ Local Area Model; see  Davies et al., 

2005), and wave properties from NIWA's NZWAVE model, a local implementation of Tolman et  al. 

(2002). To account for larger scale shelf currents, prevent reflection of the river plume on open  

boundaries, and ensure model stability, the  model was nested within ROMS-NZ, a larger scale New  

Zealand circulation model developed by M. Hadfield (NIWA). Radiation boundary conditions were used 

for the free surface elevation (Chapman, 1985) and depth-averaged current velocities (Flather, 1976).

An oblique radiation -  nudging boundary condition for depth-varying current velocities, salinity, and 

temperature was used, moving these  variables toward values obtained from ROMS-NZ following 

Marchesiello et  al. (2001) and Lavelle and Thacker (2008). Nudging was strongest at the open boundary 

and decreased sinusoidally to zero within 30 grid cells o f  the boundary.

CSTMS, an open-source community model developed in conjunction with ROMS, was used to estimate  

suspended sedim ent transport and deposition. As described in Warner et al. (2008), the model
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accounted for advection, diffusion, erosion and deposition of  sediment. Both fluvial discharge and 

seabed erosion provided sedim ent sources to the water column. Seabed erosion was calculated 

following the Ariathurai and Arulanandan (1978) formulation:

E = M ( X - p ) —hed~ Tc—-
^'em

where M  was the erosion rate parameter, p  was seabed porosity, i bed was bed shear stress, and Tcrit was  

critical bed shear stress. Erosion was also restricted by the thickness of  the active layer following Harris 

and Wiberg (1997). Wave- and current- induced bed stress was calculated following Madsen (1994).

The density equation of state included sediment concentration to account for gravity-driven transport, 

but vertical resolution was insufficient to resolve a wave-current boundary layer or thin near-bed fluid 

mud such as has been seen  on other shelves (Wright and Friedrichs, 2006).

The calculations accounted for seven sedim ent types and eight seabed layers (see Table 3-2). Three 

sources provided data used to develop the initial seabed sediment distributions: Wadman and McNinch 

(2009), Wood (2006) and the January, 2010  cruise (see Figure 3- lb ) .  Four classes were used for 

sedim ent delivered fluvially. Guidance in assigning their properties was sought from data from Hicks et 

al. (2004) and estimates of  effective settling velocity from the tripod at 40  m water depth (obtained 

from A. Ogston and R. Hale, University of  Washington). These sources estimated a median grain 

diameter of 8.5 pm in the Waipaoa river during floods and effective settling velocities ranging from < 0.1  

to ~1 mm s'1, with a peak at ~0.1 mm s 1 during energetic shelf conditions at 40  m water depth. Since 

information regarding the distribution of sedim ent settling velocity in the river plume was unavailable,
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however, a range of reasonable values (0.15 -  1 mm s'1) was chosen and the fluvial sedim ent was  

logarithmically partitioned into these  sedim ent settling classes following sensitivity tests. Other 

parameters such as critical shear stress and erosion rate parameter were chosen to match estim ates  

from Optical Backscatter Sensor (OBS) m easurem ents from the first tw o months of  the tripod 

deploym ent and Gust erosion chamber experiments from the 2010 field season (tripod data from A. 

Ogston and R. Hale, University of  Washington; Gust data from J.P. Walsh, D.R. Corbett, and J. Kiker, East 

Carolina University; Kiker, 2012). Sediment and seabed parameters are discussed further in section 3.6.

3.4.2 Model Implementation and Analysis
ROMS-CSTMS was implemented for January 15, 2010 -  February 15, 2011. Sensitivity tests of  the first 

tw o months (January 15 -  March 15, 2010) w ere used to choose  parameters, and then the model was  

run and analyzed for the entire study period (see Section 3.5.1). Estimates of waves, currents and 

suspended sedim ent concentrations w ere quantitatively compared to tripod data from the thirteen  

month field season using the correlation, variability and m eans of  the tw o time-series (statistics 

presented in Table 3-3; time-series presented in Figures 3-3, 3-4). This comparison used model 

estim ates from the grid cell located closest to the tripod location. The observations, provided by A. 

Ogston and R. Hale, University of Washington, were derived from Acoustic Doppler Current Profiles 

(ADCP; current velocities), Acoustic Doppler Velocimeters (ADV; wave orbital velocity, wave frequency), 

and Optical Backscatter Sensors (OBS; suspended sedim ent concentrations). ROMS estim ates o f  bed 

shear stress were compared to values derived following Madsen (1994) that relied on the tripods' 

observed velocities. More qualitative analyses compared spatial patterns of  modeled deposition to  

seabed radioisotope inventories.
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Spatial and temporal variations in sediment transport and deposition on the Waipaoa shelf were  

analyzed for the entire thirteen month field season, then transport during specific episodes were  

considered including two large floods, and subsequent wave events (Figure 3-2). The first flood peaked  

on January 31, 2010, and was characterized by relatively low waves. A period of dry w ave events  

followed this flood, including large waves on March 7, 2010 when orbital velocities exceeded the  

thirteen-month average by a factor of 1.5 (Table 3-4). The second flood considered here, a more typical 

winter storm, peaked on July 6, 2010, with high waves coinciding with peak discharge. A series o f  

moderate discharge and wave events followed this, including an episode on August 31, where orbital 

velocities almost reached 1.5 times the thirteen-month average (Table 3-4). Sections 3.5.2 and 3.5.3  

analyze estimated sediment transport and sedimentation patterns during these  individual events, and 

compare them to fluxes and accumulation over the thirteen month model run. Although model 

calculations included both fluvial and seabed sediments, the analysis presented here focused on the  

transport and fate o f  the riverine material, unless otherwise noted.

3.5 Results
The model was first evaluated with respect to  both water column and seabed measurements. Then, the  

hydrodynamic climate and sedim ent dispersal patterns were described for the 2010 study period as a 

whole and for specific high-energy events.
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3.5.1 Model Evaluation
Both the modeled and observed currents varied spatially and frequently reversed direction, but the  

model underestimated water speeds (Figures 3-4, 3-5). For the most part, depth- and time- averaged 

current velocities on the shelf were oriented to the NE; at the 40  m deep  tripod location, velocities in 

the model were directed 26 degrees east o f  north, slightly inshore of  measured velocities that w ere  

oriented 54 degrees east of north. Although the model underestimated peak water speeds at the three  

tripod locations (Table 3-3), it replicated the spatial patterns of the observed time- and depth- averaged  

current speeds, which increased from the depocenter tripod to the shallow tripod to the deep tripod. 

Modeled velocities along the slope /  slope break were particularly fast, while low current speeds were  

estimated in the lee of  Mahia Peninsula, over the Southern Depocenter and in Poverty Bay. While shelf  

currents were generally to the NE, a counterclockwise eddy formed within Poverty Bay, as seen  in 

observations (Stephens et al., 2000, Healy et al., 1998, Bever et al., 2011) and previous model efforts  

(Bever and Harris, submitted). The model developed a persistent eddy over the Southern Depocenter,  

consistent with observations at the tripod there that depth-averaged currents were primarily directed to  

the northwest and south. In addition to spatial patterns, the model estimated frequent reversals of  

current direction influenced by flow from the larger-scale model and occurring on a timescale of days, 

similar to temporal behavior in the tripod m easurem ents (Figure 3-4). Importantly, flow direction 

during events discussed in this chapter were consistent with observations, including the January 31 and 

July 6 floods, and March 7 and August 31 wave events. During the January flood, for example, estimated  

and measured currents, averaging a speed of 11.6 and 16.4 cm s'1, respectively, switched direction from 

southward to northeastward as winds shifted on February 1, 2010.
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Model estim ates of  waves, bed shear stresses, and sediment concentrations also captured the timing of  

episodic events, but underestimated m easurem ents from the field season (Figure 3-3; Table 3-3). 

Underestimates of  wave height and period from NZWAVE propagated to create bias in calculations of 

bed stress and suspended sedim ent concentrations. Although the models underestimated the  

magnitudes of waves, bed stress, and sedim ent concentrations these  timeseries all peaked during 

observed wave events (Figure 3-3).

Seabed erodibility can be defined as the amount of sedim ent available for erosion at a given bed shear

stress and the treatment o f  erodibility is a distinguishing factor betw een  cohesive and non-cohesive

models (see Sanford and Maa, 2001; Sanford, 2008). We used a non-cohesive formulation wherein the

critical shear stress varied with sedim ent class, and assumed that sediments had critical bed stresses

betw een  0.1 - 0.53 Pa. The bed erodibilty in the model therefore depended on the excess shear stress

defined to be the difference betw een  bed stress and critical stress for each size fraction. Though

erosion during any one tim estep was limited by the  active layer thickness that scaled with excess shear

stress (see Harris and Wiberg, 1997), in a general sense, we can assume that sedim ent classes having

critical bed stress that exceeded  the bed stress were erodible, and other classes were not. Erodibility

was therefore under- and over- estimated during quiescent and energetic time periods, respectively.

When bed stress fell beneath 0.1 Pa, no sedim ent could be resuspended in the model and so erodibility

was therefore underestimated. Similarly, all sedim ent classes could be resuspended once bed stress

exceeded  0.53 Pa, causing the model to overestimate seabed erodibility during energetic periods.

Another way to evaluate the bed erodibility is to consider the degree to which the seabed was mobilized

in the model, and the variability o f  modeled seabed thickness for each grid location gives an idea of how
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responsive that site was to the applied bed stresses (Figure 3-6). This showed that seabed mobility was  

highest where fluvial deposition occurred, with "hot spots" for erosion being near the bay mouth. The 

gradient of  high to low seabed erodibility from Poverty Bay to the depocenters compared well to 

erodibility estim ates from Gust chamber experiments (data provided by Kiker, 2012) where the most  

erodible sedim ents were also found in Poverty Bay and the mouth o f  the bay (see Figure 3-7).

Patterns of  erosion and deposition estimated by the model have been evaluated using seabed  

observations of 7Be inventories (Corbett et al., 2012; Kiker, 2012; Kniskern et al., 2012; Kniskern e t  al., in 

prep; see  Figures 3-8, 3-9). Overall, both the observations and model estim ates exhibited high spatial 

and temporal variability. Areas of  deposition often occurred in close proximity to areas where little or 

no sedimentation was detected or estimated, and the shape of the depositional footprint changed  

b etw een  each research cruise (Figure 3-8, 3-10, 3 - l l a ) .  Both observations and model estimates  

generally showed enhanced deposition to either side of Poverty Gap, landward of shelf anticlines. 

During every research cruise, radioisotope signatures were also high in som e part o f  Poverty Gap, 

consistent with model estimates that showed sediment deposits there, particularly following periods of  

high discharge. Often, these  high radioisotope signatures and model estim ates of  deposition were  

observed at ~40 m and ~30 m in Poverty Gap, respectively. Flowever, model estim ates of deposition  

were generally located in shallower water than observed 7Be inventories, and over-estimated  

accumulation in Poverty Bay, as discussed in section 3.6.
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The January 31, 2010 flood accounted for most o f  the sedim ent delivered to the shelf betw een  the  

research cruises in January and February, 2010, and it is worthwhile to compare model estim ates of  

event deposition to seabed changes betw een  the tw o cruises. Depositional patterns from the January 

31 flood, evaluated using net gains in 7Be inventories betw een  the January 15 and February 15, 2010  

research cruises, indicated riverine sedim ent deposited across much of the shelf (Kniskern et al., in 

prep.; Figure 3-9). Event deposition occurred from the northern depocenter, across Poverty Gap near 

the 30 and 40  m isobaths, to parts of the southern depocenter. Net losses of  7Be, corrected for decay, 

were observed during this sampling interval in other parts of the southern depocenter and in Poverty 

Gap betw een  45 and 100 m water depth. Model estimates captured aspects of  this sedimentation,  

including high deposition behind the northern depocenter  and near the 30 m isobath in Poverty Gap 

(Figure 3-10a, 3 - l l a ) .  However, model results indicated increased retention of sedim ent in Poverty Bay 

relative to the shelf. Also, model calculations show ed millimeters of deposition in deeper  areas of  

Poverty Gap (50 and 85 m water depth), whereas net losses of 7Be indicated erosion there during this 

time. Also, estimated deposition near the Southern depocenter was less than 1 mm thick, while 7Be was  

observed in sedim ent layers as deep as 8 cm there (Kniskern et al., 2012; Kniskern et al., in prep.). High 

spatial variability of shelf depositional patterns (Kiker, 2012; Corbett et al., 2012; Kniskern et al., in 

prep.; Kniskern et al., 2012), bioturbation, and processes discussed in section 3.6 may contribute to  

discrepancies.
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3.5.2 Overall hydrodynamic climate and sedimentation during 2010 field season
This section analyzes system behavior as a whole, throughout the 13-month model run to gain insight

into the cumulative effects of multiple flood, wind, and wave events superimposed on background 

conditions.

3.5.2.1 Effect of wave resuspension
Throughout the model run, wave events resuspended material previously deposited during floods, 

especially in shallow water. Waves traveled from the southeast onto the shelf, with an average wave  

height and period of 1.5 m and 8.16 s, estimated by NZWAVE. Wave-induced bed shear stresses  

exceeded  those  induced by currents by an order of magnitude (Figure 3-12), and therefore dominated  

the resuspension of sediment. Bathymetry exerted strong controls on wave orbital velocities and bed 

stresses, which were higher in Poverty Bay, Poverty Gap and the anticlines than in the long-term 

depocenters  (Figure 3-12). Bed shear stress exceeded 0.1 Pa, an approximate threshold for 

resuspending sediment, 87, 38, and 19 % of the time at water depths of  20, 40  and 60 m. Even during 

moderate wave events, bed stresses exceeded 0.1 Pa across the shelf, including areas deeper than 150 

m, although bed stresses and resuspension were still lower in deeper regions.

3.5.2.2 Effect of currents
Although waves dominated bed stresses, current velocities controlled sediment flux direction and 

strongly influenced its magnitude (Figure 3-10). Currents in the model were, on average, directed 

toward the northeast, but switched direction often, similar to what has been observed during tripod 

deploym ents (Figure 3-4). The strongest shelf currents traveled along the shelf break and along
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isobaths, passing seaward of the southern anticline, through Poverty Gap, and inshore of the northern 

anticline (Figure 3-5). These currents dispersed sedim ent along-shelf in both directions, although 

velocities during most times of  high river discharge (except the January 31 flood) were persistently 

northeastward (Figures 3-4; 3-10a, d; 3-13), consistent with observations. As discussed in Section 3.5.1, 

an eddy often formed landward of the Lachlan anticline, trapping sedim ent south of Poverty Gap in the  

vicinity of the Southern Depocenter.

3.5.2.3 Overall sediment fluxes
Resuspension by energetic w aves encouraged transport of sedim ent toward depocenters on either side 

of Poverty Bay by preferentially eroding deposits in shallower areas like Poverty Bay and Poverty Gap. 

Dry wave events, when little freshwater and new sedim ent entered the model grid, were particularly 

effective at producing this pattern (Figure 3-10c). The effect o f  increased resuspension on sediment  

fluxes can also be seen by looking at the deposit footprint for sedim ent with different settling velocities. 

By the end of the model run, the deposit created by slower-settling sedim ent had two distinct shelf 

depocenters to either side of  Poverty Gap (Figure 3 - l lb ) .  Slower-settling sediment (ws = 0.15 mm/s)  

was also deposited preferentially in deeper water, with 75% of the sedim ent remaining in Poverty Bay or 

on the shelf located in water depths exceeding 30 m. In contrast, sedim ent settling at 1 m m /s formed a 

narrower, shallower mudbelt in front of  Poverty Bay that crossed Poverty Gap. This faster-sinking 

sedim ent also settled closer to shore, with shelf sedim ents equally split betw een  the inner shelf (depth 

less than 30 m) and deeper  areas.
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3.5.2.4 Overall pattern of accumulation
Over the 13-month model run, net accumulation of fluvial sedim ent occurred in Poverty Bay and to  

either side of  Poverty Gap betw een  30 and 55 m water depth, with reduced deposition in Poverty Gap. 

Settling velocity strongly influenced the shape of the deposit formed by fluvial material (Figure 3-11), 

and sedim ent budgets (e.g. Table 3-5; Figure 3-14) These budgets were calculated by summing all of the  

fluvial sedim ent deposited and suspended in Poverty Bay and on the shelf at the end of the model run 

(see Figure 3-13b). The mass of the riverine load transported off the proximal shelf was calculated by 

subtracting the sedim ent in Poverty Bay and on the shelf from the fluvial sediment input. Slower- 

settling material traveled farther from the river mouth, and more was exported from the Bay and the  

shelf. Overall, more than 90% of sedim ent settling at 1 m m /s remained in Poverty Bay, and almost all of  

the rest remained on the shelf. For comparison, only 30 -  40% of sedim ent settling at 0.15 m m /s  

remained in Poverty Bay, 10 -  30% w as deposited on the shelf, and the remainder was carried to the  

northeast off of the proximal shelf.

3.5.3 Sedimentation during events
Sediment transport on this shelf was episodic and dominated by large fluxes that occurred during 

relatively short episodes (see, e.g. Figure 3-13). This section analyzes how transport and deposition  

during th ese  energetic periods responded to oceanographic and meteorological conditions by examining 

four distinct events.
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3.5.3.1 Sedimentation during a flood with relatively low waves
During the January 31 flood, the wind- and Coriolis- driven river plume superimposed on a larger-scale 

southwestward shelf current, influenced sedim ent transport and spread sediment over a wide area. 

Westward winds initially directed the river plume toward the southwest, but then winds weakened and 

the river plume turned toward the northeast during the time when much of the flood sedim ent entered  

the shelf from Poverty Bay. Further offshore on the mid- to outer- shelf, a large-scale isobath-parallel 

current entrained som e water and sedim ent from the river plume and carried it southward.

The resulting deposit was focused in Poverty Bay and along the coast to the north, with a more diffuse 

deposit spread over the shelf south of Poverty Gap (Figure 3-10a). Little resupsension occurred during 

this flood, when wave orbital velocities and bed stresses were less than half the average values. Less 

than one percent o f  the riverine load escaped the shelf, though assumptions about sedim ent settling 

velocity strongly influenced estim ates of  the depositional footprint. Over 99% of sedim ent with settling 

velocity o f  1 m m /s remained in Poverty Bay, while 30% of sediment settling at 0 .15 m m /s was exported  

to the shelf. Of the sediment deposited on the shelf, 50 -  75% (depending on settling velocity) settled in 

areas shallower than 30 m, with faster settling sedim ent remaining close to the river mouth, and more 

slowly settling material reaching deeper water.

3.5.3.2 Waves redistribute January 31 flood deposit
In the months following the January 31 flood, w aves resuspended the initial deposit, and sediment  

deposition shifted to deeper areas. The biggest fluxes occurred on March 7, 2010 (Figures 3-13, 3-14), 

w hen large waves resuspended sediment across the entire shelf. During this time, wave orbital
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velocities and bed stresses on the shelf exceeded the thirteen month average by about a factor of two.  

Between 2% and 30% of the initial deposit, depending on the material's settling velocity, was exported  

from Poverty Bay onto the shelf (Figure 3-10b, 3-14). Currents strengthened by northward winds 

transported this material and resuspended shelf sedim ent to the north of  Poverty Bay, and about 1% - 

25% of each riverine sediment class was carried off the proximal shelf to the northeast.

In addition to the energetic March 7 waves, small to moderate waves reworked riverine sedim ents  

throughout the period from February 14, 2010 to May 15, 2010 (Figure 3-10c). Average wave orbital 

velocities and bed stresses during this time were low, equaling about the thirteen-month average, but 

the numerous moderate wave events augmented transport from the March 7 waves. These carried an 

additional 0 -15%, depending on settling velocity, of the initial deposit from Poverty Bay to the shelf  

(Figure 3-14). Although average currents and highest fluxes were northward, currents switched  

direction on timescales of days to a w eek so the model estimated net deposition to either side of  

Poverty Bay's entrance. Net erosion of the January 31 flood deposit occurred in all areas shallower than 

~20 m including Poverty Bay, the coastal region north of Poverty Gap, and to a lesser extent in Poverty 

Gap. Net deposition occurred in deeper areas adjacent to, and generally offshore of, the initial deposit  

and in areas that had no initial flood deposit such as the inner shelf to the south of Poverty Bay. These  

smaller wave events did not export much sediment from the proximal shelf, removing only <1 - 5% of  

the January 31 flood load (depending on sedim ent settling velocity).
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3.5.3.3 Sedimentation during a flood with high waves
A large flood having peak discharge of over 1700 m3 s'1 and coinciding with energetic waves occurred on 

July 6, 2010. Transport within the river plume, directed northeastward by northward winds, dominated  

sedim ent fluxes during this flood. Waves, with orbital velocities about twice the thirteen month  

average, resuspended previously-deposited sediment, which was carried out of Poverty Bay and along­

shore toward the northeast. In the surface layer, the river plume traveled out of  Poverty Bay and then  

primarily continued northward along the coast. Near-bed currents were generally directed in the same  

direction as water column velocities, but had an increased offshore com ponent in Poverty Bay and the  

inner shelf when sedim ent concentrations were high. A portion of the newly-delivered sedim ent in the  

plume, and som e resuspended material were entrained by an eddy over the Southern Depocenter.

Net shelf deposition during the July 6 flood was influenced by the river plume, eddy over the Southern 

Depocenter and offshore near-bed currents. Deposits appeared to the north o f the Waipaoa River (up 

to 40 m deep), landward of the Southern Depocenter (20 -  50 m water depth), and in the deeper  

portions of Poverty Bay and shallow areas of  Poverty Gap (20 -  35 m water depth; Figure 3-10d). During 

this event, 50 -100%  of flood sedim ent was deposited in Poverty Bay, and up to 50% was transported 

off of  the proximal shelf to the northeast, depending on settling velocity and fraction of the flux 

com posed of older riverine material. Settling velocity again controlled the partitioning o f sedim ent on 

the shelf, with about half of the faster-settling sedim ent that reached the shelf settling in depths  

shallower than 30 m, while about two-thirds of the slower-settling sedim ent settled in water deeper  

than 30 m.
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3.5.3.4 Winter storms (discharge pulses and waves) redistribute flood deposit
In the months following the July flood, a series of  smaller discharges that coincided with energetic waves

delivered sedim ent to the shelf and changed the deposit footprint. The largest o f  these  sediment fluxes 

occurred around August 31, 2010 (Figures 3-13, 3-14), when river discharge peaked at just under 400  m3 

s'1, and wave orbital velocities exceeded  the thirteen month average by a factor of about 1.5 (Table 3-4). 

Resuspension occurred across the shelf, and near-bed down-slope currents in the mouth of Poverty Bay 

and the inner shelf carried sedim ent toward deeper  areas (Figure 3-10e). Newly-delivered sediments  

were carried northward by the river plume during the beginning of the flood, and then offshore as winds 

rotated from northward to southward. Depending on settling velocity, these  winter storms transferred 

from <1% to 20% of the riverine sedim ent initially in Poverty Bay to the shelf. Poverty Bay, and to a 

lesser extent, parts of the inner -  to -  mid shelf experienced net erosion (Figure 3-10e). Net deposition  

occurred just outside of  Poverty Bay and also along the coast to the northeast. The amount of riverine 

sedim ent on the shelf nearly doubled for all sedim ent sizes, with net deposition focused in areas deeper  

than 30 m or to the north along the inner shelf (Figure 3-10e).

In addition to the August 31 storm, a series of  smaller river discharge and wave events redistributed and 

added to the original flood deposit. The discharges together delivered 2 x l0 9 kg of sedim ent ( ~ l /4  of the  

July 6 flood load) to Poverty Bay and the shelf. Net deposition occurred in parts of Poverty Bay, on the  

inner shelf to the south of Poverty Bay due to southwestward currents, and on the mid-shelf (30 -  50 m 

deep) to the north o f  Poverty Bay (Figure 3-10f). Net erosion occurred in the same parts of  Poverty Bay 

and Poverty Gap that experienced high net deposition during the July 6 flood. Between July 20 and
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Septem ber 30, 2010, the ratio of  riverine sedim ent mass on the shelf to sedim ent mass in Poverty Bay 

increased from ~0.25 to ~0.35 for sedim ent settling at 0.15 m m/s.

3.6 Discussion
Wave processes and bathymetry helped explain the delivery of sediment to two distinct depocenters  

landward of shelf anticlines, and reduced accumulation in Poverty Gap. Attenuation of wave stresses  

with water depth added a seaward com ponent to  net flux since sediment was preferentially 

resuspended from shallow water. Zones of  reduced wave-induced bed stresses occurred over  

bathymetric lows, and so sedim ent resuspension was discouraged there (Figure 3-12). These model 

results w ere consistent with observations showing that accumulation on century-long timescales occurs 

in shelf depocenters and not Poverty Gap (Miller and Kuehl, 2010).

Even moderate wave heights on the Waipaoa shelf created bed stress sufficient to resuspend shelf  

sedim ent and rework riverine deposits. Excluding floods, the highest sediment fluxes occurred during 

larger and more sustained wave events when bed stresses exceeded 1 Pascal at 40 m depth for at least a 

few  days (Figure 3-2, 3-13). Sediment concentrations, and therefore fluxes, were also elevated following  

periods of high discharge which increased sedim ent availability for subsequent resuspension events.

Although waves preferentially resuspended sedim ent from shallow areas during all events, dry storms

(including swell waves and local wind storms) were particularly effective at removing sedim ent from

Poverty Gap and the inner shelf because they did not coincide with the input o f  new riverine sediment.
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In contrast, newly delivered sediment during w et  storms generally settled in or near Poverty Bay, 

including drapes of sediment over Poverty Gap (Figure 3-10d, e, f). The increased sedim ent availability 

near the river mouth and the relatively high bed stresses in shallow areas enhanced resuspension there  

(Figure 3-10), consistent with a seabed that grades from physically-dominated to biologically-dominated  

with distance from river mouth (Rose and Kuehl, 2010). The low background discharge of the Waipaoa 

River, however, limited spatial variability in salinity structure (unpublished CTD casts and model 

estimates) and likely limited strong spatial gradients in nutrient delivery, except during floods or to areas 

within a kilometer of  the river mouth. Therefore, variations in ephemeral deposition and near-bed  

turbidity, due to fluvial supply and resuspension frequency, likely drive the transition of  seabed facies 

from physically- to biologically- dominated.

While waves dominated bed shear stress (Figure 3-12), and thus determined the timing, and to som e  

extent, magnitude of resuspension, current velocities influenced flux magnitude and determined net 

flux direction. Average currents during all events except the January flood were directed to the  

northeast, so buoyant sedim ent fluxes were also primarily in that direction. During the March 7 wave  

event, strong wind-driven northward currents were particularly effective at transporting sedim ent  

alongshore. In contrast, currents during the August 31 storm were directed eastward during peak waves  

and they w ere relatively weak because winds changed direction often, so fluxes were smaller and less 

sedim ent was carried off of the proximal shelf (Figure 3-14).
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Model nesting within ROMS-NZ helped to stabilize the modeled currents and reduced reflection of the  

river plume at open boundaries during floods. Although estimated currents in both this model and 

ROMS-NZ w ere weaker than observed currents during 2010, model nesting produced fluctuations in 

along-shore current direction on the shelf at the sam e frequency as the observations. Both this study 

and Xue et al. (2012) found that model nesting increased along-shore currents and associated sedim ent  

fluxes.

Estimated fluxes of flood material depended strongly on the settling characteristics assumed for 

sedim ent (Figure 3-11). The sedim ent budget (see Table 3-5) was therefore very dependent on 

sedim ent settling velocity which was difficult to constrain with available data. Sand was not included 

because earlier models showed that it settled at the river mouth. For all settling velocities considered  

(ws ranged from 0.15 to 1.0 mm/s), Poverty Bay retained a significant fraction of fluvial material over 

t im escales of a single flood to months. On event timescales, the bay retained most of the faster-settling 

mud (ws > 0.5 mm/s), while more of the slower-settling fractions (ws < 0.3 mm/s) settled on shelf or 

w ere carried buoyantly off of the shelf (Figure 3-11; Table 3-5). Over the timespan of a year, initial flood 

deposits were redistributed. Although faster-settling material remained in Poverty Bay, som e was  

exported to the shelf, while slower-settling mud on the shelf was either retained in the deeper areas, or 

carried off the proximal shelf (Figure 3-11).

Estimated deposits at the end o f the thirteen-month study period (Figure 3-10g) were generally  

landward of the observed long-term depocenters (Figure 3-la) . One or more factors contributed to this.
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First, although the temporal patterns of modeled bed stresses reflected the wave events observed  

during the field season, estimated stresses, suspended sedim ent concentrations and across-shelf  

currents were consistently lower than values derived from tripod observations, reducing modeled  

estim ates of  resuspension. For instance, doubling both the wave orbital velocities and across-shelf  

current speeds would roughly increase sediment fluxes by a factor of eight. Second, while this model 

accounted for gravity-driven transport, it lacked sufficient vertical resolution to the represent thin near­

bed gravity flows observed on other shelves (e.g. Traycovski et al., 2000; Ma et al., 2008) which seem  

more capable of creating thick event beds than dilute suspensions (Harris et al., 2005). Future efforts 

may more thoroughly investigate the role of gravitational forcing on depositional patterns on the  

Waipaoa shelf, perhaps using a ROMS model having higher vertical resolution, or a gravity flow model 

similar to Ma et al. (2010) and Scully e t  al. (2003).

The model neglected seabed consolidation, which also would affect the sedim ent budget. Bed stresses  

in shallow water almost continuously resuspend sediment, slowing the consolidation of newly delivered 

muds. In deeper water, wave agitation is less frequent, and the seabed may consolidate betw een  wave  

events. Supporting this theory, m easurem ents of  erodibility from the Waipaoa shelf (Kiker, 2012; Figure 

3-7) indicated that erodibility was highest and most variable in Poverty Bay and Poverty Gap (Kiker, 

2012; Figure 3-7). However, while the model indicated higher variability in seabed thickness near 

Poverty Bay than in deeper areas of the shelf (Figure 3-6), this trend was driven by deposition, not 

seabed consolidation. Accounting for seabed consolidation would therefore likely increase export from 

shallow regions and increase retention of  sedim ent in deeper  areas of the shelf.
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Fluxes on other river-dominated margins have also been strongly correlated to oceanic conditions, but 

not necessarily to floods. Similar to the Waipaoa margin, flooding river plumes on both the nearby 

Waiapu River, New Zealand and the Eel River, California, USA, primarily delivered sedim ent along the  

coast to the inner shelf (Kniskern, 2007; Harris et al., 2005; Geyer et  al., 2000). As winds weakened or 

switched direction following peak flood, river plumes at these  three sites spread further offshore, 

reducing along-shelf fluxes (Kniskern, 2007; Harris et al., 2005; Geyer et al., 2000). In the hours to 

months following floods, energetic waves and currents then resuspended and redistributed sediment  

that had settled from the flood plume, with som e portion transported as suspended load along-shore, 

away from the proximal shelf (Kniskern, 2007; Harris et al., 2005). During th ese  times, however, gravity 

flows also carried sedim ent offshore on the Eel and Waiapu shelves (Ma et al., 2008; Kniskern, 2007; 

Traykovski et al., 2000; Harris et al., 2005), and may have played som e role on the Waipaoa shelf, too  

(Hale et al., 2012; Moriarty e t  al., 2012).

Despite many similarities, the relative role of  w aves and currents on the shelves, and the timing of

waves and currents relative to river floods differed among the three margins. Offshore of the Eel River,

gravity flows were primarily wave-supported (Traycovski et al., 2000). While similar wave-supported

gravity flows were important in shallow areas (water depth less than 60 m) of the Waiapu shelf, current-

supported gravity flows could carry sedim ent to deeper  water (Ma et al., 2010), and likely played a role

on the Waipaoa shelf, too  (Moriarty et al., 2012). Unlike the Eel margin, where floods usually coincided

with energetic ocean conditions, the Waiapu and Waipaoa margins also experience floods in times of

relatively low wave energy. During a Waiapu River flood with relatively low waves, sedim ent settled

from the river plume and rapidly deposited on the inner shelf (Ma, 2009; Kniskern, 2007). This sediment
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was only resuspended and moved to deeper water when waves becam e more energetic (Ma, 2009; 

Kniskern, 2007). This timing was similar to the January 31 flood and subsequent wave events discussed  

above for the Waipaoa shelf, and to Poverty Bay events described in Bever et al. (2011) and Bever and 

Harris (submitted).

Will shelf deposits from either the January 31 or July 7 floods be preserved? These events were the 5th 

and 14th largest floods in the forty-four year record, with discharge peaks of over 2400 and 1700 m 3 s'1. 

Yet in both cases, waves resuspended sedim ent across the entire shelf within tw o months o f  the flood, 

reworking and redistributing the initial deposit (e.g. Figure 3-10, 3-11). Estimated riverine deposits on 

the shelf w ere thin (Figure 3-11) compared to field observations that indicated measurable 7Be activities 

as deep  as 0 - ~8 cm in the seabed tw o weeks after the January 31, 2010 flood (Kniskern et al., 2012). 

Storm waves, however, were estimated to be capable of resuspending sedim ent (from both the seabed  

and riverine sedim ent classes) from up to 1 -  10 cm deep in the seabed, depending on bed stresses and 

sedim ent availability. These model results indicate that only thick flood deposits would be capable of  

being preserved throughout a winter storm season. Bioturbation will also mix the seabed (Rose and 

Kuehl, 2008), especially in the summer (December - February). Thus, the physical structure of these  

flood deposits is likely compromised, although carbon or radioisotope signatures could persist.

3.7 Conclusion
Dispersal estim ates for flood sedim ent depended strongly on the settling characteristics assumed for the  

material. Poverty Bay retained most of the faster-settling sediment (ws ~ 0.5 -  1.0 mm/s) and only a low
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percentage of  this sedim ent was exported to the  shelf several months after its delivery to the coastal 

ocean (Table 3- 5, Figure 3-11). Sediment dispersal from Poverty Bay and the shelf increased for slower-  

settling particles. Consolidation and swelling, neglected in this model, may also enhance export from 

shallow areas, where the seabed is more often mobilized, and facilitate retention on the shelf where  

energetic bed stresses occur less frequently, allowing the seabed to consolidate. Settling velocity also 

affected the shape of the flood deposit footprint. Deposits o f  slower settling material were more 

widespread than those  com posed of faster settling sedim ent because of the longer residence time in the  

water column.

Initial flood deposits were resuspended by waves and redistributed by currents on the Waipaoa shelf. 

During floods, both local winds and larger-scale currents influenced water column velocities and the  

path of the river plume. Energetic waves, whether occurring during or after a flood, resuspended fluvial 

sedim ent into the water column where they were dispersed as suspended load. Preferential 

resuspension of deposits from shallow locations encouraged accumulation in deeper water, near long­

term depocenters.

Short term deposition as estimated by the numerical model, occurring over days to months, differed 

from long-term accumulation seen in geochronological records of 210Pb. Hydrodynamic conditions  

varied among the flood and wave events studied, which greatly affected the shapes of resultant 

deposits, especially on shorter timescales. Estimates of sedim ent budget and deposit characteristics 

changed over time as shallow initial deposits were resuspended, and sedim ent accumulated in deeper
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areas that had low bed stresses (Figure 3-12). Because transport to the final location o f  deposition  

seem ed  to occur in multiple steps, this implied that oceanographic transport mechanisms provide 

important controls on depositional patterns. That is, shelf deposition depended as much on 

oceanographic transport (waves and currents) as on source characteristics such as flood size and 

sedim ent distribution.
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Tables

Table 3-1: Datasets used for model initialization and forcing

Type o f Data Data Description and Source

Bathymetry to construct model 
grid

• Multibeam surveys (McNinch et al., 2008; Gerber et al., 2010  
provided by S. Kuehl)

• Bathymetric contours provided by S. Stephens (NIWA)
• Historical gridded bathymetry (pers. Comm. NIWA)
• Modeled bathymetry of New Zealand ROMs model (ROMS-NZ; 

Hadfield, 2010)

Currents, temperature and salinity 
at open boundaries, and for 
model initialization

• Baroclinic version of ROMS-NZ, provided by M. Hadfield

Wave height, direction, and period • NIWA's New Zealand Wave (NZWAVE) model (NZWAVE, an 
implementation of NOAA's Wave Watch III model; Tolman et  
al., 2002)

Wind stress • NIWA's New Zealand Limited Area Model (NZLAM, an 
implementation of the UK Met Office's Unified Model; Davies et  
al., 2005)

Tidal components: open boundary 
sea surface height and tidal 
velocities

• Tidal velocities, amplitudes and phase com ponents from the  
Oregon State Tidal Prediction Software TPX07.1 global solution  
(OTPS; Egbert e t  al., 1994; Egbert and Erofeeva, 2002).

Metrological data • Air pressure, cloud cover, precipitation, relative humidity, 
shortwave radiation, air temperature from NIWA's National 
Climate Database web system (Cliflo; http://cliflo.niwa.co.nz/) 
at Gisborne airport

River discharge o f freshwater and 
sedim ent

• River gauge m easurements provided by G. Hall and D. Peacock 
(Gisborne District Council, New Zealand)
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Sediment properties of  fluvial and 
seabed material (diameter, 
settling velocity, critical stress for 
erosion)

• Hicks et  al., 2004
• W ood, 2006.
• ADV and OBS data provided by A. Ogston and R. Hale

Seabed characteristics for 
comparison to model estim ates

• Radiometric and x-ray analysis o f  cores (by J.P. Walsh, R. 
Corbett, and J. Kiker o f  ECU; A. Orpin of NIWA; and T. Kniskern 
o f  VIMS)
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Table 3-2: Sediment characteristics for all sedim ent classes

Grain Size 
Class

Sedim ent
Source

% of 
Riverine 

Load

Settling  
V elocity  
(mm s'1)

Critical 
Shear 

Stress (Pa)

D50(|im ) D 5o ( p h i )

1 Seabed - 2.4 0.1 63 4.0

2 Seabed - 65.0 0.28 500 1.0

3 Seabed - 125.0 0.53 1000 0.0

4 River 53 0.15 0.1 16 6.0

5 River 27 0.3 0.1 22 5.5

6 River 13 0.5 0.1 30 5.1

7 River 7 1.0 0.1 40 4.6

For all grain size classes:
Sediment density: 2650 kg/m3 
Erosion rate: 2 x 10'4 kg/m2/s  
Porosity: 0.9
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Table 3-3: Model evaluation statistics

Statistics calculated for all tripod deploym ents with available observations. There was no data for 

currents for the third deploym ent at the deep  tripod, or for suspended sedim ent concentrations for any 

deploym ents at the deep  tripod.

Param eter R1 ^ m o d e l  /  

^ o b se rv a tio n s

Bias3

Wave Orbital Velocity 0 . 6 3 - 0 . 8 5 0 . 8 4 - 1 . 3 5 -6.4 -  -1.4 cm /s

Depth-Averaged

Currents

Along-Shelf 0 .0 2 - 0 .4 2 0 . 3 4 - 0 . 7 3 -0.9 -  2.8 cm /s

Across-Shelf 0 . 3 8 - 0 . 8 2 0 . 3 7 - 0 . 5 7 -1.4 -  9.8 cm /s

Suspended Sediment Concentrations 0 . 3 5 - 0 . 6 8 0 . 1 1 - 1 . 5 7 -0.206 -  0.003 g/L

C orrelation  Coefficient

2 Ratio of  the standard deviation of the model estim ates to that of  the observations

3 Difference betw een  the mean of the model estim ates and mean of the observations
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Table 3-4: Hydrodynamic conditions

Evaluated at the deep tripod at 60 m water depth for different time periods.

'Event' Time
Period

Wave
Orbital
Velocity
(cm /s)

Bed
Stress
(Pa)

Current
M agnitude
(cm /s)

Mean
Current
Direction
(degrees1)

Wind
M agnitude
(m /s)

Mean
Wind
Direction
(degrees1)

Entire
Field
Season

15 Jan 
2 0 1 0 - 
15 Feb 
2011

4.30 0.06 10.4 69 6.6 -56

31 Jan 
Flood

30 Jan 
2 0 1 0 -  
14 Feb 
2010

2.94 0.03 11.6 -106 5.4 -173

6 Jul 
Flood

4 Jul 2010

22 Jul 
2010

8.29 0.16 15.7 68 8.7 78

7 M ar 
Wave 
Event

4 Mar 
2 0 1 0 -  
13 Mar 
2010

7.94 0.11 9.4 81 7.6 81

31 Aug
Wave
Event

29 Aug 
2 0 1 0 -  
8 Sep 
2010

6.77 0.08 5.4 87 8.2 8.6

Period 
o f Dry 
Wave 
Events

15 Feb 
2 0 1 0 - 
19 May 
2010

5.13 0.06 7.4 77 6.1 -89

Period 
o f W et 
Wave 
Events

22 Jul 
2 0 1 0 - 
30 Sept 
2010

4.36 0.05 6.3 84 6.9 -44

d ire c tio n  is given in degrees counterclockwise from  east, tow ard which the currents and w ind are traveling.
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Table 3-5: Sediment budget for riverine sedim ents

Grain

Size

Class

% of

Riverine

Load

Settling  

V elocity  

(m m  s'1)

Percent of 

Riverine Load 

Rem aining in 

Poverty Bay1

Percent of 

Riverine Load 

Remaining on  

th e Shelf 

(outside of  

Poverty B ay)1

Percent of 

Riverine Load 

Transported  

O ffshore1

4 53 0.15 34 21 45

5 27 0.3 58 21 21

6 13 0.5 75 16 9

7 7 1.0 92 7 1

1 Budgets were computed as follows: the total mass of suspended and deposited sedim ent in Poverty 

Bay and on the shelf (excluding Poverty Bay) was divided by the cumulative sum of sedim ent entering  

the model grid betw een  1 January 2010 and 15 February 2011. The remainder o f  sedim ent was  

assumed to be transported offshore.
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Figures

Figure 3-1: Study site on North Island, New Zealand

A. Adapted from Miller and Kuehl, 2009. Spatial distribution of 210Pb accumulation rates (cm y"1) with 

labels for Waipaoa River (red arrow), Poverty Bay, Poverty Gap, Lachlan Anticline (L.A.), Ariel Anticline 

(A.A.), and depocenters (Dep.). Grey bathymetric contours indicate every 10 m. B. Waipaoa Shelf map 

showing tripod locations (brown) and multi-core stations (black) from the first research cruise. Grey and 

black bathymetric contours indicate every 10 m up to 100 m depth and every 50 m up to 150 m depth. 

Inset shows location of study site in New Zealand. C. Waipaoa model grid showing bathymetry with 

gridlines. Each box indicates 25 grid cells. D. Waipaoa model grid showing a close-up of shelf 

bathymetry without gridlines. Grey and black bathymetric contours indicate every 10 m up to 100 m 

depth and every 50 m up to 150 m depth.
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Figure 3-2: Timeseries of weather conditions on the Waipaoa Shelf

(a) River and (b) sedim ent discharge from Gisborne District Council, New Zealand, (c) modeled  

significant w ave height from NZWAVE, (d) modeled wind speed from NZLAM, and (e) modeled depth-  

averaged tidally-filtered current speed from ROMS-NZ. Wave and wind time-series are averages over  

the model domain. Currents are estim ates from the shallow tripod site (see Figure lb ) . Grey boxes  

highlight the January flood (1 /3 0 /2 0 1 0  -  2 /1 4 /2010) ,  March wave event (3 /4 /2 0 1 0  -  3 /13 /2010) ,  July 

flood (7 /4 /2 0 1 0  -  7 /22 /2010) ,  and August wave event (8 /2 9 /2010  -  9 /8 /2010) .
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Figure 3-3: Timeseries of estim ated w aves, bed stress, SSC and seabed elevation

Timeseries o f  (a) significant wave height, (b) bottom wave period, (c) wave orbital velocity, (d) total 

wave- and current- induced bed shear stress, (e) suspended sedim ent concentrations and (f) seabed  

height at the shallow tripod calculated based on fluxes of  fluvial and seabed material. Black lines 

indicate model estimates. Grey lines indicate ADV (wave height; bed shear stress) and OBS (suspended  

sedim ent concentration) observations collected by A. Ogston and R. Hale (University o f  Washington).
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Figure 3-4: Time-series of estim ated currents

(a) Along-isobath and (b) across-isobath depth-averaged and tidally-filtered currents at the shallow  

tripod. ADCP observations provided by A. Ogston and R. Hale (University of Washington). Grey boxes 

highlight the January flood (1 /3 0 /2 0 1 0  -  2 /1 4 /2010) ,  March wave event (3 /4 /2 0 1 0  -  3 /13 /2010) ,  July 

flood (7 /4 /2 0 1 0  -  7 /2 2 /2010) ,  and August wave event (8 /2 9 /2 0 1 0  -  9 /8 /2010) .
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Figure 3-5: Map of estim ated time-averaged depth-averaged currents

Water speed (shading) and direction (black arrows) are shown. Long blue arrows indicate direction of 

observed current velocities for all tripod deployments. Black bathymetric contours indicate every 10 m.
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Figure 3-6: Seabed thickness variability

Time-averaged seabed thickness (left) and standard deviation of seabed thickness (right). Thickness 
calculations include both seabed and riverine sediment. Bathymetic contours show every 10 m water  
depth and highlight the 50 m, 100 m, and 150 m contours.
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Figure 3-7: Observed seabed erodibility

From Kiker, 2012. Sediment erodibility m easurem ents taken in January 2010  (Cl), May 2010 (C2), 
Septem ber 2010 (C3), and February 2011 (C4). Grey bathymetric contours are every 10 m. until 100 m.
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Figure 3-8: Observed 7Be inventories

From (a) January, (b) May, and (c) September 2010  research cruises and the (d) February 2011 research 

cruises. Figure from Kiker, 2012.
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Figure 3-9: N et 7Be inventories from  15 - 1 7  February 2010 to  13 - 20 January 2010

Positive values indicate fresh deposition and negative values indicate erosion. Figure provided by Tara 

Kniskern (VIMS; Kniskern et al, in prep).
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Figure 3-10: Cumulative sed im en t fluxes and hydrodynam ic conditions for se lected  tim e periods 

Left pan els:  Maps of cumulative deposition (positive) and erosion (negative) of riverine sediments  

during a specific time period. Deposition and erosion are shown for changes in seabed height greater  

than 1 mm. Flux arrows are shown for every 10 grid cells, and for fluxes greater than 2 x 106 kg m2 except  

as noted. R ight panels: Representative snapshots o f  bottom orbital velocity (shading), surface (maroon 

arrows) and bottom (black arrows) currents, and wind (red arrow) during events. Currents are shown for 

every 10 grid cells. Time periods include (a) Cumulative sediment fluxes and deposition for January 30 -  

February 14, 2010. Snapshot of  hydrodynamic conditions on February 2, 2010; (b) Cumulative sediment  

fluxes and deposition for March 4 -  13, 2010. Snapshot of hydrodynamic conditions on March 7, 2010; 

(c) Cumulative sediment fluxes and deposition for February 14 -  May 15, 2010. Snapshot of 

hydrodynamic conditions on April 7, 2010; (d) Cumulative sedim ent fluxes and deposition for July 4 - 22, 

2010. N otice the change in scale fro m  4a ,b ,c ,e  a n d f.  Snapshot of hydrodynamic conditions on July 9, 

2010; (e) Cumulative sedim ent fluxes and deposition for August 29 -  September 8, 2010. Snapshot of  

hydrodynamic conditions on Septem ber 1, 2010; (f) Cumulative sedim ent fluxes and deposition for July 

22 -  Septem ber 30, 2010. Snapshot of hydrodynamic conditions on August 4, 2010; (g) Cumulative 

sedim ent fluxes and deposition for January 15, 2010 -  February 15, 2011. Flux arrow s are show n fo r  

every  10  grid cells, fo r  fluxes g rea ter  than 20  x 1 0 6 kg m 2. Notice the change in scale from  4a ,b ,c ,e  an df.
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(a) Cumulative se d im en t  fluxes and d ep osit ion  for January 30  -  February 14, 2010 .  Snapshot o f

hydrodynam ic conditions on February 2, 2010 .
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(b) Cumulative se d im en t  fluxes and d ep osit ion  for March 4  - 1 3 ,  2010 .  Snapshot o f  hydrodynam ic

conditions on March 7, 2010 .
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(c) Cumulative se d im en t  fluxes and d ep osit ion  for February 14 -  May 15, 2010 .  Snapshot o f

hydrodynam ic conditions on April 7, 2010 .
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(d) Cumulative se d im en t  fluxes and deposit ion  for July 4  - 22, 2010 .  Notice the change in scale from

4a,b,c,e andf.  S napshot  o f  hydrodynam ic conditions on July 9, 2010 .

0.5 m/s (current) 
5 m/s (wind)

0.4 m/s

178 178.2 178 178.2

Longitude

116



L
at

it
ud

e

(e) Cumulative se d im en t  fluxes and d ep osit ion  for August 29 -  S ep te m b er  8, 2010 .  Snapshot o f

hydrodynam ic conditions on S ep te m b er  1, 2010 .
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(f) Cumulative se d im en t  fluxes and d ep osit ion  for July 22 -  S ep te m b er  30, 20 1 0 .  S napshot  o f

h ydrodynam ic conditions on August 4, 2010 .
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(g) Cumulative sediment fluxes and deposition for January 15, 2010 -  February 15, 2011. Flux arrows 

are show n fo r  every  10 grid cells, fo r  fluxes g rea ter  than 20  * 106 kg m 2. N otice the change in scale from  

4a ,b ,c ,e  a n d f
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Figure 3-11: Map of flood deposit thickness per percent of riverine load

On (a) February 15, 2010, following the January 31, 2010  flood, and on (b) February 15, 2011, at the end  

of the field season. Note that slow-settling sedim ent classes accounted for larger percentages of  the  

riverine load. Settling velocities o f  0.15, 0.30, 0.50, and 1.0 mm s'1 accounted for 53, 2 7 ,1 3 ,  and 7 % of  

the riverine load. To estimate total deposit thickness for each sedim ent class, multiply the colorbar by 

53, 2 7 ,1 3 ,  and 7, respectively.
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(a)

Deposit Thickness per % Riverine Load: 15-Feb-2010
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(b)

Deposit Thickness per % Riverine Load: 15-Feb-2011
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Figure 3-12: Wave- and current- induced bed stress

(A) Percent of the time that wave- and current- induced bed shear stresses exceeded 0.1 Pa., (B) average 

wave-induced bed shear stress, and (C) average current-induced bed shear stress from January 15, 2010  

to February 15, 2011.
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Figure 3-13: Instantaneous Sediment Fluxes

Timeseries of (a) along-shelf and across-shelf instantaneous sediment flux summed over different areas 

of the shelf. Fluxes were summed over Poverty Bay, the inner shelf (water depths shallower than 30 m), 

and the mid- and outer- shelf (water depths betw een  30 and 150 m) as shown in (b). Positive fluxes are 

northeastward, and offshore. Negative fluxes are southwestward and toward the coast.
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(b)
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Figure 3-14: Timeseries of sedim ent budget.

Timeseries of cumulative sediment input, mass of sediment in Poverty Bay, and mass of sedim ent on 

shelf.
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CHAPTER 4: Conclusions

A numerical hydrodynamic and sedim ent transport model has successfully been implemented for the 

Waipaoa Shelf, New Zealand. Model nesting, a technique relatively new  to sediment transport models, 

was implemented to account for larger scale ocean currents in the model. This effort was necessary to  

increase the stability of the model; specifically it reduced reflection o f the river plume at the model  

boundary. In addition to nesting, the coupled hydrodynamic -  sedim ent transport model included wind, 

wave, river, and tidal processes. A two-layer bottom boundary layer estimated combined wave-current  

bed stresses. Sediment processes included advection, diffusion, erosion, deposition, and the inclusion 

of  sedim ent in the equation of state.

This model neglected som e processes that may be important for sedim ent transport and deposition, 

however. Comparison of model estim ates to observations showed that the model underestimated  

across-shelf transport. Processes neglected in the model, such as seabed consolidation, gravity flows,  

and flocculation could explain this discrepancy and should be investigated by future efforts. Estimates 

of sedim ent fluxes were particularly sensitive to sedim ent settling characteristics, and so flocculation 

may be important in river-impacted margins (Hill et al., 2000; Syvitski et al., 1985; Ayukai and Wolanski, 

1997). The model assumed that the settling velocity of sedim ent remained constant. However, if 

sedim ent becom es more highly flocculated with distance from the river mouth and water depth, this 

could help to explain model estim ates of  sedim ent deposition in shallow water. Additionally, seabed  

microcosm experiments indicated that the sedim ent bed becam e less erodible with distance from the  

river mouth and water depth (Corbett e t  al., 2012; Kiker, 2012). This might imply that sediment in
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shallow areas that are frequently subjected to wave agitation might be more erodible, and more easily 

resuspended than material on the mid- to outer-shelf. Finally, the addition of gravitational forcing by 

high concentrations of  suspended sedim ent increased export of  sedim ent from Poverty Bay in Bever and 

Harris (submitted), and ongoing efforts will more fully evaluate the role of  gravitational forcing on the  

Waipaoa Shelf (see, e.g. Moriarty et al., 2012). Even so, buoyant sedim ent fluxes as included in the  

model presented in Chapters Two and Three had many consistencies with long-term accumulation. That 

is, reworking o f initial riverine deposits by waves and currents resulted in accumulation landward of  

shelf depocenters, separated by a zone o f low accumulation in Poverty Gap.

Estimated hydrodynamics and sedim ent fluxes were analyzed for the thirteen month study period and 

also for individual floods and wave events. Winds strongly influenced the  path of the river plume, which 

in turn controlled the predominantly northward buoyant sedim ent fluxes during floods. Dispersal of  

sedim ent during both floods and wave events depended strongly on the settling characteristics assumed  

for the material. Faster-settling material remained closer to the river mouth, and formed a more 

concentrated (less-diffuse) deposit. Sediment having fall velocities in excess of  1 m m /s tended to settle  

in Poverty Bay and the inner shelf during floods. Energetic waves during and following floods then  

resuspended this sediment, allowing ocean currents to redistribute riverine deposits along and across 

the shelf. Shelf depocenters tended to be located in areas of  local topographic depressions. The 

relatively low bed stresses estimated for these  sites facilitated sedim ent accumulation there.

Sedimentary signals were highly modified betw een  arrival on the shelf and accumulation in long-term

shelf depocenters. Transport of  sedim ent to shelf depocenters occurred in multiple stages. Therefore,

the physical structure of flood deposits from the 2010 field season, which included tw o approximately
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eight-year recurrence interval floods, seem s unlikely to be preserved in the geologic record. The 

destruction of the physical structure o f  the seabed, however, may not preclude a carbon or radioisotope 

signature. Overall, sediment delivery to long-term shelf depocenters depended on oceanographic  

forcing as well as sedim ent supply.
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APPENDIX: Model Input Files

This appendix contains input files for the ROMS model run described in Chapters Two and Three. The 

input text files, including waipaoa.h, ocean_waipaoa.in and sediment_waipaoa.in, are included on the  

pages below. These files, as well as netCDF input files for bathymetry, waves, winds, currents, tracers, 

tides, and meterological forcing, are contained on the attached CD:

Input text files:
waipaoa.h  
ocean_waipaoa.in  
sediment_waipaoa.in  
ana_nudgcoef.h  
build.bash

Input netCDF files:
gridgen_romsformat_redo5.nc
waipaoa_init_redo7_20100101.nc
bdry_bclin_*.nc (70 files)
clim_bclin_*.nc (70 files)
waipaoa_swradhr_new.nc
waipaoa_windhr_nzlam_new.nc
waipaoa_apresshr_new.nc
waipaoa_clound_new.nc
waipaoa_rainhr_new.nc
waipaoa_relhumhr_new.nc
waipaoa_tem phr_new.nc
waipaoa_w aves3_new .nc
waipaoa_river_newpartitions.nc
pb_tide_PO_new.nc
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