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Abstract

Bars are key morphological units in river systems, fashioning the sediment regime and
bedload transport processes within a reach. Reworking of these features underpins
channel-adjustment at larger scales, thereby acting as a key determinant of channel
stability. Despite their importance to channel evolution, few investigations have
acquired spatially continuous data on bar morphology and sediment-size to investigate
bar reworking. To this end, four bars along a 10 km reach of a wandering gravel-bed
river were surveyed with Terrestrial Laser Scanning (TLS), capturing downstream
changes in slope, bed material size and channel planform. Detrended standard
deviations (0z) were extracted from TLS point clouds and correlated to underlying
physically measured median grain-size (Dso), across a greater range of oz values than
have hitherto been reported. The resulting linear regression model was used to create
a 1 m resolution median grain-size map. A fusion of airborne LIDAR and optical-
empirical bathymetric mapping was used to develop reach-scale Digital Elevation
Models (DEMS) for rapid two-dimensional hydraulic modelling using JFlow® software.
The ratio of dimensionless shear stress over critical shear stress was calculated for
each raster cell to calculate the effectiveness of a range of flood events (2.33 - 100
year recurrence intervals) to entrain sediment and rework bar units. Results show that
multiple bar forming discharges exist, whereby frequent flood flows rework tail and
back-channel areas, whilst much larger, less frequent floods are required to mobilise
the coarser sediment fraction on bar heads. Valley confinement is shown to exert a
primary influence on patterns of bar reworking. Historical aerial photography,
hyperscale DEMs and hydraulic modelling are used to explain channel adjustment at

the reach scale. The proportion of the bar comprised of more frequently entrained units
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(tail, back channel, supra-platform) relative to more static units (bar head) exerts a

direct influence upon geomorphic sensitivity.

Key Words: bar sedimentology, wandering gravel-bed river, fluvial morphodynamics,

sediment entrainment, terrestrial laser scanning.

1. Introduction

Interpreting the process-form relationship of bar complexes is a fundamental aim in
fluvial geomorphological enquiry (Bluck, 1979, Church and Jones, 1982, Bridge,
2003). Bar topography and grain-size composition underpins insights into the
mechanisms of channel adjustment, reach-scale sediment regime and bedload
transport. Evidence for these linkages are especially apparent in wandering-braided
systems, where bar morphology and reworking drives planform adjustment (Surian et
al., 2009). Church and Jones (1982: 292) proposed that “description of these features
and consideration of their origin is tantamount to describing the form and enquiring
into the stability of the entire river channel”. However, despite their importance, the
challenges associated with capturing precise and spatially continuous grain-size data
across bar surfaces has provided a major limitation to modelling sediment entrainment

and, as a result, bar reworking (Verdu et al., 2005).

The primary, traditional approach to analysing bar sedimentology relies on physical
measurements of grain-size through Wolman transect counts or sieving (Wolman,
1954, Church and Jones, 1982, Bunte and Abt, 2001, Kondolf et al., 2003, Hoyle et
al., 2007, Rice and Church, 2010). These techniques rely on manually measuring
grain-size to establish grain-size distributions for a specific unit or bar (Rice and
Church, 2010). This limits grain-size comparison to between units or bars, reducing

the ability to analyse grain-size distribution within units and across the bar as a whole,
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rather than examining within-bar variability. In recent years, remote sensing
techniques have been used to derive statistical summaries of grain-size (e.g. D1s, Dso,
Ds4; the grain-size at which 16, 50 and 84% of b-axes are finer) at patch to catchment
scales. Photographic or “photosieving” methods include those that analyse image
texture using semivariograms (Carbonneau et al., 2004, Verdu et al., 2005 Black et
al., 2014), analyse image intensity by autocorrelation (Rubin, 2004, Barnard et al.,
2007), identify individual grains (Graham et al., 2005), and use Fourier-optics
principles (Buscombe and Rubin, 2012). Alternative approaches have used high-
resolution Digital Elevation Models (DEMs) from Terrestrial Laser Scanning (TLS;
Heritage and Milan, 2009, Hodge et al., 2009, Brasington et al., 2012, Baewert et al.,
2014, Schneider et al., 2015, Storz-Peretz and Laronne, 2018) and Structure-from-
Motion surveys (Westoby et al., 2015, Vazquez-Tarrio et al.,, 2017, Woodget and
Austrums, 2017 ) to derive relationships between topographic roughness (i.e. the
vertical variation in elevation) and grain-size. Pearson et al. (2017) review empirical
relationships that have been derived between Dso and roughness metrics, presenting
a decision tree to aid the selection of appropriate regression relationship depending
upon sediment sorting, shape and packing. These remote sensing techniques
represent pragression towards characterising bar-scale grain-size variation. As yet,
however, applications of these techniques have been largely restricted to
methodological development rather than providing data to shed light on fluvial

morphodynamics.

High-resolution measurement of topography and grain-size variation presents an
opportunity to enhance models of sediment entrainment and the reworking of bar
surfaces. Previous attempts to measure bar reworking include the use of sediment

tracers or painted patches to measure transport on bar units (Laronne and Duncan,
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1992, Carling et al., 2006, Surian et al., 2009, Mao and Surian, 2010, Mao et al., 2017,
), capture of sediment in traps or pits (Bridge and Gabel, 1992, Habersack et al., 1998),
topographic surveys for sediment budgeting (Brasington et al., 2000, Fuller et al.,
2003, Williams et al., 2011), installation of scour chains to measure at-a-point scour
(Leopold et al., 1964, Rennie and Millar, 2000, Rodrigues et al., 2012) and aerial
photography to depict rates of adjustment (Church and Rice, 2009, Rice et al., 2009,
Ham and Church, 2012). However, these approaches measure sediment transport as
or after it occurs. Models that predict sediment entrainment across bar surfaces are
notably absent. In part, this is due to the logistical challenge of directly measuring the
spatial distribution of hydraulics and bedload transport during high-flow events in
natural gravel-bed river settings (Williams et al., 2015). If high-resolution topographic
datasets (Tarolli, 2014, Passalacqua et al., 2015) are available, two-dimensional flow
modelling (e.g. Pasternack et al., 2006, Hodge et al., 2013, Williams et al., 2013) can
be used to predict spatial distributions of depth and velocity for particular flow events,

thereby enabling bed shear stress to be mapped.

Bar reworking is a key measure of the geomorphic effectiveness of flood events
(Wolman and Gerson, 1978). Systematic appraisal of forms and rates of channel
adjustment and stability is an important part of river restoration and management
applications (Doyle et al., 2007). In such analyses it is important to specify the
geomorphic role of flood events of differing magnitude-frequency relations. Bankfull
flows are commonly cited as channel forming (formative) events, as flow is
concentrated within the banks, before being dissipated on the floodplain at higher flow
stages (Leopold et al., 1964, Williams, 1978, Sambrook Smith et al., 2010). It is well
established that channel morphology is shaped by multiple discharges. For example,

Phillips (2002) found that ‘bi-modal dominant discharges’ shaped channels, whereby
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flows below bankfull flush fine sediment and maintain channel shape, whilst rare floods
rework coarse sediment and erode channel banks. Surian et al. (2009) found that
floods with a discharge of 20% to 50% of bankfull could mobilise the wetted channel,
whilst bankfull discharge was necessary to rework higher elevation bar surfaces. This
paper provides a quantitative approach to understand the geomorphic effectiveness

of these different flows.

Bars are commonly considered to be made up of a resilient, stable ‘nucleus’ around
which-more mobile units are deposited on the falling limb of floods (Leopold et al.,
1964, Bluck, 1976). This node of coarse sediment indicates flow competence during
high magnitude events, whereas the smaller, more active fraction is reworked more
frequently. ‘Hydraulic’ elements, which reflect deformation of the channel bed, can be
differentiated from ‘storage’ elements which store sediments that are being
transported through the reach, over variable timeframes (Church and Jones, 1982).
Over time, different mechanisms of bar formation determine the range of grain-sizes
within a bar. This, in turn, influences the size of event (or events) that is necessary to
entrain these different units, reworking and resetting the physical template (dynamic
physical habitat mosaic) of the river. Assessing the reworking of barforms within
dynamic, multi-channelled gravel-bed rivers is fundamental to understanding channel
adjustment at the reach scale. Despite this, previous frameworks which quantitatively
assess bar reworking are scarce and predominately limited to tracer studies (c.f.
Laronne et al., 2001, Hassan and Ergenzinger, 2005, Carling et al., 2006, Surian et
al., 2009). Investigations have traditionally been limited by the difficulties of acquiring
grain-size data at an appropriate scale for modelling and characterising reworking
(Verda et al., 2005). Instead bedload transport equations (and associated modelling)

usually use single grain-size distributions to represent entire bar surfaces, and, as
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such, incorporate a high degree of error (Ferguson and Ashworth, 1992, Hicks and

Gomez, 2003, Wilcock et al., 2009, Gray et al., 2010).

Efforts to improve quantitative assessment of the sediment regime of a river (sensu
Wohl etal., 2015) depend upon reliable measurement of bed material movement over
differing surfaces along a river course at different flow stages. To date, systematic
appraisal of grainsize variability has limited the capacity to conduct such modelling
exercises. This study analyses these relationships for a dynamic gravel bed river on
the North Island of New Zealand. It investigates how patterns of bar reworking are
controlled by bar unit scale variations in morphology and sedimentology, reach-scale
controls, and flood magnitude. Using data acquired along a wandering-braided reach
of the Tongariro River, New Zealand, the objectives of this paper are to: (i) analyse
historic bar reworking; (ii) map hyperscale bar topography and grain-size; (iii) develop
a novel modelling approach which calculates sediment entrainment and bar reworking
across a range of flood magnitudes, using predicted bed shear stresses from two-
dimensional hydraulic modelling. This approach offers insight into wider geomorphic
guestions including: (i) how do mechanisms of bar formation determine bar
sedimentology?; (i) how do reach-scale controls (slope, valley confinement) alter
patterns. and rates of bar reworking?; and (iii) which flood events are
geomorphologically effective in reworking bars in different reach settings?

2. Study Area

2.1. Catchment Description

The Tongariro Catchment (777 km?) is located in the central North Island of New
Zealand (Figure 1). Catchment elevation ranges from 2797 m above sea level (asl;
New Zealand Geodetic Datum 2000) at the peak of Mt Ruapehu to 329 m asl where

the Tongariro River drains into the caldera of Lake Taupo (surface area 616 km?). The
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alpine climate in the headwaters grades to more temperate conditions at lower
elevations. Mean annual rainfall ranges from 3400 mm at high elevations to 1200 mm
at Turangi (Genesis Energy, 2000). Mean total monthly rainfall at Turangi is lowest in
February (109 mm) and peaks in July (180 mm). Mean monthly temperatures in the
lower _catchment range from 6.5° C in July to 17.3° C in February with the yearly
average being 11.8°C (NIWA, 2009). Two dams in the upper section of the catchment
have decreased mean annual discharge at Turangi from 53 m3s to 29 m3s! (Genesis
Energy, 2000). As the control gates are opened once flow exceeds 150 m3s, there
has been negligible long-term disruption to the flow and sediment regime of the system
(Reid et al., 2013). The study reach lies approximately 10 km downstream of the lower
dam. The dams have induced little or no change to the frequency and magnitude of

flood events > 150 m3s! (Reid and Brierley, 2015).

Tongariro National Park comprises the western headwaters of the catchment (Figure
1,'zone 1a and 1b). The active volcanic field is underlain by andesitic material. The
last significant phreatomagmatic and magmatic event on Mt Ruapehu occurred in
1995-1996 (Nakagawa et al., 1999), although there was a minor phreatic event in 2007
(Kilgour et al.; 2010). The neighbouring Mt Tongariro had an avalanche-driven phreatic
eruption.in 2012 (Jolly et al., 2014). The steep higher altitude slopes provide an
unstable and harsh environment that is unable to sustain vegetation other than
mosses. However, vegetation on the flatter, lower-altitude central plateau comprises
a wide range of alpine desert fauna. This low gradient unit buffers the transfer of
sediment from the productive volcanic cones to the Tongariro River channel (Fryirs et
al.; 2007). The eastern headwaters comprise the Kaimanawa Ranges (Figure 1, zone
2), which are composed of uplifting Torlesse greywacke (GNS, 2009). The Kaimanawa

Regional Forest Park is made up of native Beech and Podocarp forest. The upper mid-
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catchment (Figure 1, zone 3), of which three of the bars analysed within this study are
located, is underlain by sediment deposited by lahars that range in age from 14.7k BP
to recent events (Cronin et al., 1997). These deposits are superimposed by pumiceous
pyroclastic debris ~ 10 m thick, generated by the Taupo Eruption in 186 AD (Wilson et
al., 1980). Land use in this lower section of the catchment is more developed, with
plantations of Pinus Radiata, low density sheep farming and the town of Turangi
(population 2952). The delta region (Figure 1, zone 4) has one of the largest freshwater

wetlands remaining in New Zealand (Chagué-Goff and Rosen, 2001).

2.2 Study Reach

The study reach includes four bars within a 10 km reach of predominantly wandering
gravel-bed river, with a localised braided section at the downstream extent of the
catchment, immediately upstream of the delta (Figure 1; Figure 2; Reid and Brierley,
2015). The upstream three bars, Blue, Red Hut and Breakfast bars, are located within
a wandering gravel-bed river that is partly confined by terraces formed by incision into
lahar deposits following the rhyolitic eruption of Lake Taupo 1.8 ka BP (sensu Fryirs
et al., 2015). The most downstream study bar, Bain bar, is located at the downstream
point of a semi-braided section, immediately downstream of terraces, where the valley
becomes unconfined causing sediment deposition. Sites were selected to represent
downstream decreases in grain-size and slope and differences in valley confinement
(see Table 1). Each of these lateral, compound bars are located at points where there
was one dominant channel and within a relatively straight section (sinuosity < 1.07) to
make them more comparable. Bar type was selected based on being the dominant
type within the system. Bar morphology has been shaped by both depositional and
erosional processes and events, creating diverse, complex features (Bridge, 2003,

Rice et al., 2009, i.e. see Figures 3 and 4).
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Hyper-concentrated lahar flows have delivered large volumes of coarse sediment into
the lower catchment, exerting a significant influence upon bar planform and sediment
characteristics in the study reach (Cronin et al., 1997, Fagents and Baloga, 2005). As
a result of terrace incision, lag deposits which line the contemporary channel within
the study reach are notably coarser than sediments that are delivered from upstream
sources. Sampling undertaken for this study revealed a median grain-size of 289 mm
for the terrace face adjacent to Blue bar, compared with median grain sizes of the
coarsest locale of the bars of 60-65 mm in the highly sediment-laden tributaries in the
Kaimanawa Ranges and 90-170 mm for bars in the less sediment loaded streams that

drain the volcanic plateau.

3. Methods

3.1 Analysis of historic bar evolution

Aerial photographs from 1941, 1958, 1964, 1973, 1984, 1993 and 2007, and a survey
map from 1928, were digitised to assess the historic evolution of each bar. Analysis of
more than 50 years of flood history at Turangi gauging station focussed upon the
frequency and magnitude of floods > 400 m3s, capturing all floods greater than the
mean annual flood event (which is 480 m3st). This historical record was used to
assess the mechanisms of bar development, and to ground analyses of bar reworking

and the geomorphic effectiveness of the events.

3.2 Mapping bar surface sedimentology

Each bar was surveyed using a Leica ScanStation 2000 TLS to map bar morphology
and surface roughness. Scan stations positioned at multiple locations close to the
perimeter. of each bar were configured to ensure considerable overlap between

adjacent point clouds, thus maximising line of sight and reducing the effect of larger
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clasts that create shadow areas in their lee. This configuration required between 7 and
11 TLS scans per bar. A Trimble RTK-GNSS R8 was used to establish a benchmark
on each bar. This was then positioned using RINEX data from the nearest static GNSS
station in the New Zealand PositionNZ network. A Sokia SET530R Total Station was

used to survey scanner and target positions.

Scan data from each bar were georeferenced into a single point cloud using Leica
Cyclone software. Point clouds for each bar had between 7 and 17 million points. Each
point cloud was manually edited to remove vegetation and delineate the bar margin.
Point cloud data were subsequently unified to a quasi-regular 0.05 m resolution,
preserving the original positions of selected points, and processed using ToPCAT
software (Brasington et al., 2012). This tool processes high resolution, large point
clouds to produce statistics at a specified spatial resolution. Topography was mapped
at'1 m? resolution, using minimum elevation values for each grid cell. The detrended
standard deviation, oz, was calculated for 1 m? patches, thereby removing the
influence of slope on local point cloud standard deviation. This was used to map

surface roughness across bar surfaces at 1 m horizontal resolution.

A dataset of 27 surface grid-by-number b-axis counts was derived to correlate surface
roughness to median grain size. A sample spacing of two times the largest clast was
maintained for each sample. Each count consisted of 100 clast samples, except for
four small units on Red Hut bar where only 50 grains could be measured to maintain
independence (Wolman, 1954, Church and Kellerhals, 1978, Brierley and Fryirs,
2005,). Transects were positioned using Trimble RTK-GNSS. The linear relationship
between median grain-size (Dso) and mean o yielded an R? value of 0.92 (Figure 5),
similarly strong as relationships reported elsewhere, which are typically characterised

by R? c.0.9 (Pearson et al., 2017). In Pearson et al’s (2017) compilation of
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relationships between Dso and o (where R? > 0.49) that have been reported in eight
studies, only 4 out of a total of 97 samples were for 02> 0.04 m, with a maximum value
of 0.06 m. The Tongariro counts include 11 samples with 0z > 0.04 and extends the
range to 0.08 m (i.e. the relationship derived here extends the range of grain size
previously modelled). The linear relationship derived from the Tongariro counts was
used to map median grain-size for each bar from maps of oz. Together with DEMs,
these maps provided the basis to map geomorphic units across each bar, from which

analyses of sediment entrainment and bar reworking were conducted.

3.3 Geomorphic units mapping

Each bar was classified into geomorphic units, characterized as areas with distinct
morphological and sedimentological features that are products of particular sets of
erosional and/or depositional processes (see Leopold et al., 1964, Church and Jones,
1982, Bluck, 1987, Brierley and Fryirs, 2005, Rice and Church, 2010, Wheaton et al.,
2015; Table 3; Figure 4). RTK-GNSS was used to map these units. ArcGIS was used

to differentiate units based on topography and grain-size data from the TLS scans.

3.4 Modelling steady state flow

Reach-scale hydraulic models were used to predict depth and velocity patterns across
each bar, for flood flow scenarios with recurrence intervals (RI) of 2.33 (‘mean annual
flood’), 10, 20, 50 and 100 years. Discharges for each event were derived using a
Gumbel Type 1 Extreme Value distribution from 50 years’ of discharge data from the
Tongariro River at Turangi gauge (Table 2). These flood events are referred to within

this paper as Q2.33 — Q100.

The hydraulic modelling software package, JFlow® (Crossley et al., 2010), was used

to perform hydrodynamic calculations. JFlow® solves the two-dimensional depth-
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averaged shallow water equations and has been demonstrated as suitable for flood
risk-modelling over a wide range of conditions in benchmark tests published by the
official flood management authority in England (Environment Agency, 2013). The
numerical solver is a Godunov-type finite volume implementation of Roe’s scheme
(Roe and Pike, 1984, Toro, 2001) that is well-balanced, shock-capturing and includes
treatment of wetting and drying of cells. It is therefore capable of resolving the spatial
and temporal evolution of flow depths and (depth-averaged) velocities in a flood wave
advancing over complex topography that may induce both sub- and super-critical
flows. Each of the five flood flow scenarios was simulated by increasing the applied
discharge gradually to the specified peak flow and holding the flow at that rate until
steady-state flood depths and extents were produced. Bed shear stress was

calculated using predicted depths and velocities (see equations 1 and 2, below).

A JFlow® model was built for each bar, with a regular 1 m horizontal resolution grid.
The longitudinal spatial extents of each model domain varied from 1.2 to 2.1 km
(Figure 2). Model topography was generated by fusing together three sources of
distributed elevation data. First, the topography of each bar was represented using the
TLS survey data. Second, 1 m resolution airborne LIiDAR, acquired by New Zealand
Aerial Mapping Limited on 19 June to 24 July 2006 was used to represent topography
that was greater in elevation than the river water surface. Third, optical-empirical
bathymetric mapping techniques (Legleiter et al., 2004, Feurer et al., 2008, Williams
et al., 2014) were used to derive channel bathymetry using 0.6 m resolution RGB
imagery that was acquired concurrently with airborne LIDAR. Depth data were
acquired from a longitudinal echosounder survey undertaken using a Sonarmite
Transducer and Trimble Nomad GPS on 12 February 2010. This survey was

undertaken at a similar flow stage to those when the aerial imagery was acquired.

This article is protected by copyright. All rights reserved.



There were no geomorphologically effective flow events between the time of aerial
imagery-acquisition and the depth survey. Various optimal-empirical linear transform
and band ratio models were tested, using data (n = 1749, mean observed depth = 1.14
m) that cover the spatial extent of the hydraulic model domains. A linear transform
method (Lyzenga, 1981) using the red spectral band performed best and achieved a
depth Root Mean Square Error (RMSE) of 0.62 m. Whilst this RMSE is higher than
typical vertical errors associated with the airborne LIDAR data component of the DEM,
it was deemed acceptable for the purposes of providing bathymetry for reach-scale

bathymetric modelling at high flows.

Model roughness was set to a constant Manning’s ‘n’ value of 0.03. This was based
on extending the relationship between Manning’s ‘n’ and discharge for the Tongariro
at the Turangi gauge (Hicks and Mason, 1991) to account for decreased influence of
bed roughness on flow during high magnitude events. Sensitivity tests were performed
to ensure that the downstream boundary of each model was positioned sufficiently far
downstream so as not to influence flow predictions across each bar. Hydraulic
predictions were verified using a spatially dense set of acoustic Doppler current profiler
(aDcp) measurements that were acquired across a confluence unit within the Bain bar
model domain. A Sontek M9 RiverSurveyor aDcp was mounted on a trimaran,
positioned using RTK-GPS and moved across the channels in zig-zag transects using
tethers, thus using the same field procedures as those described by Williams et al.
(2013; 2015). The total longitudinal length of the survey was 215 m. For the verification
simulation, model bathymetry within the aDcp survey extent was based upon the aDcp
bed level measurements. Discharge was estimated at the upstream boundary of each
of the two channels that met at the confluence by sampling transects from aDcp data

that had been spatially interpolated using ordinary kriging. Kriging was undertaken
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using the same procedures as those described by Rennie and Church (2010). A total
of 6,470-aDcp depth and velocity measurements were compared to model predictions.
Results are shown in Table 4. Overall, the errors are acceptable. The negative bias in
the depth mean error (-0.045 m) is likely caused by uncertainty in the flow input and
distribution at the model upstream boundary and topographic uncertainty since the
aDcp bathymetry was fused into the DEM that was built from airborne LIiDAR and
optical-empirical bathymetric mapping. The magnitude of other error statistics are
similar to those reported by Williams et al. (2013) using Delft3D for shallow water

predictions in the braided Rees River.

3.5 Modelling sediment entrainment and bar reworking

The maps of median grain-size were used to model sediment entrainment and bar
reworking for flood events associated with different magnitude-frequency flow events.
This was achieved by calculating the erodibility ratio, E, of dimensionless shear stress,
1, (impelling forces) to critical shear stress, ¢, (resisting forces) thus using the Shields
equation for sediment particle entrainment (Shields, 1936, Chanson, 2004, Church,

2010):
T
E=- 1)

Bar reworking was calculated for each of the five flood events to measure geomorphic

effectiveness. Bed shear stress was calculated as

2
=3 (2)

where u is modelled depth-averaged velocity, p is water density and C is the Chezy
coefficient which was calculated from modelled depth, h, and the Nikuradse roughness

length, ks:
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12h

C=18"log [k_j (3)

S

ks is commonly expected to take a factor, «, of a representative particle size, d:
kS :aXdX (4)

Here, dyx is taken to be the median grain-size, Dso (as mapped in Figure 4) estimated
using the relationship between Dso and oz (Figure 5). The scaling factor, ax was taken

to be 1 based on the values of Keulegan (1938) and Meyer-Peter and Muller (1948).

To calculate the threshold of motion for particles, an equation for critical shear stress,

r.,. was obtained by equating the shear force acting to overturn a particle and the

submerged weight of the particle:
r,=6.9d(p, — p) (5)

where ¢, is the dimensionless critical shear stress, g is acceleration due to gravity, d
is & representative particle size, and p, is particle density. Since the focus of this paper

is upon characterising bar surface sedimentology using the median grain-size, d was
assumed to equal Dso. The four bars considered are composed of a mix of andesite (

p.= 2565 kg m3; (Tenzer et al., 2011)) and greywacke ( o, = 2639 kg m3). Since p,

are similar for these two mineralogies, the mean p, of 2602 kg m= was used.

Soulsby and Whitehouse’s (1997; in Coleman and Smart, 2011) curve fit of the Shields

curve was used to calculate g, :

0.30
L < 0.055|1—-exp(-0.020D.
¢ L+1.2D,k}r [1-exp( )] (©)
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The dimensionless grain-size, D,, was calculated from:

D*=[g(sz_1)} d (7)

\Y

Where g is gravitational acceleration, s is specific gravity of the sediment, v is
kinematic. viscosity at a specific water temperature and d is grain-size in m, for which
the 1 m? resolution raster grid of median grain-size (Dso) was used. The mean
temperature in the Tongariro, 10 °C, was used to yield a viscosity of 1.267x10°¢ m?s™.
Wilcock (1992) suggests that a fit of the Shields curve (equation 6) can be used for a

gravel mixture to estimate -  for a gravel mixture. Furthermore, equal mobility

suggests that in a mixture all grain-sizes are entrained at about the same shear stress

due to particle hiding and protrusion effects. Here, o, is calculated ata 1 m? resolution

to reflect the spatial variation in Dso across each bar. Since the analysis of reworking
is aggregated to the scale of individual bar units (Figure 4), it is assumed that spatial

variation in Dso is the primary cause of variation in entrainment across each bar unit.

Finally, the measure of relative erodibility (equation 1) was calculated by dividing bed
shear stress (equation 2) by critical shear stress (equation 5). This measure does not
attempt _to account for the inherent complexities of sediment transport, including
turbulence and non-uniformity of flow such as eddies. However, the approach is
designed as a simple and accessible framework to investigate the susceptibility of
different geomorphic units to sediment entrainment, and to characterise and compare
patterns of bar reworking. In this context, “accessible” refers to the availability and
relative ease and speed of application of a model such as JFlow®, which nevertheless
offers a robust physical basis for depth and velocity simulation of flood flows. The

approach also offers a potential pathway to develop a more detailed modelling scheme
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in future, predicated on continuing improvements in computer processing power and
monitoring technology. For example, a numerical scheme of the same type as the
JFlow® code used here has been extended by Guan et al., (2016) to include a non-
equilibrium sediment transport model and corrections for secondary (helical) flows
around channel bends, and shown to be capable of simulating morphological changes
in laboratory and field scale experiments. However, the inclusion of sediment
dynamics and a secondary flow correction involves significant computational cost, and
is ‘beyond the current state of art in models applied routinely in geomorphological
management practice. Here, a pragmatic approach is taken utilising a related class of
hydrodynamic model (JFlow®) to predict flow depth and velocity fields under a range
of scenarios, from which inferences may be made about morphological change, albeit
subject to some approximation. The JFlow® code is particularly useful in this context
because it was written to target high-performance GPU (Graphics Processing Unit)
parallel processing, which means simulations can be run quickly without the need for

dedicated High Performance Computing facilities.

4. Results

4.1. Bar evolution and historical adjustment
To set the context for analysis of sediment entrainment of each of the study bars, the
history of bar formation and adjustment is first related to the history of high magnitude

flood events (>400 m3st; Figures 3 and 6).

4.1.1. Blue bar evolution
A bar has existed at this location since 1958, giving the bar an age of over 50 years
(Figure 3). The bar was most likely created or reworked by the Q60 flood in 1958,

directly before the aerial photograph was taken (Figure 6). The Q20 flood in 1964
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stripped the bar of vegetation. Bar size and vegetation cover at a given time reflects
the period elapsed since the last large magnitude flood event (> Q20). For example,
revegetation and incorporation of the bar into floodplain between 1973 and 1993
coincided with a period of few flood events, all of which were smaller than Q10 (Figure
6). The Q60 flood in 2004 stripped the bar of vegetation and reworked the bar surface
resulting in the reappearance of an unvegetated bar in the 2007 survey. In summary,
Blue bar appears as a small, relatively homogeneous bar (compared with the others
in this study) which has undergone little morphological adjustment and requires flood

events > Q20 to strip and mobilise the surface.

4.1.2. Red Hut bar evolution

Red Hut bar has a complex history with evidence of significant adjustment to barforms
following floods, and little change in-between these high flow events (Figure 4). The
head and much of the supra-platform of the contemporary lateral bar was present in
the survey map from 1928. Indeed, a proportion of the head and supra-platform of the
bar were present in the same location throughout the series of aerial photographs.
Between 1928 and 1958, likely following the 1958 flood (< 100-year flood recurrence),
a back channel formed and Red Hut bar became a mid-channel bar. By 1964, the mid-
channelisland overlapped with the current bar head and supra platform, and the back
channel was narrower. By 1973 a lobe of sediment had been deposited in the lee of
the upstream Poutu Island, connecting the two. The bar outline at this point comprised
most of the current bar head and supra-platform, and it remained like this through the
1984 and 1993 surveys, with a small back channel present. In 2004, a Q60 flood
stripped vegetation and the bar once again became a mid-channel feature, as seen in
the 2007 map, similar to the response following the 1958 flood. Google Earth imagery

from 2015 shows that the bar had formed its contemporary shape as a lateral bar,
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giving its current shape an age of between 3 - 4 years. This history describes a
consistent response following large floods from a lateral to a mid-channel bar, and
then reverting back to a lateral bar between these events. There are two scenarios for
this adjustment: (i) the mid-channel bar is formed by reworking of sediments on the
preceding bar; or (ii) that mid-channel bar is formed by deposition of sediment

delivered from upstream by the large flood.

4.1.3. Breakfast bar evolution

Breakfast bar has been relatively stable since 1958 undergoing minimal adjustment in
the past 80 years (Figure 4). This bar exhibited similar patterns of adjustment to Blue
bar. Vegetation cover increased and the bar was integrated into the floodplain between
1973 and 1993 as few flood events occurred. The 2004 Q60 flood again stripped
vegetation. Thus, Breakfast bar has an age of > 50 years and has undergone minimal
adjustment. Large magnitude flood events (> Q20) are required to remove vegetation,

and rework and deliver sediment.

4.1.4. Bain bar evolution

Bain bar is located downstream of the terrace-constrained reach. This semi-braided
section of river drains an actively reworked alluvial fan. Channel widening between
1958 - 1964 reworked the surface of the dynamically adjusting braidplain within which
the contemporary bar has formed (Figure 3). Gravel extraction in 1973 caused artificial
narrowing (Reid and Brierley, 2015). The channel adopted a low sinuosity, single
channel planform with fewer active bar surfaces. Between 1973 and 2007 this reach
widened, increasing the area of actively reworked bar surfaces. A bar surface was first
observed at the bar’s present location in 1993, giving the bar an age of > 18 years (i.e.

this bar is a relatively young and dynamic feature).
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4.2. Relative erodibility as a measure of bar reworking

Within-bar geomorphic units were used to identify areas and predicted rates of
reworking. Figure 4 presents maps of grain-size across each bar, annotated with
geomorphic unit outlines. Maps of modelled bar reworking are shown in Figures 7 and
8. The distribution of patches that are predicted to undergo sediment entrainment
across the range of modelled flood events is indicated. The percentage of each
geomorphic unit predicted to be entrained during each modelled flood event is
summarized in Table 5. Note, the percentage of bar reworking in the following section

refers to predictions of the model based on the current channel morphodynamics.

4.2.1. Spatial distribution of bar reworking

The highest proportion of reworking during the Q2.33 event for the study bars was
demonstrated at Blue Bar (33%). 74% of the bar tail is entrained during this flood,
including the coarse gravel to sand fractions that make up the tail, and coarse cobble
on the channel margins (Figure 7; Table 5). During the Q10 flood, cobble to coarse
cobble in the back channel (59%) and the supra-platform (83%) is entrained, indicating
significant bar reworking. Larger floods are needed to mobilise the boulder-sized
grains on the bar head, with entrainment increasing from 10% to 43% at the Q10 flood,
then up to 63%, 81% and 97% for the Q20, Q50 and Q100 floods respectively. Overall
entrainment for Blue bar is high for the larger floods, with 91% and 97% of the bar

entrained during the Q50 and Q100 floods.

During the Q2.33 flood, gravel to sand sized sediment located on the bar tail (68%
entrained) and upstream supra-platform (37%) of Red Hut bar is entrained (Figure 7;
Table 5), but the rest of the bar remains largely static (< 21% entrainment). The Q10
flood causes a 4% increase in the reworking of the total bar, which increases from

26% during the Q2.33 flood to 30%. This is primarily due to a slight increase in
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reworking of the supra-platform (39% entrainment on the upstream supra-platform and
14% on-the downstream supra-platform), which make up 56% of the bar surface.
Minimal increases in reworking are seen for large flood events, with the overall bar
reworking increasing to 31%, 33% and 34% for the Q20, Q50 and Q100 floods
respectively. This bar undergoes the lowest degree of reworking of the study bars. A
high elevation ridge of large sediment (coarse cobble to boulder) runs along the middle
to top of the bar head. Increases in flood magnitude do not change the proportion of
this geomorphic unit that is entrained, with a consistent percentage entrainment of
21% across all flood events. This indicates the inherent stability of this bar. However,
Red Hut was the youngest of the bars, an apparent contradiction which is discussed

in Section 5.1.

During the Q2.33 flood, the majority of the fine gravel and sand is entrained from the
tail (81% entrainment) of Breakfast bar (Figure 8; Table 5). The Q10 flood mobilises a
greater area of cobbles from the supra-platform than the Q2.33 flood, with an increase
from 6% to 36% for this unit. The moderate elevation head is comprised of relatively
coarse material (predominately coarse cobble) which runs along the upper-middle
section of the bar adjacent to the channel. A lesser proportion of the head is likely to
be reworked compared with the tail, and a greater proportion of the head is likely to be
reworked relative to the supraplatform. This bar has a relatively high entrainment at
the Q100 of 86% despite being one of the oldest bars. This reach is constrained
between stopbanks and the terrace, which results in the high energy and level of
entrainment, but also restricts planform adjustment. This means that sediment may be
eroded to this location, but it also gets recurrently deposited here as this left bank

location.is more protected than the right.
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Smaller grains on the back channel (41%), tail (11%) and supra-platform (13%) are
entrained during the Q2.33 flood on Bain bar (Figure 8; Table 5). Cobbles that primarily
make up the bar head are less likely to be reworked (3%). The Q10 flood increases
entrainment in the supraplatform from 13% during the Q2.33 to 35%. As flows increase
to the Q100 flood, the proportion of each geomorphic unit that is entrained only
increases by 1% to 5%. For the Q100 event, 35% of the total area is predicted to be
reworked, partly due to the stability of the bar head, where only 13% of it will be

reworked.

4.2.2. Patterns of total bar reworking

Figure 9 displays the percentage of each bar entrained across the range of flood
events. This allows variation in reworking to be assessed. Blue and Breakfast bars
have similar trends in reworking, but reworking is more recurrent on the former. As
flood magnitude increases from Q2.33 to Q10, the proportion of the bar tail that is
reworked increases to >90%. Overall bar working between these two flood events
increases from 33% to 64% for Blue bar, and 26% to 52% for Breakfast bar. For larger
flood events there are consistent increases in reworking across the head and supra-

platform units for both bars, and across the back channel unit for Blue bar.

Compared to Blue and Breakfast bars, Red Hut and Bain bars have much lower
proportions of reworking across all flood events. Red Hut bar shows a gradual increase
in total reworking as discharge increases, from 26% for the Q2.33 event to 34% for
the Q100 event. Bain bar shows a greater increase than Red Hut bar between the
Q2.33 to Q10 event (15% to 33%) but subsequent increases in discharge show
relatively little change in the area of reworking with the Q100 event, with a percentage

entrainment of 35%.
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5. Discussion

5.1. Mechanisms of bar development

Hydraulic:-modelling of sediment entrainment conducted using hyperscale resolution
mapping. of bar sedimentology, interpreted in relation to longer-term (multi-decadal)
analysis of geomorphic adjustments, provides key insights into the geomorphological
effectiveness of differing flood flows and their capacity to rework bars along the lower
Tongariro River. Using the terminology proposed by Church and Jones (1982), the
study bars are comprised of a combination of hydraulic and storage elements, with
significant differences in the likelihood of reworking of Blue and Breakfast bars
(primarily made up of hydraulic elements) relative to Red Hut and Bain bars (primarily

made up of storage elements).

Blue and Breakfast bars, which are located at the upper and lower sections within the
terraces, were formed by large floods (> Q50) which stripped vegetation and fine-
grained sediment from the floodplain, uncovering a lag of coarse boulder material that
formed the bar head. As such, the bulk of each bar is a hydraulic element. This was
reflected in a high proportion of the bar area (40-41% of the bar area compared with
< 33% for the other bars) which was classified as bar head and characterised by
coarse cobble. Despite having a larger coarse node, these bar heads underwent
increased reworking for each larger flood event. By contrast, bar tails underwent no or
minimal increase in the degree of entrainment for any flood larger than the Q10. Little
or no evidence of systematic increase in size and linear growth further supports the
characterisation of these bars as hydraulic elements, as storage elements would be
expected to undergo changes to their shape, reflecting changes to sediment supply

from upstream (Bridge, 2003, Church and Rice, 2009). By contrast, bar size reflected
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time elapsed since the last flood event large enough to rework the bar and floodplain

surface, stripping vegetation (> Q20).

Red Hut has a more complex evolutionary history. A mid-channel bar formed following
floods which reverted back to a lateral bar over time. This morphology has been
maintained in the period between major floods over the last 90 years. Modelling
analysis identified that despite the terraces being wide at this point, there is a localised
bedrock pinch which creates a much narrower hydrological valley width. This caused
a backwater effect which encourages deposition at this location and minimised kinetic
flow energy such that only 34% of the surface area could be entrained by the Q100
flood. Based on this analysis, the lateral bar that was present at the time of survey,
and also appears on the 1928 map, can be considered to represent a relatively static
hydraulic element. In contrast, the mid-channel bar that appears post-flood is likely to
be a storage element, and a function of the increase in sediment supply during very
large flood events, which then stalls at this location, superimposing this bar over the
underlying lateral bar. This also highlights the stability of the bar head and the supra-
platform in location. Ashworth (1996) presents a model for mid-channel bar growth,
where sediment is deposited downstream of a confluence, where flow converges
causing-scour and then diverges causing deposition. Similar processes may have
caused the deposition of the coarse nucleus of Red Hut bar, as flow converges
downstream of Poutu Island, which has existed since at least 1928. This Island acts
to protect the area within which Red Hut bar is located, allowing storage of the finer
fraction. In comparison, the finer material at the tail of the bar was far more transient
(c.f. Church and Rice, 2009), and back channels were able to form on the edge of the

current.bar location.
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The whole of Bain Pool, the farthest downstream bar in this study, can be classified
as a storage element. The floodplain-delta was formed following the Taupo eruption,
1.8 ka BP (Wilson and Walker, 1985, Smart, 1999, Rosen et al., 2002) and, as such,
consists of sediment which is delivered by the contemporary regime. The bar
reworking mapping supports this bar as a storage element since sediment on the head
and supraplatform, and a significant portion of the tail, are shown to be resilient to
entrainment during all the flows simulated. In this semi-braided reach, bar adjustment
is likely a consequence of bank erosion (Wheaton et al.,, 2013) altering bar
morphology, as shown from the historic record of frequency bar reworking. Thus, at
this location, rather than the most common model of initial bar development which is
the formation of a unit bar head and then the deposition of additional secondary units
(Ashmore, 1982, Ashworth, 1996, Bridge , 2003, Lunt and Bridge, 2004, Church and
Rice, 2009), bar reworking is a function of the switching, lateral migration and

alignment of primary channels.

Models of mid-channel bar development describe coarse sediment being deposited at
a locale of decreased shear stress, facilitating further deposition of smaller material
downstream (Ashmore, 1982, Ashmore, 1991, Ashworth, 1996, Knighton, 1998,
Bridge, 2003). However, for the terrace-confined bars within the Tongariro River, the
active fraction delivered from upstream is combined with the lag of lahar boulders
which is reworked to form bar heads. As such, bar development is not simply a function
of decreases in shear stress capturing mobile fractions, but also the moulding and
redistribution of this larger fraction which may be retained within the reach across long
residence times (100-1000 years). This makes the role of ‘hydraulic elements’ in bar
formation especially pertinent within this system. Most existing models of bar

development are created for rivers with active beds, especially within flume work
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(Ashmore, 1982, Ashmore, 1991, Ashworth, 1996, Knighton, 1998, Bridge, 2003,)
although. recent experiments have begun to consider the role of coarse sediment
(MacKenzie and Eaton, 2017). This highlights the need to further investigate the
influence of lag sediment (volcanic, glacial or due to decreased stream capacity
following regulation) from other sedimentary influences on bar development and
channel adjustment across a range of rivers. Hence, assessing the landscape memory
and the resulting calibre and volume of legacy sediments can be crucial for

understanding the sensitivity of the system.

5.2. Influence of reach position on bar reworking

The data assembled for this study indicate that reach-scale controls, such as slope
and valley confinement, alter patterns of reworking. The Q2.33 flood entrained a lower
proportion of Bain bar (15%) than the three other bars (26-33%). For floods > Q2.33,
the extent of reworking is greater for Blue and Breakfast bars than Bain and Red Hut
bars. As Blue and Breakfast bars are both in terrace-confined valley settings, they are
subjected to higher flow velocities than the other two bars. Red Hut bar is located
immediately upstream of a bedrock-controlled valley pinch point, despite wide terrace-
width at this point. This pinch point causes a backwater effect during high flows which
reduces flow velocity. As Bain bar is located in an unconfined reach, increases in flow
are accommodated by flow expansion across the floodplain, in a similar fashion to that
described by Magilligan (1992). As Blue Bar has a steeper slope than Breakfast bar,
flow is characterised by higher kinetic energy (Table 1). Across all the flood events a
greater proportion of Blue bar is worked compared to Breakfast bar, although the

trends in reworking are similar between the bars (Figure 9).

Bain bar is located within the braided reach on a depositional floodplain. Remnant or

reworked lahar deposits are not evident in this reach, so the grain-size distribution is
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more strongly influenced by sediment delivered by the contemporary regime (Reid and
Brierley,.2015). The low percentage of bar reworking that is predicted for Bain bar is
consistent with this bar being a storage element. The marked decrease in slope along
this reach is reflected in the gravel-sand transition immediately downstream of Bain
bar. As such, this zone traps larger cobble-sized sediment which the channel is not

competent to transport further downstream.

5.3. Conceptual model of geomorphic effectiveness of floods

Geomorphic effectiveness represents an on-going theme of study within
geomorphology, as it recognises the importance of different flood magnitudes in
channel evolution (Costa and O'Connor, 1995). Usually geomorphic effectiveness is
related to maintenance of the channel shape or cross-section, with effectiveness
measured as the volume of sediment transported for different sized floods (Wolman
and Gerson, 1978, Andrews, 1980, Lenzi et al., 2006). More recent approaches have
started to relate sediment transport on gravel bars to geomorphically-effective flows
(e.g. Surian et al., 2009). However, these studies are spatially and temporally limited
since they consider geographically discrete patches upon a bar. In addition, analysis
is dependent upon the magnitude of flood events which occur during a sampling
period, which may not capture the system’s morphologically formative events. Thus,
the bar reworking approach developed within this paper allows for geomorphic
effectiveness to consider the whole of the bar and the range of flood events perceived

to be effective at reworking this system.

Figure 10 presents a conceptual model that classifies the proportion of each bar unit
that is reworked by different magnitude flood events based upon valley confinement.
For bars in confined locations, the Q2.33 flood flushed fine grained material from the

tail of all bars (40-70%), as well as mobilising 30% of the supra-platform and back

This article is protected by copyright. All rights reserved.



channel for bars in settings with a constant valley width. The Q10 flood greatly
increased entrainment of material in terrace-confined bars with constant valley width
but caused only a slight increase in sediment mobilisation for the bar in a terrace-
confined setting where the valley width narrowed due to a local bedrock pinch point.
This is due to comparatively lower bed shear stresses over the bar than in a constant
valley width setting because the valley pinch-point causes a reach-scale backwater
effect, reducing flow velocity. The pattern of changes in bar reworking was similar at
these confined settings for flow increases between Q10 and Q50, and Q50 and Q100.
The bar in an unconfined setting shows much lower rates of bar reworking than for the
bars in confined settings. Moreover, increases in reworking are relatively limited as
flow is increased. This is because increases in flow are accommodated by increases
in the wetted width of the floodplain, with only slight increases in depth and velocity

across the bar.

The evidence collated in this paper suggests that a range of discharge magnitudes
are necessary to explain the geometry and surface sedimentology of bars. Within the
Tongariro, small floods (Q2.33) are most likely to flush and deposit smaller gravel
fractions on the tail of bars in confined settings and along the back channel of bars in
unconfined settings. These floods are likely responsible for the majority of sediment
transport through the reach, especially moving the smaller active material delivered
from the eastern sub-catchment that includes the Kaimanawa Ranges. However,
these floods have minimal influence on channel change. In contrast, larger floods (>
Q20) are required to entrain the coarse cobble-boulder fraction on the supra-platform
and head of the bar in confined settings with constant valley width. Whilst these floods
may not cumulatively transport as much sediment as the smaller, more frequent

events (c.f. Wolman and Miller, 1960) they are far more geomorphically effective at
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reworking the lahar boulder lag deposits and eliciting planform change. Bars that are
located immediately upstream of valley narrowing are shown to be relatively resilient

to bar reworking compared to those located in confined valleys with constant width.

The conceptual model highlights that bar heads are typically the least likely bar unit to
be entrained during any given flood event. This similarity occurs despite the marked
differences in slope, grain-size and mechanisms of bar adjustment between the
reaches. This indicates that the bar head deposit is graded to each reach position to
obtain a balance between the coarse fraction and the shear stress generated during
these frequent floods. Indeed, Brummer and Montgomery (2006) discuss the role of
coarse clasts in providing a ‘stable nuclei’ for step formation and Carling (2006)
suggests that bars act as ramps, which feed finer grained sediment to the body and
tail of the bar, providing a rationale for fining. Within the Tongariro system, bar
formation requires the deposition or concentration of a nucleus of clasts large enough
to be resistant to frequent flood events. These relative ‘nodes of stability’ then
precipitate deposition and protect more transient material to their lee (as suggested by
Carling, 2006), creating units shaped by different formative events and, as a result,
reworked by different magnitude floods. Whilst it is well documented that bar heads
are reworked less frequently than the downstream units (Leopold et al., 1964, Bluck,
1976, Bridge, 2003), understanding which flows bar heads are adjusted to has not

been previously documented.

5.4. Evaluation of the bar reworking approach

Recent methodological developments are revolutionising the ability to gain high
resolution measures of grain-size, ultimately changing the way that bar geometry and
surface sedimentology is quantified. However, to date, most investigations have

focused upon the methodological development of these techniques at the ‘patch’
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scale; few examples exist whereby technology is applied to aid the understanding of
geomorphological form and processes at pertinent scales (bar to reach) of enquiry.
This paper succeeds in extending the spatial scale of morphological and grain-size
mapping using TLS to that of multiple bars and also contextualising contemporary
observations with a historical narrative. Moreover, the paper increases the range of
grain-sizes previously mapped with this technology to include the cobble and boulder
fraction (c.f. Pearson et al., 2017). This was used to offer insights into the mechanisms

of bar evolution and provide a foundation upon which bar reworking could be analysed.

A major strength of the bar reworking approach is the ability to calculate sediment
entrainment at the scale at which grain-size varies, implicitly allowing questions based
on the characteristics of the specific bar to be asked. This highlights that wandering
gravel rivers have variable entrainability, and are thus more complex than many of the
bar free systems that entrainment theory and analysis was based on (Ashmore, 1982;
Bridge 2003). In addition, modelling entrainment for specific flood magnitudes provides
benchmarks of adjustment, from which likely future pathways of adjustment can be
predicted. This aids determinisation of the likelihood of prospective moving targets for
river management (see Brierley and Fryirs, 2016). This recognises that while it is not
possible. to predict future distributions of flood events, it is possible to predict the
likelihood of how a system will respond to flood events of a given size. The aerial
photograph and flood analysis provided a historical database with which to compare
and explain the predictions made with the model with past patterns of bar response.
The bar reworking approach could be extended to evaluate the dynamical physical
habitat mosaic of gravel bed rivers, for example by using information on the
timeframes of sediment entrainment and periphyton removal events (Hoyle et al.,

2017).
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One of the strengths of this approach is its simplicity, however, this will inherently also
presentlimitations. The simple modelling does not account for secondary flows which
improve predictions of bed deformation (c.f. Guan et al., 2016) and nor is it able to
predict wider patterns of adjustment and channel shifting which may ultimately erode
the bars. The high resolution survey captures a moment in time and if the channel
adjusts, then patterns of shear stress and relative erodibility will vary. For this reason,
these predictions need to be treated as indicative of likely adjustment based on current
maorphology. Multiple surveys over time would illustrate how erodibility changes as the

channel morphodynamics do and could help validate the approach within a system.

The phenomenon of event sequencing (Beven, 1981, Marutani et al., 1999) will always
limit predictive capabilities in geomorphology. In the Tongariro system vegetation
growth and density (and roughness) reflect the time elapsed since the last large flood,
which may influence sediment entrainment. However, the large floods modelled within
this study are expected to be easily competent to strip vegetation and entrain
underlying surfaces. As such, it is recognised that these methods present a
simplification of sediment transport compared to the complexities of the real world. For
this reason, results should be regarded as indicative of process, rather than definitive,
as _indeed all models should be. In addition, entrainment should be nested with
wholescale channel adjustment, where bar morphodynamics may be a function of
lateral adjustment rather than simply patterns of erosion and deposition. Emerging
technologies that enable the quantification of form and sedimentology present new
opportunities to track change in depositional units, putting classical work (e.g. Bluck,
1976; 1987) into a real time sense of formative flow events, reworking processes and
preservation potential. In summary, this work was found to successfully create a novel

approach for analysing bar reworking, acting to extend both the type and scale of
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approach available to characterise bar reworking and underpin future predictions of

channel-adjustment.

6. Conclusion

Bars have recently been an understudied feature within river systems, despite their
inherent importance as nodes of channel adjustment within gravel-based systems. In
part, the.intricacy of bar sedimentology has been a major limiting factor in the ability
to capture the complexity of these surfaces, and predict how they are likely to evolve
into the future. This is especially true of sedimentary complex, bimodal systems, where
sediment is delivered from non-hydraulic processes, in this case lahars, requiring more
complex patterns of reworking, and a wider range of flood events to be mobilised. This
study aims to reiterate sentiments from earlier decades about the importance of
understanding bar features as indicative of stability and sediment transport at the
reach scale (i.e. Church and Jones, 1982) and advocates for the use of contemporary
geomatics and two-dimensional hydraulic modelling technology to advance
knowledge into the character and reworking of barforms. This enables an assessment
of geomorphological effectiveness at the whole bar scale, across a range of flow

events.

This paper successfully extends previous attempts to characterise bar reworking by
developing a relatively simple approach, which is transferable to other situations, that
couples sedimentology and hydraulic forcing to explain bar morphodynamics. The key
findings are (i) multiple bar forming discharges exist within the Tongariro system as
shown in both the modelling and the historical analysis. Frequent flood flows rework
tail and back channel areas, whilst much larger, less frequent floods are required to

mobilise the coarse boulder fraction on the bar head and cause channel change; (ii)
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bar heads across all reaches were found to be resilient to the mean annual flood; and
(ii)-valley confinement exerts a primary influence on patterns of bar reworking which
in some situations supresses the size of material that can be entrained, and in others
allows incremental increases in reworking as floods increase in magnitude. This work
provides a process-based appraisal for predicting future patterns of adjustment. For
large, volatile systems where planform change is driven by the reworking of bar
deposits, rather than upstream sediment supply, these types of enquiry are
fundamental. This work acts to push the boundaries of how bar surfaces are modelled,

furthering insights into patterns of reworking.
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Table 1 Characteristics of each bar.

Bar name Blue Red Hut Breakfast Bain
Distance 57.63 60.44 65.15 68.04
downstream?
Bar area (m?) 2163 7775 4374 4641
Valley width 246 80P 80 Unconfined
(m)

Dso (Mm)° 230 140 1135 84.5
Sloped 0.008 0.005 0.003 0.003
River Style Partly Partly Partly Unconfined,

confined, confined, confined, braided, gravel
wandering, wandering, wandering,
cobble cobble cobble
Process zone Transfer Transfer Transfer Accumulation
Terrace height 25m 12m 7m None

a Distance downstream from the most upstream drainage point in the catchment.
bRed Hut is located at a localised pinch in the valley. The channel width is up to 1 km

upstream and 250 m downstream.

¢ 100 Wolman clasts sampled at the coarsest locale of the bar.
dWater surface slope extracted from 1 m resolution airborne LiDAR data.
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Table 2 Description of geomorphic units used to define the different morphological
and sediment characteristics across the bar surfaces. These are based on units
described by Bluck (1982; 1971).

Bar unit

Morphological and sediment
distribution characteristics

Process-form relationship

Bar head

Coarsest locale of the bar
commonly found at the bar head
or on the apex of bends next to the
channel.  Surface  commonly
slopes up to meet the flatter
supra-platform.

This unit is scoured during high
flow, representing the highest
energy environment. It may be
an extension of a coarse riffle
located in the wetted channel.

Supra-
platform

Middle, flatter section of the bar,
between the bar head and bar tall,
which is essentially the bar top.
Commonly exhibits a downstream
fining trend in grain-size (Rice and
Church, 2010). Bars which
exhibited pronounced
downstream fining within this unit
were separated into upstream
(US) and downstream (DS) supra-
platform units.

Comprises the main bulk of the
deposit which is protected by the
bar head and has comparatively
lower shear stress during floods.
May have vegetation starting to
colonise more protected sections
which can create topographic
irregularities. Preferential
pathways of flow can also carve
out lower zones with coarser
sediment.

Bar tail

Depositional feature at the
downstream extent of the bar
which is made up of smaller grains
often predominantly coarse gravel
within this system, with some
sand deposits.

This unit is protected by the
coarser, higher elevation deposit
upstream. Smaller grains are
deposited here during the falling
limb of floods.

Back
channel

Channel which is cut around the
back of the bar and only inundated
during high flow. This surface is
lower than the adjacent supra-
plattorm and may have fines
superimposed which are captured
during the falling limb of floods.

During floods, flow scours the
channel. In wandering gravel-
bed rivers this channel may have
been a previous primary channel
which has become depositional
as a mid-channel bar has
transitioned to a lateral bar.

Fine-
grained
deposit

Localised area of fines or smaller
clasts deposited on the bar at a
location which is not the tail. This
was sometimes observed at the
upstream location of the bar when
the larger material of the bar head
was located at the apex of the bar
rather than the upstream section.

Localised protected areas cause
a depositional environment to
form within the bar surface.
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Table 3 Recurrence Intervals and Annual Exceedence Probabilities for different flood
events, based on 50 years of discharge data measured at the Tongariro at Turangi

Flow gauging station.

Recurrence Notation used | Discharge (m3s) Annual
Interval of the in the text to Exceedence
flood (RI) (years) | describe flood Probability (AEP)

(%)
2.33 Q2.33 480 50
10 Q10 850 10
20 Q20 1000 5
50 Q50 1250 2
100 Q100 1500 1
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Table 4 Error statistics from a comparison between flow model predictions and aDcp
observations, based upon 6,470 aDcp measurements. Formulae for error statistics
can be found in Table 3 of Williams et al. (2014).

Error statistic Depth, m Velocity, ms™?
Mean Error -0.045 0.129
Standard Deviation Error | 0.055 0.202
Mean Absolute Error 0.056 0.194
Root Mean Squared Error | 0.071 0.239
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Table 5 Grain-size and area characteristics of within bar geomorphic units and
the percentage of sediment entrainment on each unit and bar during different

magnitude/frequency flood events. The location of geomorphic units
superimposed on each bar is shown in Figure 4.

Unit Area, % of Averag Grain-size Percentage of each unit entrained during ¢
m?2 bar e Dso, classification flood event
area mm 0Q2.33 Q10 Q20 Q50 C
480 850 1000 1250 1
m3st m3s m3s m3s? n
Head 792 41 214 Coarse cobble 10 43 63 91
Supra-platform 291 15 171 Coarse cobble 46 83 81 91
Back channel 504 26 132 Coarse cobble 28 59 64 85
Tail 365 19 74 Cobble 74 98 99 99
Total Bar Entrainment 33 64 73 91
lut Head 978 15 173 Coarse cobble 21 21 21 21
US supra-platform* 1928 29 128 Cobble 37 39 39 39
DS supra-platform*’ 1804 27 110 Cobble 6 12 14 16
Back channel 1058 16 78 Cobble 10 14 15 20
Tail Very coarse
809 12 36 gravel 68 81 84 88
Total Bar Entrainment 26 30 31 33
fa Head 1577 40 143 Coarse cobble 18 47 53 70
Supra-platform 1318 34 101 Cobble 6 36 46 61
Tail 760 20 22 Coarse gravel 81 94 96 99
Total Bar Entrainment 26 52 59 73
Head 1251 33 67 Cobble 3 11 11 12
Supra-platform Very coarse
glo 21 42 gravel 13 35 36 36
Back channel 883 23 21 Coarse gravel 41 68 71 73
Tail Very coarse
684 18 46 gravel 11 33 35 35
| Total Bar Entrainment 15 33 34 35

* The supra-platform of Red Hut bar was large and exhibited marked downstream
fining so was separated into two different units, the US (upstream) and DS
(downstream) supra platforms.
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mjl Lake Taupo ™, Study Reach
New Zealand 4\ Elevation (m)
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Figure 1 Location map of the Tongariro Catchment. Landscape attributes of each zone
are outlined in the text. The DEM for the study reach was derived from 1 m airborne
LiDAR data which has been detrended to remove the influence of slope. This allows
greater appreciation of lateral heights of features above the water surface. Bars

surveyed within this paper are annotated.
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Figure 2 Location of study bars and JFlow® model domains, superimposed upon the
2007 channel outline. The terrace outline width indicates the zone that has
undergone incision following the Taupo eruption (1.8 ka). At some locations, such as

at Red Hut, contemporary valley width is narrower.
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Figure 3 Bar development extracted from aerial photography (1941 — 2007) and a

survey map (1928). Note: as the 1928 image was derived from a survey map, it has

greater error and imprecision with regards to the placement and dimensions of the

units relative to the other images.
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[ 9-18mm, Medium gravel
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Back-
channel

Figure 4 Map showing within bar geomorphic units and the distribution of grain-size
across the bar surfaces as derived from a correlation between median grain size and
TLS detrended standard deviation (Figure 5). Placement left to right represents the

downstream progression of bars.
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Figure 5 Correlation between median grain-size (Dso) and TLS detrended standard
deviation (o2) for 1 m? patches, averaged across the area covered by the Dso
Wolman transects. The resulting linear relationship was used to convert maps of o:

to grain-size at a 1 m? scale across all four bars.
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Figure 6 Distribution of flood events with discharge > 400 m3s! since 1958 for the
Tongariro River at Turangi flow gauge. Vertical dotted lines indicate aerial
photograph surveys which coincide with the images in Figure 3 and the horizontal

lines indicate the recurrence interval for different discharge events.
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Figure 7 Relative erodibility calculated by the ratio of dimensionless shear stress to
critical shear stress at a 1 m? resolution for the two most upstream bars, Blue bar (a
to e) and Red Hut bar (f to j), for five flood events. Black shading indicates any value
less than 1, where sediment remains immobile. Excess shear stress above this
threshold is expressed in the colour continuum from light (lower excess shear stress)

to dark (very high excess shear stress) green.
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Figure 8 Relative erodibility calculated by the ratio of dimensionless shear stress to
critical shear stress at a 1 m? resolution for the two most downstream bars, Breakfast
bar (a to e) and Bain bar (f to j), for five flood events. Black shading indicates any
value less than 1, where sediment remains immobile. Excess shear stress above this
threshold is expressed in the colour continuum from light (lower excess shear stress)

to dark (very high excess shear stress) green.
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Figure 9 The percentage of each bar reworked by different magnitude/frequency

flood events.
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Figure 10 Conceptual model of the proportion of each bar unit reworked by different

magnitude flood events, within each zone of the river.
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