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Executive summary

In the last few decades, the Waiho River (West Coast) has posed an increasing threat to Franz Josef
township. The threat relates to the rapid increase in riverbed levels (aggradation) in the Waiho River
close to Franz Josef. The Waiho River has become more flood-prone and the risk of the river
overtopping its stopbanks has increased, with the potential to damage structures and infrastructure
(e.g., township, State Highway 6 (SH6) and sewage ponds) through inundation and erosion. Recently,
the Waiho River has avulsed (i.e., has abandoned the previous channel and formed a new river
channel) into the Tatare Stream to the north, which significantly increases the above risks.

Through a Ministry of Business, Innovation and Employment-funded ‘Smart Ideas’ research project
conducted between 2019-2022, NIWA developed a 2D numerical morphological model for this reach
of the Waiho River using the Delft3D software (Deltares, Netherlands). This model provides a
valuable tool to predict the future behaviour of the Waiho and identify solutions. However, that
model does not capture the ongoing avulsion, and hence needs updating to represent the present
situation and serve as a basis to explore future evolution of the Waiho River.

Through further work conducted at NIWA in 2023-2024, we updated that model to represent the
current situation of the Waiho River and Tatare Stream, and we have used this updated model to
forecast future behaviours of the river/stream (Stecca and Measures 2024). However, that report
remained as a draft version, as the simulation results presented there were not final. In fact, the
model runs in that report had the following weaknesses:

=  forecasting simulations had been conducted to span three years only (2024-2027), but
needed to be extended to five years;

= new simulation runs needed to be carried out using an updated version of the Delft3D
software, featuring an improved bank erosion algorithm that should better simulate
bank erosion within the Avulsion Channel.

The latter issue relates to the underestimation of channel widening in the Avulsion Channel in a
hindcasting simulation covering the period 2023—-2024 compared with the widening that has actually
been observed; the simulation was therefore not accurately replicating the 2023 and 2024 LiDAR
data. This underestimation was found to be caused by the bank erosion algorithm embedded in
Delft3D and needed a custom development of the model to be solved.

Through some NIWA-funded research activity in late 2024, we carried out the sought improvements
of the Delft3D model by adding a bank erosion module based on the repose slope approach. This
modification was assessed and approved by Deltares (who host the open source Delft3D software)
and is now available on the standard model code.

The present report leverages this improved Delft3D code to finalise the simulation work initiated by
Stecca and Measures (2024). This improved model showed a more accurate reproduction of channel
widening between 2023 and 2024. This was optimised through recalibration of the bulk grainsize
distribution in the avulsion area, as we found that setting quite a fine grainsize distribution there was
key to allowing the model to flush the eroded bank material downstream. With this setup, the
forecasting simulations were entirely rerun to make up for the above weaknesses, starting from the
last LiDAR available at the time of running these simulations (the 31 July 2024 LiDAR) for a span of
more than five years (1 August 2024-9 January 2030). Furthermore, a set of two forecasting
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simulations were run to address the effectiveness and fate of the proposed extension of Havill’s
Stopbank (i.e., the stropbank that protects the sewage ponds).

Based on the analysis of these model results available, we arrived at the following conclusions.

The model is capable of reliably reproducing natural tendencies observed from past
multi-temporal scans of the riverbed, namely:

— sediment deposition in the reach of the Waiho River close to Franz Josef
township;

— the occurrence of flood spills between the Waiho River and the Tatare Stream,
leading to the development of the Avulsion Channel; and

— the evolution of this Avulsion Channel through headward erosion toward the
Waiho River, resulting in the formation of a fan protruding into the Tatare Stream
and the Tatare Lower Gorge.

Future evolution of this river system, based on model outputs and a synthetic
hydrograph, will likely show:

— continued sediment deposition in the Waiho River reach close to Franz Josef;

— further increase in the size of the fan of the Avulsion Channel into the Tatare
Stream and the Tatare Gorge, causing an increase in bed levels in the Tatare
propagating backwards, with 2—3 m of aggradation at the SH6 bridge by early
2030;

— significant headward erosion of the Avulsion Channel into the Waiho River;

— alack of significant erosion close to the Havill’s Stopbank — this is contrary to the
common concern for the stability of this bank;

— that the proposed extension to Havill’s Stopbank, if built, will be effective at
reducing erosion on the true right of the Avulsion Channel and at protecting the
sewage ponds from erosion, but may be itself a hotspot for significant erosion
that may threaten its stability within three to five years.

If a 50% increase in sediment feed in the Waiho River from the base case is considered
in forecasting simulations (a scenario that we set to address the sensitivity of the
development of the system to the amount of sediment supply in the Waiho — which is
uncertain in the long term), then the model outputs suggest that sediment deposition
rates in the reach of the Waiho River close to Franz Josef will substantially increase.
The model results suggest that the extent of the increased deposition will mean that
the Waka Kotahi, Church, Heliport, and Link Stopbanks will be overwhelmed with
sediment within just a few years, which will increase the risk of bank overtopping
during major floods;

The partition of the discharge of the Waiho River upstream of the avulsion, between
the Waiho River downstream and the Avulsion Channel, has evolved and will evolve as
follows:
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in the past, the discharge partition has shown sudden switches backwards and
forwards between an initial situation where the Waiho River downstream of the
avulsion was still the primary pathway for flows, to a situation in which most of
the flows were captured by the Avulsion Channel. In the 2019-2021 and 2023—
2024 period, the system could still revert to the original balance, thus showing
periodic shifts in the discharge partition;

in the future, the flow partition seems inevitably skewed towards the Avulsion
Channel being the primary pathway for the Waiho River flows and it becomes
increasingly unlikely that the system could naturally revert to the Waiho River
downstream of the avulsion carrying most of these flows. This change is driven by
the slope advantage of the Avulsion Channel.
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1 Introduction

1.1 Background

1.1.1 The problem

For decades the risk of flooding from the Waiho River has been worsening due to increasing bed
levels following deposition of sediments in the order of 10-20 cm/year. Notably, the river flooded
the Mueller Hotel in 2016 and washed out the SH6 bridge in 2019.

Due to the increase in bed levels, the Waiho River has now developed a new avulsion into the Tatare
Stream, a smaller waterway at a lower elevation on its true right (Figure 1-1). The avulsion® was first
anticipated in 1998; flood spills started in about 2010 and the flow of Waiho floodwaters into the
Tatare started during the second half of 2023 (Beagley et al. 2023). Due to the lateral slope
advantage (the Tatare being 15 m lower in elevation than the Waiho River), the avulsion is happening
rapidly and potentially irreversibly.

A significant portion of the Waiho River flow has now been captured into this avulsion, accelerating
its development. As a consequence, the Waiho River is now threatening to erode the sewage ponds
that are located on its true right. If a flood occurs in both the Waiho River and Tatare Stream, a
backwater effect is likely to endanger the State Highway 6 bridge over the Tatare. Furthermore,
there will likely be significant deposition of sediments at the lower Tatare gorge, which will further
exacerbate the risk of flooding.

{ %

Sewage ponds

Figure 1-1:  Recent evolution of the Waiho River close to Franz Josef. The ongoing avulsion of the Waiho
into the Tatare River is highlighted.

1.1.2 Potential solutions

To reduce the risk of flooding and erosion, the Waiho River has been confined with stopbanks that
have been periodically maintained and improved. However, this is only a short-term solution, as the
continuous riverbed rise increasingly induces the river to divert away from its current course (hence,
the ongoing avulsion into the Tatare).

1 In fluvial geomorphology, an avulsion is the rapid abandonment of a river channel and the formation of a new river channel.
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An extension of Havill’s Stopbank protruding from the downstream end of the sewage ponds towards
the Avulsion Channel is currently being planned. This extension is expected to reduce the risk of
erosion around the sewage ponds but will likely become a hotspot for erosion itself. Therefore, the
life span of the extension could be limited to just a few years. In general, strengthening of the
stopbanks after the avulsion to prevent erosion is expected to provide only short-term relief. There is
no rational expectation to be able to stop the ongoing avulsion, as this has progressed too much and
the Waiho River has a significant elevation difference which favours ongoing and potentially
irreversible avulsion into the Tatare.

A proposed solution that could provide long-term relief (Beagley et al. 2020, 2023) would be to
remove the stopbank on the Waiho's true left opposite Franz Josef, to allow the river to entirely
reoccupy its historic floodplain and flow away from Franz Josef. This enables the physical conditions
for the river to have a much wider area to deposit its sediment and reduce the risk to Franz Josef and
surrounding assets. The practical and financial challenge of this solution is that it entails relocating
SH6 south of Franz Josef and the abandonment of agricultural land.

While studying the feasibility of this long-term solution is beyond the scope of this work, this could
be the objective of further numerical studies into the future.

1.2  Previous work

A two-dimensional (2D) morphological model of the Waiho River was developed at NIWA (see Figure
1-2) as part of a ‘Smart Ideas’ research project funded by the Ministry of Business, Innovation and
Employment (MBIE) from 2019 to 2022 (Montgomery and Stecca 2020, 2021; Measures et al. 2022).
This model simulates changes in bed elevation and substrate grain size mixture under the influence
of flood flows. This model extent covers the area from just upstream of the SH6 bridge to the Waiho
Loop but does not include the Tatare Stream or any of the area downstream of the Waiho Loop. The
model has been calibrated to reproduce the braiding character and historic patterns of bed level
change in the Waiho. As braided rivers are chaotic (Stecca and Hicks 2022), and future floods are
unknown, the model predictions show likely future trajectories of change but cannot accurately
predict the location of individual braids.

Figure 1-2 shows how the model has been used to simulate both the current river configuration
(status quo) and a river widening scenario, with the removal of the true left stopbank.
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Status quo

River widening scenario

Change in bed elevation (m)

True left
stopbanks
removed

Figure 1-2:  Output from 2D morphological modelling of the Waiho River conducted under past NIWA
Smart Ideas grant.

While useful, the modelling that was undertaken during the Smart Ideas project was incomplete

=  With respect to the present situation (Figure 1-1), the model is completely missing the
Tatare avulsion, as this had not happened at the time the model was developed.

=  The river widening scenario has not been thoroughly assessed and work on this is still
preliminary.

In 2023—-2024, we updated that model to represent the current situation of the Waiho River and
Tatare Stream, and we use of this updated model to forecast future behaviours of the river/stream
(Stecca and Measures 2024). However, that report remained in a draft version, as the simulation
results presented there were not final. In fact, these model runs showed the following weaknesses.

=  Forecasting simulations were conducted to span three years only (2024-2027) but
needed to be extended to five years.

=  New simulation runs needed to be carried out using an updated version of the Delft3D
software, featuring an improved bank erosion algorithm that should better simulate
bank erosion within the avulsion channel.

The latter issue relates to the underestimation of channel widening in the Avulsion Channel in a
hindcasting simulation covering the period 2023-2024 compared with the widening observed
contrasting the 2023 and 2024 LiDAR. This underestimation was found to be caused by the bank

Waiho River morphological modelling 11



erosion algorithm embedded in Delft3D and needed a custom development of the model to be
solved.

Through some NIWA-funded research activity in late 2024, we carried out the sought improvements
of the Delft3D model by adding a bank erosion module based on the repose slope approach. This
modification was assessed and approved by Deltares (who host the open source Delft3D software)
and is now available on the standard model code (Reference repository).

1.3 Purpose of this study and approach

The purpose of this work is to study the risk of flooding and erosion triggered by the ongoing avulsion
and understand the timeframe under which these hazards are going to impact Franz Josef township
and SH6, as these are the most urgent questions around the morphological evolution of the Waiho
River. Another key question that this study addresses is around the effectiveness and likely life span
of the proposed extension of Havill’s Stopbank Extension.

To address these high-priority questions, the approach is to employ two-dimensional (2D)
morphological numerical modelling to examine key issues related to the development of the Tatare
avulsion. The present work entailed the following tasks.

=  Updating the hindcast flow record for the period 2020 to present and devising a synthetic
flow record for the Tatare.

=  One targeted field campaign to collect grainsize data on the Tatare fan and inspect the
avulsion.

=  Extending the existing model to include the Tatare Stream. The new model includes the
previously modelled reach of the Waiho River, as well as the Tatare Stream from the
upper Tatare Gorge to the Lower Gorge through the Waiho Loop Moraine and has also
been extended a few hundred meters downstream to with the Waiho River to capture the
ongoing alluvial fan buildup. In between the two rivers, the model domain covers all the
areas that are presently affected by the avulsion, or that will conceivably be affected in
the future. Stopbanks are represented as non-erodible features that mark the lateral
boundary of the computational domain, against which depth of scour and flow levels can
be measured to quantify the risk of erosion or overtopping. The model for the Waiho
River upstream boundary applies the sediment rating curve (a relation that outputs the
sediment flux as a function of the flowing discharge) calibrated in previous work (i.e.,
Montgomery and Stecca 2020, 2021; Measures et al. 2022). Furthermore, we tested a
50% increase of the sediment feed from that rating in a specific simulation. This additional
scenario aimed to explore the sensitivity of the development of the Waiho River, Tatare
Stream and Avulsion Channel to the amount of sediment feed from the upper Waiho,
which is highly uncertain in the future.

=  Running the Waiho-Tatare model to first validate this new model against morphological
changes seen in subsequent LiDAR scans of the bed morphology (available in 2016, 2019,
2023, January 2024, July 2024, 2025), and specifically to reproduce the avulsion process
between the 2023 and 2024.

=  Running four forecasting simulations to test both (i) the calibrated sediment feed in the
Waiho and a 50% increase from that value, and (ii) the current stopbank configuration
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and the effect of the proposed extension of Havill’s Stopbanks. The time span of these
simulations is 5 and % years (1 August 2024—9 January 2030).

While most of the issues listed here were first documented in the draft report (Stecca and
Measures 2024), although in a more preliminary version, we have decided to cover them fully
in the present version of the report, so that it can be a stand-alone document.

Waiho River morphological modelling 13



2 Data

2.1 LiDAR topographic scans

Non-bathymetric LiDAR scans of the topography of the bed of the Waiho River, Tatare Stream and
Avulsion Channel with the spatial resolution of 1 m were available on the following dates: 4
September 2016, 1 April 2019, 8 June 2023 and 31 January 2024, 31 July 2024, and 7 March 2025.
These topographic data were downsampled to the resolution of 2 m to reduce the associated file size
and then used to set the initial condition of models by further downsampling and interpolating on
the computational grid. Furthermore, these data at 2 m resolution were used as a reference to assess
model behaviour in numerical runs.

2.2 Grainsize data

During the previous NIWA Smart Ideas project focussing on the Waiho in August 2020, a two-day
grainsize survey campaign of the Waiho River at Franz Josef was conducted. During this campaign,
two bulk sieves and five Wolman counts were conducted, yielding samples of the bed subsurface and
bed surface grainsize distribution, respectively. The two bulk sieves were collected close to the South
End of the Havill’s Stopbank on the Waiho River’s true right, and midway between the SH6 bridge
and Canavan’s Knob on the river’s true left, while the five Wolman samples were collected at various
locations close to the two bulk sieves.

The data available from this previous project, while useful, were insufficient for the purpose of the
present modelling, as they did not provide any information on the grainsize distribution of the bed
subsurface within the Avulsion Channel and Tatare Stream. In fact, from visual inspection of the
lateral banks of the avulsion channel, it appears that the subsurface material there is generally finer
than the subsurface of the Waiho River bed. Hence, within this project a new bulk sieve was
conducted in the Avulsion Channel (April 2024).

14 Waiho River morphological modelling
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Figure 2-1:  Surface grainsize distribution of the Waiho River and subsurface grainsize distribution of the
Waiho River and Avulsion Channel. The two samples of the Waiho River were obtained by bulk sieving at two
distinct locations (August 2020).

In Figure 2-1, the grainsize distributions corresponding to the three above datasets are shown. Figure
2-1a shows the distributions corresponding to the five Wolman samples of the Waiho River bed
surface and their average value, which we used in our modelling as the reference surface grainsize
distribution.

Figure 2-1b shows the grainsize distributions corresponding to the two bulk sieves of the Waiho River
bed and their average. The latter was used in our modelling as representative of the subsurface
grainsize distribution in the area pertaining to the Waiho River and Tatare Stream. Furthermore,
Figure 2-1b shows the bulk grainsize distribution of the Avulsion Channel. Contrasting the series of
the Waiho River and of the Avulsion Channel, it is confirmed that the Avulsion Channel has a finer
grainsize distribution than the Waiho River.
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2.3 Synthetic discharge records

Discharge records are key inputs to morphological models as they are critical to set the upstream
boundary condition. However, there are no measured discharge records for either the Waiho River
or the Tatare Stream as both rivers do not feature any flow gauge. Our strategy was therefore to use
synthetic discharge records produced by hydrological models.

Our previous modelling of the Waiho River (Montgomery and Stecca 2020, 2021; Measures et al.
2022) had leveraged the discharge record produced by NIWA’s national hydrological model TOPNET
(Bandaragoda et al. 2004) available from 1992 to 2019. This record would have needed updating for
the present modelling, but this updating would have been costly and infeasible. Furthermore, the
TOPNET record does not feature any hydrograph for the Tatare stream (as the Tatare was not
considered in previous modelling), hence, an entirely new record would have needed to be
generated for the Tatare.

Rather than updating and enhancing the TOPNET record, for the present modelling we resorted to
using the output of NIWA’s operational flood forecasting model, named Aotearoa Flood Awareness
System (AFAS) (Cattoén et al. 2022), which is readily available from late February 2018 onwards for
both the Waiho River and the Tatare Stream. To produce a continuous, smooth and unique discharge
record for these two rivers from the AFAS model output we proceeded as follows.

=  While AFAS produces stochastic flood forecasts through ensemble simulations, for our
purpose we were only interested in one single deterministic prediction, so we
considered only the output of one member of the AFAS simulations.

=  The AFAS forecasts are issued every 24 hours for the duration of the following 48
hours, resulting in records that are partly concurrent in time, but do not overlap in the
discharge values. The central part of each forecast, between hours 12 and 36, is of
most interest as the most accurate. Hence, we stitched together the results of these
individual forecasts trimmed between hours 15 and 33, while applying a smooth
transition between records arising from different forecasts for a 3-hour buffer at the
beginning and end of each individual record (from hour 12 to 15 and from hour 33 to
36).

Before applying the constructed AFAS records in the present modelling, the AFAS record for the
Waiho was compared and cross-checked for consistency with the TOPNET record to make sure that
the sediment rating curve developed previously with the TOPNET record could apply in the present
case without any further correction. We therefore proceeded by comparing the two records (Section
2.3.1). For a further validation, we used an identical procedure to extract from the AFAS data a
discharge record of the Whataroa River, a neighbouring river of similar size to the Waiho River that
features a flow gauge. We then compared the AFAS record and the gauged discharge record for the
Whataroa (Section 2.3.2). After these checks, we could confidently derive a discharge record from
AFAS for the Tatare Stream (Section 2.3.3), and with some assumptions extend the discharge records
of the Waiho River and Tatare Stream into the future (Section 2.3.4).

The output of this hydrological modelling exercise was a continuous hourly discharge records
covering the period from 28 February 2018 to 10 June 2024.
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2.3.1 Comparison of TOPNET and AFAS model discharge records for the Waiho River

The discharge records of the TOPNET model (used to determine the upstream boundary condition in
previous modelling) and of the AFAS model (used for the present modelling) for the Waiho River are
shown in Figure 2-2. Figure 2-2a reports the entire records, while Figure 2-2b presents a zoom over
the period for which these records overlap. While a detailed comparison is hard from the latter
panel, it can be discerned that the two records have peak discharges of similar, but not identical
magnitude, with the AFAS record predicting higher peaks for some major floods (in Q2-19 and Q4-
19). In contrast, the TOPNET record presents numerous small to medium floods that are either not
featured, or featured but with a smaller magnitude, in the AFAS record.
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Figure 2-2:  Flow records of the TOPNET and AFAS model for the Waiho River. a) Full records. b) Zoom over
the time of overlap of the two records from 27 February 2018 to 31 December 2019. Q = quarter.

To better assess the difference between the two records, we carried out a comparison in terms of
their flow duration curves (Figure 2-3). Here, Figure 2-3a shows the entire flow duration curve, while
Figure 2-3b focuses on the higher, less frequent discharges (those exceeded for a fraction of the time
smaller than 0.1), which are the most relevant to morphological modelling. From the entire curve in
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Figure 2-3a, the differences in the two records are difficult to discern so we focus on Figure 2-3b.
Here, we notice that the AFAS record presents a higher abundance of medium- to very high flows
(above a cross-over value of about 600 m3s?) than the TOPNET record, while flows smaller than 600
m3st are more frequently found in the TOPNET record than in the AFAS record. This difference
reflects the higher abundance of small floods in the TOPNET record already seen in Figure 2-2b.

Finally, in both panels and Figure 2-3 we indicate the flow cutoff discharge equal to 100 m3s?, i.e.,
the minimum discharge at which we will turn on morphological modelling. This cutoff value was
derived in previous work (Montgomery and Stecca 2020, 2021; Measures et al. 2022) by analysing
the frequency distribution of sediment discharge, making sure that, with the application of this
cutoff, less than 15% of the yearly sediment yield would be disregarded in morphological modelling.
In Figure 2-3, this indication helps identifying the discharges that are of interest for this work,
namely, those above the cutoff.
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Figure 2-3:  Flow duration curves for the discharge records of the TOPNET and AFAS models for the Waiho
River. a) Entire flow duration curve. b) Zoom over the highest discharges. In both panels, the flow cutoff of
100 m3s! used in morphological modelling is also indicated.

To finally understand whether the difference in the occurrence of flood flows in the two records seen
in Figure 2-3b are relevant to morphological modelling, we derived sediment discharge duration
curves of the two records for the Waiho. To do so, we applied the previously calibrated sediment
rating curve (Montgomery and Stecca 2020, 2021; Measures et al. 2022) to the discharge records and
sorted the output to show the frequency of occurrence of sediment discharges. The result is shown
in Figure 2-4. Here, we also show the cutoff value that corresponds to the flow discharge of 100 m3s?
used as the cutoff while trimming the hydrographs (see Figure 2-3).
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Figure 2-4: Sediment discharge duration curve for the Waiho River.

As expected from the difference in the flow duration curves of the two models (Figure 2-3), in Figure
2-4 the AFAS model sees a higher abundance of flows carrying a very high sediment load, but a
smaller abundance of flows carrying a medium to small sediment load compared to the TOPNET
model. The difference between these two sediment loads, when integrated over the entire duration
curve, is small, just 6.4% of the total sediment load of discharges in the TOPNET model. This
difference becomes smaller (4.1%) when focusing on the portion of the sediment discharge duration
curves above the cutoff value.

As an uncertainty of this magnitude in the yearly sediment load falls within the range of other, larger
uncertainties in quantifying the sediment discharge of the Waiho River, we consider it acceptable.
Hence, we decided that no further correction should be applied to the discharge record for the AFAS
model to maintain consistency with the discharge record previously used in the TOPNET model.

2.3.2 Validation of the AFAS model flow records on the Whataroa River

In Figure 2-5, we compare the discharge record extracted from the AFAS model output for the
Whataroa River with the gauged discharge record originated from the State Highway Bridge Flow
Gauge (station number 89301). The two records overlap for a significant period (from early 2018 to
early 2024) and show, at a glance, maximum flood discharge having similar magnitude. The gauged
discharge record, however, presents higher peak discharge values in many medium to large floods,
compared with the AFAS record.
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Figure 2-5:  Discharge record of the Whataroa River. The model-generated discharge record of the AFAS
model is compared with data measured at the State Highway Bridge Flow Gauge (station number 89301).

To make this comparison quantitative, we derive the corresponding flow duration curves for the
period of overlap of the two records (Figure 2-6). Here (see Figure 2-6a, presenting the entire flow
duration curve), it is confirmed that the gauged data record presents a higher abundance of small to
relatively large flows.

We remark, however, that the discharges relevant for morphological modelling are a small subset of
those featured in the entire record. In the case of the Waiho River (Figure 2-3b, Figure 2-4), with the
application of the 100 m3s? flow cutoff we have restricted the relevant discharges to those that are
exceeded only ~8% of the time. By applying a similar criterion to the flows of the Whataroa River,
(Figure 2-6b) we observe that the overall difference between the two curves becomes less
prominent. Furthermore, we note that in this morphologically relevant range while the AFAS record
shows less medium to large flows (which would likely result in underestimating the associated
sediment load), it also features more very high flood discharges (which may partially offset this by
contributing higher sediment load).

As we do not possess a sediment rating curve of the Whataroa River, it is not possible to pursue a
comparison in terms of sediment discharge duration curves as done for the Waiho River. Therefore,
we just observe that the integrated difference in flood volumes between the two curves for the
morphologically relevant flows (Figure 2-6b) is 15.5%, a value that we consider acceptable as within
the range of expected errors in hydrological modelling. By accepting this discrepancy, we opted not
to apply any correction to the AFAS discharge record.

Waiho River morphological modelling 21



a) Gauged data AFAS model |
<710 -
IC."J -\.\‘
mE N

e |\

>

2 10?2 - £

O

(=]

101 | I I I ™
0 0.2 04 0.6 0.8 1
Fraction of time exceeded [-]

b) | | Gauged data AFAS model] -
<T103F g

n
[3p] - —

b s S

>

210%¢ -

O

20

(|}

101 ] I I ] ] ] I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Fraction of time exceeded [-]
Figure 2-6:  Flow duration curves of the Whataroa River. The flow duration curve generated from results of

the AFAS model is compared with that of data measured at the flow gauge. a) Full curves. b) Zoom over the

morphologically relevant discharges.

2.3.3 AFAS record for the Tatare Stream

Having analysed and validated our methodology for generating synthetic discharge records off the
AFAS outputs by assessing the resulting records and their expected morphological effects, we
derived a discharge record for the Tatare Stream. This record is shown in Figure 2-7, and the

corresponding flow duration curve is shown in Figure 2-8.

In the latter figure, we also highlight the flow cutoff value that we decided to apply to select the
morphologically relevant portions of the hydrograph for morphological modelling. As we do not
possess a sediment rating curve for the Tatare, it was not possible to derive such a cutoff by
analysing the associated cumulative underestimation of the sediment load (as had been done for the
Waiho River in previous work). In the case of the Tatare, we selected the discharges that are
exceeded for as similar proportion of the time as the proportion of the time that the Waiho spends
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at morphologically relevant discharges, namely, less than ~8% of the time. This criterion would have
yielded a cutoff value for the Tatare of 17 m3s™, which we lowered to 15 m3s™ for simplicity.

Having set the above rule for selecting the morphologically relevant period for the Tatare Stream, we
noted that the morphologically relevant periods of the Waiho River hydrograph do not necessarily
coincide with those of the Tatare, as the flood peaks of the two rivers may not happen
simultaneously. Therefore, to finally select the periods in the hydrographs to be morphologically
modelled, we adopted the criterion of choosing the periods in which the discharge in the Waiho
River is above 100 m3s?, or the discharge in the Tatare Stream is above 15 m3s?, or both.
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Figure 2-7: Hydrograph of the AFAS model for the Tatare Stream.
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Figure 2-8:  Flow duration curve of the AFAS model for the Tatare Stream. The discharge cutoff value of 15
m3st applied in morphological modelling is also shown.
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2.3.4 Future discharge records of the Waiho River and Tatare Stream

Some simulations in this work aim to explore morphological changes in the Waiho River and Tatare
Stream projected over the next five years and a half (1 August 2024-9 January 2030). The choice of
the starting date is motivated by the availability on 31 July 2024 of the last LiDAR scan that was
accessible at the time we conducted the modelling. As these simulations aimed to forecast the
future, assumptions had to be made about future discharge records. As an aside, we remark that,
since the synthetic discharge records at hand were gathered in mid-2024 (when this project started),
and were not updated through the project, the flow record is available only until 10 June 2024.
Therefore, the flows between that date and the present date in 2025 are effectively treated as future
flows.

We took the straightforward approach of assuming that the future discharge record would replicate
the AFAS record from 1 January 2019 to the end of the record on 10 June 2024. To verify that this
would not induce significant bias in the results, we then analysed the yearly runoff of this discharge
series (Figure 2-2) and the associated bedload volumes, both cumulated over individual years. Here,
the bedload volumes were computed applying the calibrated sediment rating curve of the Waiho
River, under the assumption that the rate of sediment feed will not change in the future from what
has been seen in recent years.

The results of this analysis are shown in Figure 2-9. Here, all years present quite a similar runoff
volume, except the first year of the series (2019) that presents a volume ~20% greater than the
others. The yearly bedload is slightly more variable from year to year, with year 2019 having 78%
greater bedload volume than 2021. This variability however seems to be within a reasonable range,
which allowed us to confidently apply the derived discharge time series into the future.
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Figure 2-9:  Yearly runoff and bedload in the Waiho River.

Finally, to construct the final model hydrograph, we decided to reshuffle the 2019-2024 AFAS flow
record by moving the flows until 27 March 2019 to the end of the flow record. This was done for the
sake of stability in the morphological simulations. In fact, the first months of 2019 feature the biggest
flood in the record (the March 2019 flood, peaking at 2.112 m3s™* on March 26). In preliminary
simulations, we had verified that applying this flood in morphological models with an initial
topography and grainsize distribution not yet well conditioned by smaller floods would have
invariably produced numerical instabilities around the Lower Tatare Gorge. This is because, with the
well-developed Avulsion Channel seen already in the LiDAR-derived initial topography, the majority
of the Waiho flood flows was conveyed towards the Tatare Gorge and the model could not deal with
the excessive Froude number values associated with the extreme velocities in these flow conditions.
Conversely, placing this flood at the end of the record, after the topography had been reshaped by
numerous smaller floods, allowed the model to solve the problem while maintaining numerical
stability. The final model hydrograph used in the forecasting simulation runs is shown in Figure 2-10.
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Figure 2-10: Hydrographs of the Waiho River and Tatare Stream used in the forecasting simulation runs. In
the modelling, periods with discharge smaller than the indicated flow cutoff in both rivers (100 m3s™* for the
Waiho and 15 m3s! for the Tatare) were disregarded.
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3 Model setup and simulations performed

3.1 Modelling software Delft3D

Delft3D is a widely used hydrodynamic and morphodynamic modelling software developed by
Deltares. The software is open source and has been successfully applied for modelling of river
morphodynamics on several New Zealand braided rivers (e.g., Williams et al. 2016). The model can
be used in two-dimensional (2D) or three dimensional (3D) modes. For the Waiho model it was used
in 2D, representing the domain as a planform grid. The underlying equations and numerical solution
schemes included in the model are described in detail in the user manual (Deltares 2024).

For this work, we resorted to coding our own bank erosion algorithm. Notably, this code
development was funded by NIWA through a Structured Internal Project, separately from the main
modelling project for WCRC.

3.1.1 Standard bank erosion algorithms in Delft3D

Our initial simulations of the Waiho River, Tatare Stream and Avulsion Channel documented in the
draft report (Stecca and Measures 2024) revealed insufficient widening of the avulsion channel in the
2023-2024 simulation (i.e., the period when the fastest Avulsion Channel widening was observed
between two LiDAR scans of the bed). In that work we simulated bank erosion through an
undocumented, yet stock feature in the Delft3D code called “dune avalanching”. “Dune avalanching”
aims to replicate the flattening of the topography due to bed material grains avalanching down the
slope of dunes. Here we applied this algorithm beyond its initial purpose as a slope-based bank
failure recipe.

However, critically, “dune avalanching” works only where and when in the domain sediment
transport occurs. Therefore, the bank erosion process was found to stall at any point where sediment
load was not occurring, leaving banks excessively steep and high. This problem is acute when trying
to model the retreat of a bank that is not fully submerged, like the banks of the Avulsion Channel,
because at the toe of such a bank the flow may be very shallow and incapable of transporting
sediment, which induces “dune avalanching” to pause. This result was deemed unacceptable.

It is notable that we had previously applied “dune avalanching” successfully while simulating the
Waiho River only (Montgomery and Stecca 2020, 2021; Measures et al. 2022). The likely reason for
this success is that, in the case of the Waiho, intense floods that cause channel banks to collapse are
characterised by flows covering most of the riverbed, which may allow sediment transport close to
these banks, and hence the shortcomings of “dune avalanching” are less apparent.

Finally, the most standard, bank erosion algorithm of Delft3D was never considered as an option as it
is equally prone to stalling (see Stecca et al. 2017).

3.1.2 The “repose” algorithm

A bank erosion algorithm alternative to “dune avalanching” in Delft3D is available from the work of

Parsapour-Moghaddam et al. (2023), and their modified Delft3D code is publicly available

(https://svn.oss.deltares.nl/repos/delft3d/branches/research/University%200f%200ttawa/20190723
bank erosion/src/).

Their bank erosion algorithm is based on the concept of repose slope. When a threshold slope (set as
an input parameter) is exceeded, a sediment flux is induced so that the stable slope is restored. This
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process is completely independent of the occurrence of sediment transport, and hence this “repose”
algorithm is not prone unlike “dune avalanching”.

Unfortunately, when applying the latter code to our problem, we discovered that their bank erosion
algorithm cannot conserve sediment mass when the code is run in parallel due to a glitch in the
parallelisation. The errors that this code produces are random and of very significant magnitude,
which prevents the application to this modelling work.

We finally resorted to coding our own “repose” algorithm, making sure that the mass balance would
be preserved under any condition. The final code has been validated by Deltares and is now part of
the standard Delft3D model.

3.2 Model setup

3.2.1 Domain and mesh

The domain was set to cover:

=  The reach of interest of the Waiho River from the confined section upstream of the
SH6 bridge down to a few hundred meters downstream of the Waiho Loop Moraine.

=  The Tatare Stream from the outlet of the Upper Gorge to its confluence with the
Waiho River downstream of the Waiho Loop.

=  The area pertaining to the avulsion and currently occupied by the Avulsion Channel (or
threatened to be eroded by the Avulsion Channel in its future lateral shifts).

=  The areas between the Waiho River and the Tatare Stream, including part of Franz
Josef township, that could potentially be inundated by a major flood.

The Waiho Loop, being unerodable during the timeframe of this study and being at too high
elevation to be inundated, was excluded from the domain.

Notably, this domain is significantly more extended both in the downstream and transverse direction
than the domain we used in our previous modelling (Montgomery and Stecca 2020, 2021; Measures
et al. 2022), as our previous modelling focussed on the area from just upstream of the SH6 bridge to
the Waiho Loop, but did not include the Tatare Stream or any of the area downstream of the Waiho
Loop.

The domain was covered with a curvilinear mesh of 1217 by 488 cells (in the downstream and
transverse direction, respectively). We set the grid cell size targeting a mesh with a quasi regular size
of ~ 5 m. The final grid had cell edge length varying among different cells between 4.6 m and 6.9 m in
the downstream direction and between 4.9 m to 6.8 m in the transverse direction.

To handle the irregular shape of the domain edge, we used a feature of the Delft3D code that allows
excluding individual cells from the domain. Cells outside the boundary of the domain of interest, but
within the computational grid, were excluded, obtaining a staircased boundary that approximated
the actual boundary of the reach. With this feature, we were able to flexibly handle the need to
consider different domain sizes in different simulations. For instance, for the simulation run that only
focussed on the Waiho River (run 1619W, see later, Table 3-2), all the areas of the grid not pertaining
to the Waiho River were disregarded from computations, while for the simulations that included also
the Tatare Stream and Avulsion Channel the areas pertaining to the latter two were also enabled.
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In the Waiho River, the lateral edge of the active domain was made to coincide with the stopbanks.
Hence, the area behind the stopbanks was excluded from computations. This setup implies that the
stopbanks cannot be overtopped or eroded in model simulations, as the domain edge behaves like
an infinitely high, frictionless wall. Since the Link Stopbank on the true right of the Waiho River was
constructed between the 2023 and 31 January 2024 LiDAR survey, the area of the domain behind the
Link Stopbank was excluded from the domain only for the forecasting simulations (runs 2430WTA,
and 2430WTAF, 2430WTAH and 2430WTAFH, see Table 3-2). Conversely, all the other simulations,
focussing on earlier periods, included that area.

The same approach was used to represent the proposed extension of the Havill’s Stopbank in two
specific runs (runs 2430WTAH and 2430WTAFH). This extension was featured as a protrusion of a
narrow strip of inactive cells from downstream the sewage ponds, and was not featured in runs
2430WTA and 2430WTAF that focus on the current stopbank configuration.

3.2.2 Upstream and downstream boundary conditions

To implement the upstream boundary condition, we leveraged the “discharges” feature of the
Delft3D software that introduces local inflows of water and sediment at pre-selected cells. We used
this feature as it is easier to set up and more reliable than a traditional upstream boundary in a
movable-bed model setting. The cells set to accommodate these water and sediment inflows were
those at the upstream end of the Waiho River portion of the domain (in the confined section
upstream of the SH7 bridge) and, in the simulations featuring the Tatare Stream, in the confined
section at the upstream end of the relevant portion of the domain.

The water and sediment inflows in the two sets of cells featuring the “discharges” were set to match
the desired timeseries of flow and sediment discharge, with the water and sediment discharge
spread evenly across these inflow cross-sections. The discharge records used to create the inflow
data series were those from the synthetic TOPNET or AFAS records (see section 2.3) trimmed for the
period of interest of each simulation (see Section 3.3 and Table 3-2). The sediment inflow data series
for the Waiho River were computed applying the sediment rating curve devised in previous work to
each value of the flowing discharge in the discharge record in use. Only in two simulations (run
2430WTAF and 2430WTAFH, see Table 3-2) we set a 50% higher sediment inflow as the purpose of
these simulations were to test the effect of an increase in sediment feed. In the Tatare Stream,
instead, we set zero sediment inflow at all times, as we did not possess a valid sediment rating curve
for this river.

In the Waiho River, to avoid the creation of a spurious fan from the accumulation of sediment
discharged at the location of the inflow cells, the injected flow was set to possess a velocity that
matches the velocity in an ideal similar cross-section in a reach with a 0.8% slope. Conversely, in the
Tatare Stream, where spurious degradation at the upstream end was expected due to the choice of
not feeding sediment, and this degradation had to be minimised, we chose to inject the flow
discharge with zero velocity.

The downstream boundary was set up as a “Neumann boundary”, i.e., a boundary where the slope of
the free surface is prescribed. For the simulations presented in this draft report we used a local slope
of 0.6%.
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3.23

The initial topography for each simulation was set by downsampling the LiDAR representing the real-
world topography at the beginning of the simulation onto the computational grid. Upon request of
WCRC, for the forecasting simulations we used the most recent LiDAR available at the time the runs
were performed (the 31 July 2024 LiDAR).

Initial topography and grainsize distribution

Following the choices made in previous modelling, we discretised the grainsize curve with three
fractions. While using a greater number of fractions would have made the model more accurate
(especially in describing armouring processes), this would have entailed a higher computational load,
which would not have been affordable for the project.

Table 3-1 reports the diameter of the three chosen fractions and the resulting mass fractions. The
latter were computed aggregating the available grainsize distributions (in Figure 2-1) within the
sediment diameter range of each discrete fraction. The three available grainsize datasets (Waiho
River Wolman Counts, Waiho River Bulk Sieves, Avulsion Channel Bulk Sieve) resulted in three
discrete grainsize distributions that were applied within the computational domain as follows. The
surface grainsize distribution of the entire domain was set equal to the discretised distribution from
the Waiho River Wolman Counts, to simulate initial armouring of the bed. The subsurface of the
Waiho River and Tatare Stream was set equal to the discretised distribution from the Waiho River
Bulk Sieves.

The subsurface distribution in the Avulsion Channel and in all the other portions of the domain was
set initial equal to that from the Avulsion Channel Bulk Sieve. However, since in preliminary
simulations in the 2023—-2024 period, the model underestimated the widening of the Avulsion
channel compared with the LiDAR, we tested progressively finer subsurface grainsize distributions,
until we obtained a good visual match in the channel widening seen in the model and in the LiDAR.
The final Avulsion Channel distribution is given in the last column in Table 3-1.

Table 3-1: Discretised grainsize distribution for morphological modelling.
Sediment Diameter  Representative Mass fraction
fraction range of diameter (mm . . .
& ( ) Surface Waiho River Avulsion Channel and rest of
real .
- (from and Tatare the domain subsurface
grainsize ” Stream
distribution Waiho (from (used in the
River Subsurface . ]
(mm) (from Waiho Avulsion final
Wolman . Ik Channel simulations)
Counts) River Bu Bulk Sieve)
Sieves)
Fine Finer than 2 0.13 0.33 0.44 0.84
11.2
Medium 11.2to 64 30 0.49 0.37 0.26 0.06
Coarse Coarser than 118 0.38 0.30 0.30 0.10
64

That a finer distribution had to be set in the Avulsion Channel to achieve a good match with the
observations may indicate that one single bulk sieve was inadequate to represent the variability of
grainsizes. In fact, the Avulsion Channel at the time of the sampling was still subject to rapid

evolution and showed very evident downstream fining.
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3.2.4 Sediment transport and bank erosion

Sediment transport in the adopted three-sediment fraction setup was calculated using the formula of
Wilcock and Crowe (2003), as done in our previous work on the Waiho River (Montgomery and

Stecca 2020, 2021; Measures et al. 2022).

For the results of this report, as explained in Section 3.1, we modelled bank erosion using our own
implementation of the “repose” bank erosion algorithm. With repeated preliminary simulations for
the 2023-2024 period, we set the repose slope equal to 0.06. This value is consistent with the slope
used in our previous attempts with the “dune avalanching” algorithm (Montgomery and Stecca 2020,
2021; Measures et al. 2022; Stecca and Measures 2024).

3.3 Simulations performed

We performed a total of eight simulation runs, with widely varied setups of domain and boundary
and duration of the simulated periods. The settings that differ between each run are summarised in
Table 3-2, and a detailed explanation is given in the following.

Table 3-2:

Detail of the simulations performed. The first four digits of the Simulation ID indicate the time

period which the simulation represents, for example simulation 1619W represents the period 2016-2019. The
following letters then indicate the parts of the domain which were active: “W” for Waiho, “T” for Tatare and
“A” for Avulsion channel. “F” indicates increased sediment Feed in the Waiho River. “F” indicates that Havill’s
Stopbank Extension is featured. 'The future hydrograph assumes flows identical to those in the 2019-2024
AFAS record but reshuffled with the subperiod between 01/01/19 and 27/03/19 at the end of the time series.

Simulation ID Simulated Initial bed Initial Domain Waiho
period and topography grainsize X i i River
hydrograph distribution Waiho River Tatare Avulsion Sediment

Stream Channel
Feed
1619W 04/09/2016 to 2016 LiDAR From surface Enabled, Disabled Disabled Calibrated
01/04/2019, and without Link sediment
TOPNET subsurface Stopbank rating curve
hydrograph grainsize data

1923WT 01/04/2019 to 2019 LiDAR From surface Enabled, Enabled Disabled Calibrated

08/06/2023, and without Link sediment
AFAS subsurface Stopbank rating curve
hydrograph grainsize data

1923WTA 01/04/2019 to 2019 LiDAR From surface Enabled, Enabled Enabled Calibrated

08/06/2023, and without Link sediment
AFAS subsurface Stopbank rating curve
hydrograph grainsize data

2324WTA 08/06/2023 to 2023 LiDAR From surface Enabled, Enabled Enabled Calibrated

01/02/2024, and without Link sediment
AFAS subsurface Stopbank rating curve
hydrograph grainsize data,

with
calibrated
subsurface
grainsize
distribution in
the avulsion
area
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Simulation ID Simulated Initial bed Initial Domain Waiho
:erlod and topography .gra-|n5|z_e Waiho River Tatare Avulsion Rl.ver
ydrograph distribution Sediment
Stream Channel Feed
2430WTA Future 31 July 2024 From surface Enabled, Enabled Enabled Calibrated
hydrograph LiDAR and with Link sediment
based on the subsurface Stopbank rating curve
01/08/2024 to grainsize data,
09/01/2030 with
AFAS calibrated
hydrograph? subsurface
grainsize
distribution in
the avulsion
area
2430WTAF Future 31 July 2024 From surface Enabled, Enabled Enabled 50%
hydrograph LiDAR and with Link increase
based on the subsurface Stopbank from rating
01/08/2024 to grainsize data, curve
09/01/2030 with
AFAS calibrated
hydrograph? subsurface
grainsize
distribution in
the avulsion
area
2430WTAH Future 31 July 2024 From surface Enabled, Enabled Enabled Calibrated
hydrograph LiDAR and with Link sediment
based on the subsurface Stopbank rating curve
01/08/2024 to grainsize data, and
09/01/2030 with proposed
AFAS calibrated Havill’s
hydrograph? subsurface Stopbank
grainsize Extension
distribution in
the avulsion
area
2430WTAFH Future 31 July 2024 From surface Enabled, Enabled Enabled 50%
hydrograph LiDAR and with Link increase
based on the subsurface Stopbank from rating
01/08/2024 to grainsize data, and curve
09/01/2030 with proposed
AFAS calibrated Havill’s
hydrograph? subsurface Stopbank
grainsize Extension
distribution in
the avulsion
area

3.3.1 Hindcasting runs

Runs 1619W, 1923WT, 1923WTA and 2324WTA were hindcasting simulations. They had the purpose
to verify the model’s ability to realistically predict morphological changes as observed from
successive LiDAR scans, and hence span the time period between two successive LiDAR scans. Runs
were set as follows.

All runs were initiated using a morphology derived from the LiDAR scan at the
beginning of each modelling period.
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=  The domain configurations varied significantly among the four hindcasting runs.

— Run 1619W, simulating the period 2016—2019 when the development of the
Avulsion Channel had not been prominently observed and monitored, for
simplicity focussed only on the Waiho River. Hence, the area pertaining to the
Avulsion channel and Tatare Rivers were excluded from the computational
domain for this run. This choice was crucial as it allowed us to make this
simulation directly comparable with the simulations carried out in previous work
for the same period on the Waiho River only (see Section 1.2). The purpose of this
run was to check the consistency of the current and previous modelling
outcomes.

— Runs 1923WT and 1923WTA simulated a period when occasional spills from the
Waiho River had been reported but this was, at least initially, not of primary
concern. These runs adopt two alternative domain configurations. In run 1923WT,
both the areas pertaining to the Waiho River and Tatare Streams were included,
but the avulsion channel was not. Hence, these model settings forced the Waiho
River and Tatare Streams to remain separate until they converge downstream of
the Waiho Loop. Conversely, in run 1923WTA, the Avulsion Channel area was
enabled, thus allowing the model to develop flow spills towards the Tatare Stream
and potentially modify the morphology of this area. This represented a key test to
determine whether the model could predict the development of the Avulsion
Channel following processes and timeframes comparable with those observed in
the reality.

— The last hindcasting run, 2324WTA, simulated the period between the LiDAR
scans of 2023 and 31 January 2024. This simulation adopted the standard domain
configuration including the Waiho River, Tatare Stream and Avulsion Channel
areas, like all the following runs. As this period saw major developments in the
Avulsion Channel, this run is a very valuable indicator of how well the model
represents different aspects of the avulsion development.

=  The discharge records applied at the upstream boundary were as follows.

— Inrun 1619W we applied the TOPNET record that we had used in previous work
(Montgomery and Stecca 2020, 2021; Measures et al. 2022, see Section 2.3). This
is both because the more recent AFAS record is not available for the entirety of
the simulated period, and for consistency with the simulations in previous work,
to allow an easy cross-check of the results of the present modelling with those of
previous work.

— Inall the other hindcasting runs we used the AFAS record, trimmed for the period
of interest of each simulation, for both the Waiho River and Tatare Stream.

=  The initial grainsize distribution was set from the available bulk and surface grainsize
data of the bed of the Waiho River (see Section 2.2), discretised to match the three
grainsize fraction adopted in the model settings (see Table 3-1), as follows:

— The surface was set as armoured using the grainsize derived from the available
2020 Wolman counts throughout the domain.
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— The subsurface grainsize distribution was set from the 2020 Waiho bulk sieves in
the areas corresponding to the Waiho River and the Tatare Stream. Elsewhere,
(hence, in the area pertaining to the Avulsion Channel) as explained in Section
3.2.3, we calibrated a grainsize distribution fine enough that it could allow the
Avulsion Channel to be eroded and the fan at the confluence with the Tatare to be
developed in a similar way as in the LiDAR. We underwent this calibration after
observing that the grainsize distribution derived from the 2024 Avulsion bulk sieve
would have been too coarse to allow such a development.

The sediment discharge in the Waiho River was set using a sediment rating curve
calibrated in previous work (Montgomery and Stecca 2020, 2021; Measures et al.
2022). Sediment rating curves link the sediment transport rate to the flow rate. During
this previous work, the sediment rating curve was adjusted until the model replicated
the aggradation observed between the 2016 and 2019 LiDAR scans, whilst also
achieved a surface grain size distribution similar to that measured in the 2020 Wolman
counts. For the simulations including the Tatare Stream, sediment feed was set equal
to zero. This choice reflects the absence of any reliable sediment input record in the
Tatare Stream and of time within this project to calibrate a suitable sediment rating
curve. We recognise that this is likely to result in some unrealistic erosion in the upper
modelled reach of the Tatare, but this is not a key area of interest in the model.

3.3.2 Forecasting runs

Runs 2430WTA, 2430WTAF, 2430WTAH and 2430WTAFH were forecasting simulations aiming to
predict bed changes into the future for more than five years (from 1 August 2024 through to 9
January 2030) for the river channel system composed by the Waiho River, the Tatare Stream and the
Avulsion Channel. The start date was set on 1 August 2024 because the last LiDAR scan available at
the time of starting these simulations was the 31 July 2024 LiDAR. The final date was set accordingly
with the duration of the synthetic hydrograph in use. The following assumptions were made.

The discharge record for both runs was assumed to replicate the record gathered from
the AFAS flood forecasting model for the period from 1 January 2019 to 10 June 2024,
but reshuffled to put the largest flood on record at the end of the timeseries (see
Section 2.3.4).

The domain configuration comprised the Waiho River, the Tatare Stream and Avulsion
Channel areas. In front of Franz Josef, the domain narrowed with respect to the
configuration used in the hindcasting runs to account for the newly constructed Link
Bank. By setting the Link Bank as the domain edge in this reach, it was assumed that
this bank would be non-erodible by the flow. Further to this, two scenarios were
considered as regards the proposed extension of Havill’s Stopbank:

— Inruns 2430WTA and 2430WTAF Havill’s Stopbank Extension was not featured.

— Inruns 2430WTAH and 2430WTAFH Havill’'s Stopbank Extension was featured as a
narrow protrusion of cells masked out of the domain (i.e., made inactive) at the
location corresponding with the extension.

The sediment feed was set as follows:
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The sediment feed into the Waiho River was set according to two alternative
scenarios. In runs 2430WTA and 2430WTAH, the sediment feed followed the
rating curve calibrated in previous work to match aggradation observed between
2016 and 2019, to simulate aggradation at a similar rate as seen in recent years.

Conversely, in runs 2430WTAF and 2430WTAFH, the sediment feed was increased
by 50% with respect to that of the calibrated rating curve, to simulate the effect
of a massive sediment pulse from the reach above the State Highway bridge. This
scenario, albeit extreme, could occur in the future if the headwaters of the Waiho
or Callery Rivers were overwhelmed with sediment dislodged by an earthquake.

As for the hindcasting simulation, the feed into the Tatare Stream was set equal to
zero in all runs.

3.4 Postprocessing of results

For each simulation performed, we computed maps of bed level changes between the initial
condition and the last output available. We also computed similar maps illustrating bed changes from
subsequent LiDAR scans of the bed. As the hindcasting simulations were set to cover the period
between two LiDAR scans, the map of bed changes from numerical results and from LiDAR scans
were intended to be directly comparable. For the forecasting runs, when a LiDAR scan at simulation
end time was not available, only the map of bed changes from simulation results were produced.

To further analyse bed changes, we averaged the observed bed level changes within subdomains set
to cover portions of the Waiho River, Tatare Stream and Avulsion channel (see Figure 3-1). We
compared average bed changes across the subdomains between the initial condition and the last
output from simulation runs, as well as bed changes from subsequent LiDAR scans for the period of
interest, when these scans were available.
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Figure 3-1: Subdomains for computing bed elevation changes in the Waiho River, Tatare Stream, and

Avulsion Channel.

Lettering is from upstream (South) to downstream (North).

To study the development of the Avulsion Channel in the runs where the area pertaining to the
avulsion was enabled, we plotted multi-temporal transverse bed profiles along cross-sections and
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Figure 3-2:

longitudinal profiles along channel centrelines. To this end, we digitised six cross-sections in the
Avulsion Channel (see Figure 3-2) and the approximate centrelines of the Avulsion Channel and
Tatare Stream (see Figure 3-3). The latter were set up in such a way that the zero value of the

downstream coordinate corresponds to the downstream end of Havill’s Stopbank for the centreline
of the Avulsion Channel, and with the SH6 bridge for that of the Tatare Stream.

Along the six cross-sections of the Tatare Stream, we computed multi-temporal profiles of bed
elevation from simulation results and compared these with similar profiles extracted from the
relevant LiDAR scans along the same cross-sections (for the period when LiDAR scan where
available). Along the channel centrelines, we computed multi-temporal longitudinal profiles and
compared them with similar profiles obtained from LiDAR scans. To better visualise the changes

associated with these longitudinal profiles, we also computed the change in bed elevation along the
length of the profiles. When available, we analysed the LiDAR scans in a similar manner.

Avulsion Channel, Cross-section 1
. Avulsion Channel, Cross-section 2
\ * Avulsion Channel, Cross-section 3
Avulsion Channel, Cross-section 4
Avulsion Channel, Cross-section 5
; K Avulsion Channel, Cross-section 6
\ -

Cross-sections of the Avulsion Channel. These cross-sections were used to compare bed

changes from model results to those from subsequent LiDAR scans of the bed.
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Tartare Stream centreline (from SH6 bridge)
Avulsion Channel centreline (from Havill's Stopbank downstream end)
A

Figure 3-3:  Approximate centrelines of the Avulsion Channel and Tatare Stream. These lines were used to
compute longitudinal profiles of the from model results and LiDAR scans. Distance along the centreline of the
Tatare Stream has been measured downstream from the SH6 bridge, while distance along the centreline of the
Avulsion Channel has been measured downstream from the downstream end of Havill’s Stopbank (current
configuration).

To study the evolution of the flow split between the Waiho River, Tatare Stream and Avulsion
Channel, we calculated the discharge in the model along three cross-sections, named Waiho at
Waiho Loop, Tatare at Lower Gorge, and Avulsion (see Figure 3-4). We calculated the total discharge
(i.e., the sum of the discharge of the Waiho at Waiho Loop and of the Tatare at Lower Gorge) and the
proportion of the discharge flowing in the Waiho River upstream of the avulsion (given by the sum of
the discharges at the Waiho at Waiho Loop and Avulsion cross-sections) that got captured by the
avulsion. The latter metric gave valuable information on the temporal dynamics of the system and
insight into the fate of the avulsion.
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Figure 3-4:  Cross-sections for flowing discharge measurement in the Waiho River, Avulsion Channel and
Tatare Stream. The underlying inundation pattern (shown as an example) was computed numerically at the
end of simulation run 2324WTA.

Finally, for the forecasting simulations, we studied the patterns of erosion and deposition alongside
the stopbanks of the Waiho River. To this end, we delineated polygons corresponding to the
stopbanks and the area of the bed adjacent to the stopbanks (see Figure 3-5). To gather these
polygons, we started from smaller polygons that tightly delineate the stopbanks and buffered these
with a width of 10 m. We used these buffered stopbank polygons to compute profiles of elevation of
the stopbank crests from the 2025 LiDAR. Then we computed multi-temporal downstream profiles of
bed levels in the area adjacent to the stopbank from model results. These bed elevations were
compared to the stopbank crest elevation to compute scour depth relative to the stopbank crest. The
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evolution of these profiles shows the downstream patterns of scour and deposition along the

stopbanks.

Figure 3-5:  Stopbanks of the Waiho River. The polygons shown were used to identify the areas of the
domain pertaining to each stopbank and to the riverbed nearby. Within each of these areas, the elevation of

— — —Quter Domain Edge

= = = Areas excluded

- \Naka Kotahi Stopbanks
Rubbish Dump Stopbank
Milton's Stopbank

=== Church Stopbank

Heliport Stopbank

Link Stopbank

Havill's Stopbank

Havill's Stopbank Extension

the stopbank crest was retrieved from the 2025 LiDAR scan, and multi-temporal profiles of elevation difference

between the stopbank crest and the bed elevation nearby were computed from simulation results.
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4 Model calibration validation

Targeted model calibration was performed comparing the results of hindcasting run 2324WTA in
terms of evolution (degradation and widening) of the Avulsion Channel with the evolution seen in
the LiDAR. This calibration was used to determine an appropriate grainsize distribution within the
avulsion area, as it was initially found that with the grainsize distribution from the Avulsion Channel
Bulk Sieve the modelled evolution of the avulsion channel was too slow.

Model validation was conducted by comparing the results of the hindcasting simulation runs (run
1619W 1923WT, 1923WTA and 2324WTA, see Table 3-2) with the morphological evolution observed
comparing the LiDAR scans at the beginning and end of each simulated period. While detailed
analysis of the results of these runs is given in Appendix A, here we aim to present a summary of the
outcomes of the calibration and validation exercise. The runs are presented in chronological order.

Finally, in this section we will report on the comparison of the initial evolution of forecasting run
2429WTA until March 2025 with the evolution observed comparing the March 2025 and the 31 July
2024 LiDAR. The detail of this comparison is given in Appendix B.

4.1 Run 1619W (2016-2019)

The aim of run 1619W was to validate that the model’s sediment feed into the Waiho River
accurately reproduces the observed magnitude of aggradation in the riverbed from 2016 to 2019. In
general, the model performed adequately over this time, with aggradation volumes and patterns
closely aligning with LiDAR data and observed aggradation along the length of the Waiho River.

However, the following limitation was observed. The model forecasted the formation of a
significantly incised channel in the narrow section between Milton’s Stopbank on the Waiho River’s
true left and the Waiho Loop Moraine on the true right. However, there is no sign of such incision in
the LiDAR, where instead this area of the domain features some bed aggradation. We explained this
discrepancy as follows.

=  The model setup lacks additional armouring of the bed surface and increased
roughness in the considered location, as we do not possess detailed local information
about these. However, the bed could locally be more armoured and featuring a higher
roughness than the rest of the Waiho River bed, and therefore less prone to erosion,
as a result of the local acceleration of the flood flow into this narrow section.

=  The model used for this run does not account for potential flood spills into the Tatare
River, which could have reduced the flood peak discharges around the Waiho Loop and
reduced the erosive power of these flows.

4.2  Runs 1923WT and 1923WTA (2019-2023)

Runs 1923WT and 1923WTA (see Table 3-2) focussed on the period between the 2019 and 2023
LiDAR. In the former, only the Waiho River and Tatare Stream portions of the domain were enabled,
while in the latter, the area of the Avulsion Channel was also included. While run 1923WT was run to
the end of the period, run 1923WTA was cut short on 19 January 2022 because numerical
instabilities developed afterwards. These instabilities were caused by excessive flows been routed to
the Tatare Gorge via the Avulsion Channel and manifested themselves with severe spurious
aggradation within the gorge. Hence, the results of run 1023WTA were assessed on the last stable
output on 19 January 2022.
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Both runs showed the correct reproduction of aggradation patterns in the Waiho River compared
with the LiDAR. Unlike in run 1619W, only modest degradation was observed close to the Waiho
Loop Moraine.

Run 1923WTA, having the avulsion area enabled, showed the spontaneous formation of the Avulsion
Channel from flood spills causing erosion. The channel evolved through headward erosion towards
the Waiho and the formation of a fan into the Tatare Stream, and both processes were realistically
described by the model. However, the Avulsion Channel in the final numerical output appeared
wider and more incised than in the LiDAR, and, overall, the simulated evolution of the avulsion
proceeded more rapidly than in the reality, which caused overestimation of the size of the Avulsion
Channel’s fan at the end of the simulated period. We explain these discrepancies with the following
arguments.

=  The grass- and soil-covered ground in the area where the avulsion developed may have
exerted additional resistance to fluvial erosion in the reality, but this information is not
known and was not incorporated in the model.

=  The model does not account for river training interventions that may have been put in
place to try and stop the spill of floodwaters.

The analysis of temporal changes of the partition of the Waiho discharge upstream of the avulsion
(i.e., of the proportion of this discharge that would be captured by the Avulsion Channel, versus the
proportion that would flow in the Waiho River downstream of the avulsion) for run 1923WTA
showed the following:

= At the beginning of the run, most of (or all) the discharge would flow towards the
Waiho Loop, as the Avulsion Channel was not flowing or would only carry flood spills.

=  During one flood in early 2021, this balance was altered and the Avulsion Channel
became the primary pathway for Waiho flows.

=  During the modelled period, the system showed sudden switches backwards and
forwards in the discharge partition driven by the occurrence of floods. Hence, the
initial situation where the Waiho River downstream of the avulsion was the primary
pathway for the Waiho flows was temporarily restored, before a shift in the opposite
direction happened again.

43  Run 2324WTA (2023-2024)

Run 2324WTW aimed to reproduce the changes seen from the 2023 and 31 January 2024 LiDAR
scans of the riverbed (see Table 3-2). As explained, we used this run to calibrate the bulk grainsize
distribution within the avulsion area. This is because, as we noticed in preliminary simulations, even
with the “repose” bank erosion algorithm, erosion and widening in the Avulsion Channel was
insufficient compared with the LiDAR. We attributed this discrepancy to using an excessively coarse
grainsize distribution due to insufficient knowledge of the real distribution because of possessing
only one bulk sieve. This exercise was the ideal one for this calibration as it was relatively short and
focussed on the period with the fastest evolution of the Avulsion Channel.

Overall, with the calibrated grainsize distribution in the avulsion area this run was the most accurate
in reproducing changes seen in the LIiDAR among all the hindcasting runs, given the short time span
that limited the likelihood of the model simulation drifting from observed evolution.
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The model correctly forecasted deposition of sediment in the upstream reach of the Waiho River
close to Franz Josef and, unlike in run 1619WTA, did not significantly overpredicted erosion around
Milton’s Stopbank and Waiho Loop. Overall, patterns of erosion and deposition in the Waiho were
quite correctly predicted.

The Avulsion Channel evolved through incision throughout most of its course and deposition of this
eroded material at the downstream end, further increasing the size of the fan into the Tatare River
and the Tatare River Gorge, with the formation of a second fan at the Tatare Gorge outlet. With the
“repose” bank erosion algorithm and the calibrated grainsize distribution in the avulsion area, lateral
erosion and widening of the Avulsion Channel was quite accurately predicted. Channel widening was
still underestimated with respect to the reality especially in the most upstream portion of the
Avulsion Channel, but to much a smaller extent than in the preliminary results of the draft report
(Stecca and Measures 2024).

The evolution of the discharge partition between the Waiho River downstream of the avulsion and
the Avulsion Channel saw one sudden shift close to the end of the run from the Waiho River being
the primary pathway for flows to the Avulsion Channel taking over this role, and finally the system
settling on a balanced partition of the flow between the two. These results are consistent with the
empirical observation that, within the considered period, the Avulsion Channel started at times to
capture a major proportion of the Waiho River flows.

4.4 Run 2430WTA in February 2025

Despite run 2430WTA run being a forecasting run (see section 5 for the analysis of this forecast), we
were able to check its initial development against the morphological changes seen comparing the 31
July 2024 and 7 March 2025 LiDAR.

Unfortunately, this comparison was limited because of a potentially great discrepancy between in
the flow routed into the model and those experienced in the real river. In fact, the real hydrograph of
the river for this period is unknown, as there are no flow gauges and the AFAS record is only available
until 10 June 2024. Run 2430WTA instead applies a discharge record that has been derived from the
flows seen in the AFAS record between 2019 and 2024.

The bed elevation changes forecasted by the model have overall the same sign as those in the LiDAR.
However, the model results show a significant underestimation of the magnitude of morphological
changes compared with the LiDAR. Particularly, headward erosion at the upstream end of the
Avulsion Channel and sediment deposition in the Waiho are underestimated. However, due to the
above major uncertainties, no conclusion can be derived from these observations.
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5 Results of the forecasting simulation runs

In this section we will present the results of simulation runs 2430WTA, 2430WTAF, 2430WTAH and
2430WTAFH (see Table 3-2). These simulations used the topography from the 31 July 2024 LiDAR
scan as the initial condition, starting from 1 August 2024 and running until the end of the available
flow series on 9 January 2030, routing the flow discharge recorded in the AFAS model outputs
between 2014 and 2019. Simulation runs 2430WTA and 2430WTAH assumed the same sediment

feed settings in the Waiho River as those previously calibrated to reproduce observed changes, while

runs 2430WTAF and 2430WTAFH assumed a 50% increase of sediment feed with respect to that
value. Runs 2430WTA and 2430WTAF featured the present stopbank configuration, while runs
2430WTAH and 2430WTAFH also included the proposed Havill’s Stopbank Extension.

5.1 Bed level changes

5.1.1 Maps of bed level changes from the initial condition

Maps of changes in bed level from are shown in Figure 5-1 for all forecasting runs (run 2430WTA —
top-left panel; run 2430WTAH — top right; run 2430WTAF — bottom left; and run 2430WTAFH -
bottom right. Changes were computed as the difference between the bed levels between the last
model output (9 January 2030) and the initial condition (1 August 2024). The latter reproduced the
31 July 2024 LiDAR topography.
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Figure 5-1: Change in bed levels from the initial condition for all forecasting models (runs 2430WTA,
2430WTAH, 2430WTAF, 2430WTAFH) between 01 August 2024 and 9 January 2030.

The bed change patterns from run 2430WTA (top-left panel in Figure 5-1) initially shows degradation
in the confined reach downstream of the Waiho SH6 bridge at the upstream end of the domain, and
then quite intense deposition in the reach just downstream close to Franz Josef township close to the
true right bank and the Link Stopbank. Conversely, at the same downstream location the flow
concentrates at the true left side of the reach, close to Canavan’s Knob, where some degradation is
observed. This degradational pattern connects with the head of the Avulsion Channel, which
ultimately captures the flow into a deeply scoured channel that depart from the left bank at
Canavan’s Knob. Downstream of the avulsion, the Waiho bed in the river’s original course is shows
little changes or is mildly aggradational until the downstream end of the domain, except for a
prominent fan from the outlet of the Tatare Stream Lower Gorge (see later).
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The Avulsion Channel appears to have evolved at this stage of the simulation through very significant
erosion both of its true left and true right banks. At the downstream end of the Avulsion Channel,
some of the eroded sediments get deposited forming a fan that protrudes into the Tatare Stream
upstream of the Tatare’s Lower Gorge.

The Tatare Stream from its upstream end is severely degradational, but this degradation is spurious
as it depends on the choice to not inject any sediment in the Tatare’s flows. More downstream, but
upstream of the SH6 bridge, there is first some aggradation (with the deposition of the material
spuriously eroded at the upstream end) and then little morphological change observed. From the
bridge downstream the Tatare’s bed shows some aggradation that becomes prominent in
correspondence of the fan located at the junction with the Avulsion Channel.

Downstream of the junction with the Avulsion Channel, the Tatare Stream’s bed shows some further
aggradation within the Lower Gorge, but with some erosion of the riverbed at the sides of the gorge.
This erosion can be intuitively explained with the tendency of the channel within the gorge to widen
to convey the floodwaters of the Waiho river that, due to the avulsion, are now mainly routed
through the Tatare Gorge. Finally, a large and wide fan is found at the outlet of the gorge where the
Tatare joins the Waiho River. This fan originates from the expanding flood flows outside the gorge
losing transport capacity and depositing the huge sediment load that is conveyed through the Tatare
Gorge.

The bed change patterns from run 2430WTAH (top-right panel in Figure 5-1) is overall very similar to
that of run 2430WTA described above, but with marked reduction of erosion on the true right side of
the Avulsion Channel thanks to the extended Havill’s Stopbank. The stopbank extension from the
results of this run seems effective in pushing the flow path away from the sewage ponds. Further
downstream, this reduced erosion in the Avulsion Channel results in a smaller fan being built at the
junction with the Tatare Stream.

With respect to the two runs just described, runs 2430WTAF and 2430WTAFH (bottom panels in
Figure 5-1) show marked aggradation throughout the upstream reach of the Waiho River, from the
SH6 bridge down to the start of the Avulsion Channel. This aggradation can be explained by the
increased sediment feed in theses run compared with that of runs 2430WTA and 2430WTAH.
However, it is interesting to note that this increased feed is deposited as soon as the Waiho River
widens (i.e., just downstream of the Waiho’s confined section) and does not significantly influence
the development of the avulsion. In fact, even under this increased sediment feed, the Avulsion
Channel development would be associated with significant headward erosion that would threaten of
erosion Havill’s Stopbank and the sewage ponds (run 2430WTAF, bottom-left panel). Hence,
compared with the base scenario of run 2430WTA, Franz Josef would be at even higher risk of
flooding from reduced conveyance of flood flows due to exacerbated riverbed level increase, while
the risk of erosion from the avulsion would remain.

Even with increased sediment feed, as shown by run 2430WTAFH (bottom-right panel), the extension
of Havill Stopbank is effective in containing erosion of the true right side of the Avulsion Channel,
repelling the flow from the sewage ponds, and reducing fan development at the junction with the
Tatare Stream.
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5.1.2 Isolating the effect of Havill’s Stopbank Extension

In Figure 5-2 we plot the difference between the bed elevation found in the runs with the stopbank
extension (runs 2430WTAH and 2430WTAFH) and the corresponding runs without stopbank
extension (run 2430WTAH and 2430WTAFH) from final simulation outputs (9 January 2030). The left
and right panel in the figure focus on the runs with calibrated sediment feed in the Waiho and with a
50% increase in such feed, respectively. In this representation, positive values (denoted by blue
shades) indicate areas of less erosion or more deposition due to the construction of the stopbank
extension, while negative values (red) indicate areas of more erosion or less deposition.

Run 2430WTAH - Run 2430WTA, 09-Jan-2030 Run 2430WTAFH - Run 2430WTAF, 09-Jan-2030

l\. ‘
.

Sewage Ponds
Proposed Havill's Stopbank Extension

Sewage Ponds
Proposed Havill's Stopbank Extension

Bed level change due to stopbank extension [m] Bed level change due to stopbank extension [m]

5 0 5 5 0 5

Figure 5-2:  Change in the final topography due to the proposed Havill's Stopbank Extension. The figure
presents the difference in bed elevation between runs with the stopbank extension and runs without the
extension. Hence, positive values (blue) indicate areas with less erosion or more aggradation due to stopbank
extension, while negative values (red) indicate more erosion or less aggradation. Left panel: simulations with
calibrated sediment feed in the Waiho River (runs 2430WTAH and 2430WTA). Right panel: simulations with
increased sediment feed in the Waiho River (runs 2430WTAFH and 2430WTAF).

Most notable in both panels is the reduction in erosion on the true right of the Avulsion Channel
(particularly pronounced in the cases with increased sediment feed). Erosion of the true right bank of
the Avulsion Channel is reduced by up to ~150 m and ~200 m in the simulations with calibrated and
increased sediment feed, respectively. This reduction of erosion on the true right is partly
compensated by increased erosion on the true left. In other words, the effect of the extension is to
push the Avulsion Channel towards the left and away from the ponds. In the case of run 2430WTAH
(left panel), the effect of the stopbank extension is also to remove some localised sediment
deposition close to the sewage ponds. Furthermore, both with the calibrated and increased sediment
feed the extent of the fan at the junction with the Tatare Stream is significantly reduced.
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In Figure 5-3 we show the effect of the stopbank extension on the flow paths. Runs with the current
sediment feed in the Waiho (2430WTAH and 2430WTA) are compared in the left panel, while those
with the increased feed (2430WTAFH and 2430WTAF) are featured in the right panel. The figure
highlights by a blue colour the areas that are wetted at least once during the simulations without
stopbank extension, but are never wetted in the corresponding simulation without extension. The
criterion to tell whether a cell has been wetted is based on checking whether it develops a depth
greater of 20 cm at any time during the simulation.

Run 2430WTAH - Run 2430WTA Run 2430WTAFH - Run 2430WTAF

R Sewage Ponds Sewage Ponds
4 % Proposed Havill's Stopbank Extension Proposed Havill's Stopbank Extension

Figure 5-3: Change in dry and wet areas due to the proposed Havill's Stopbank Extension. The figure
depicts (in blue colour) the areas that are dry in the simulations featuring the Stopbank Extensions, and wet in
the simulation with the present stopbank configuration. Left panel: simulations with calibrated sediment feed
in the Waiho River (runs 2430WTAH and 2430WTA). Right panel: simulations with increased sediment feed in
the Waiho River (runs 2430WTAFH and 2430WTAF).

In both cases the effect of the stopbank extension in repelling floodwaters from near the sewage
ponds is evident. This effect continues for most of the length of the Avulsion Channel, and the area
that is affected by flows on the true right of the Avulsion Channel is reduced by 0.19 km? and 0.22
km? in the case with calibrated sediment feed and with increased sediment feed, respectively.

We conclude that the simulation supports the construction of the stopbank extension as an effective
means to counteract erosion of the current Havill Stopbank and protect the sewage ponds from
erosion. The limitation of this analysis is in the underlying assumption the stopbank extensions are
immovable features and cannot be undermined and eroded themselves. This assumption, however,
is questionable. The stability and likely life span of the stopbank extension will be addressed in
Section 5.3.

5.1.3 Average bed changes in subdomains of the Waiho River, Tatare Stream and Avulsion
Channel

Here, we further elaborate on the map of bed changes seen for the simulation runs in Figure 5-1, by
presenting the same results in terms of average bed changes computed in the subdomains of the
Waiho River, Tatare Stream and Avulsion Channel set in Figure 3-1. The results of this analysis are
shown in Figure 5-4 for all forecasting runs.
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Figure 5-4: Average bed level changes of the Waiho River, Tatare Stream, and Avulsion Channel from
model runs 2430WTA, 2430WTAF, 2430WTAH and 2430WTAFH. Changes were computed in the subdomains
of the Waiho River, Tatare Stream, and Avulsion Channel (see Figure 3-1) between 1 August 2024 and 9 January
2030 for all model runs.

Moving from the upstream end of the domain in the downstream direction, The Waiho River (Figure
5-4a) shows aggradation in the first two subdomains (Waiho-A and Waiho-B). Here, the only
significant difference between the two runs with calibrated sediment feed (2430WTA and
2430WTAH) and those with increased feed (2430WTAF and 24WTAFH) is observed, as the latter two
runs show a pattern of aggradation (in excess of 2m in subdomain Waiho-A) significantly more
pronounced than the former two runs. This difference relates to the higher sediment feed of runs
2430WTAF and 24WTAFH and is consistent with the difference in the bed changes maps at the
upstream end of the Waiho domain that can be observed in Figure 5-1.

Downstream of the first two subdomains in the Waiho River (Figure 5-4a) the results of all runs are
remarkably similar. Degradation up to 0.6 m is found in subdomains Waiho-D and Waiho-E, which
correspond with the start of the Avulsion Channel (see Figure 3-1). This degradation is therefore
associated with headward erosion from the avulsion. From there downstream, the average riverbed
of the Waiho River shows little change, except for subdomain Waiho-H where 1.2 to 1.6 m of
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aggradation is associated with the creation of the deposition fan at the outlet of the Tatare Stream
Lower Gorge is observed.

The four runs show a similar behaviour in the Tatare Stream (Figure 5-4b). Significant spurious
degradation is observed in the two most upstream subdomain (Tatare-A), which is a product of the
assumption of zero sediment feed in the Tatare Stream. Because this degradation is not physically
meaningful, we chose not to plot the value. In subdomains from Tatare-B and Tatare-C (upstream of
the SH6 bridge), the behaviour of the Tatare riverbed shows little changes or is only mildly
aggradational.

Downstream of the bridge, in subdomain Tatare-D the behaviour still shows little changes. Further
downstream, severe aggradation is observed. Aggradation peaks in subdomain Tatare-F,
corresponding with the junction with the Avulsion channel, with run 2430WTAH showing peak
aggradation of about 1m, and all the other runs showing greater values (between 1.5 and 2 m). The
smaller aggradation in run 2430WTAH can be explained with the role of Havill’s Stopbank Extension
in limiting erosion in the Avulsion Channel and hence controlling the size of the fan built at the
junction with the Tatare. Finally, in the gorge (subdomain Tatare-G) aggradation is reduced, or even
some runs show mild degradation.

Finally, the results of the four simulations in the Avulsion Channel (Figure 5-4c) are similar, showing
erosion at the upstream end (Avulsion-A) and deposition at the downstream end (Avulsion-C).

5.1.4 Longitudinal profiles of the Avulsion Channel and Tatare Stream

Here, we analyse in more detail the evolution the Avulsion Channel and Tatare Stream by showing
their longitudinal profiles gathered along the centrelines (see Figure 3-3). We remark that the chosen
Avulsion Channel centreline, spanning the distance between the downstream end of the current
Havill’s Stopbank and the junction with the Tatare Stream, for the first ~1 km is in practice located
within the Waiho Riverbed. The chosen Tatare Stream centreline spans the distance between SH6
bridge and the junction with the Waiho River, to fully observe the development of the fan at the
outlet of the Tatare Lower Gorge.

Figure 5-5 shows the longitudinal profiles of the Avulsion Channel for all forecasting runs. Figure 5-5a
shows the actual profiles at initial and final time, while, for more clarity, Figure 5-5b shows for both
simulations the difference in bed levels between the final result and the initial condition.

In all the simulation runs the Avulsion Channel is seen to mostly experience significant degradation
within the first ~1200 m. The most marked degradation (up to 4 m locally at the 300 m mark) is seen
in run 2430WTAH. In this region, only run 2430WTAFH presents lengths of consistent aggradation.
Further downstream, the evolution of the profiles shows a generally aggradational trend that
indicates sediment deposition in the downstream part of the Avulsion Channel and the buildup of a
fan from the Avulsion Channel in the Tatare Stream. The maximum vertical extent of this
downstream aggradation is ~2—3 m, and the pattern and location of peak aggradation is variable
between different runs. This is consistent with the variability of the shape of the Avulsion Channel
developed by different run as can be seen in the maps in Figure 5-1.
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Figure 5-5:  Longitudinal profiles of bed elevations in the Avulsion Channel along the channel centreline
from the results of model runs 2430WTA, 2430WTAF, 2430WTAH and 2430WTAFH at simulation end time,
and from the initial condition. a) bed levels; b) changes in bed levels from the initial condition (topography at
start of simulation) for model results.

Figure 5-6 shows similar profiles as those of Figure 5-5, but for the Tatare Stream. The distance in
these profiles is measured downstream from SH6 bridge. The results of all runs are overall similar,
with general aggradation shown all throughout the considered reach. Significant aggradation (up to
~3 m) is seen in the first ~200 m downstream of the bridge in all runs. Further downstream, the
buildup of the fan at the junction with the Avulsion Channel is indicated as significant aggradation in
all runs for ~1km upstream of the Tatare Gorge. The exact location and size of this aggradational
pattern varies between runs, with maximum aggradation between 4 and 6 m. The smallest
magnitude of aggradation is seen in run 2430WTAH as a consequence of reduced erosion upstream
in the Avulsion Channel thanks to Havill’'s Stopbank Extension. Another aggradational pattern is also
observed within the gorge, albeit with a smaller extent. Finally, the reach with the greatest
magnitude of sediment deposition (up to ~7—8 m) is located downstream of the gorge, and this
aggradation corresponds to the creation of the fan at the junction with the Waiho River.
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Figure 5-6:  Longitudinal profiles of bed elevations in the Tatare Stream along the channel centreline from
the results of model runs 2430WTA, 2430WTAF, 2430WTAH and 2430WTAFH at simulation end time, and
from the initial condition. a) bed levels; b) changes in bed levels from the initial condition (topography at the
start of the simulation) for model results.

5.1.5 Cross-sections of the Avulsion Channel

In Figure 5-7 we show the development of the Avulsion Channel in all the forecasting runs from bed
profiles extracted along the six cross-sections delineated in Figure 3-2. For each run, the cross-
sectional profiles were extracted at the end of the forecasting simulation (9 January 2030). The initial
bed profile is also shown.
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Figure 5-7:  Profiles of bed elevations along the six cross-sections of the Avulsion Channel from the results
of model runs 2430WTA, 2430WTAF, 2430WTAH and 2430WTAFH at simulation end time, and from the
initial condition.

The final profiles at the four most upstream cross-sections (Cross-sections 1-4) overall show
degradation and widening with the retreat of both the true left and true right bank. Bank retreat is
particularly evident on the channel’s true right, with hundreds of meters of bank being eroded. In
Cross-sections 2—4, some runs foresee the complete collapse of the initial true-right bank, with the
channel spilling to the right of that initial bank causing aggradation (e.g., runs 2030WTAF, 2030WTAH
and 2030WTAFH in Cross-section 4).

In terms of bed levels, moving downstream from Cross-sections 1 to 6 patterns change from
degradational to aggradational. Apart for bank retreat, and Cross-sections 4 shows aggradation
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everywhere except in the areas that are subject to bank retreat. Aggradation becomes even more
marked in Cross-sections 5 and 6 which corresponds to the buildup of a fan at that location.

The results of the two simulations in this analysis are different but show similar general trends
behaviour, consistently with the earlier observation that the development of the Avulsion Channel is
not very significantly influenced by the amount of sediment feed at the upstream end of the Waiho
River.

5.2 Discharge partition

Here, we compute the flowing discharge at the three cross-sections of interest identified in Figure 3-
4, and we elaborate these data to gather the evolution of the flow partition in the Waiho River. The
results are shown in Figure 5-8. In all the time series shown in the figure, the portions shown by full
lines indicate the periods that were simulated with Delft3D models, while those shown by dotted
lines indicate the time periods that were omitted from the simulations as the discharge in either the
Tatare or Waiho were smaller than the morphologically active discharge cutoffs.
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Figure 5-8: Discharge and discharge partition in the Waiho River-Tatare Stream-Avulsion Channel system
(see Figure 3-4) for model runs 2430WTA, 2430WTA, F2430WTAH and 2430WTAFH. a) Discharge flowing in
the Waiho River at Waiho Loop and in the Tatare Stream at the Tatare Lower Gorge, and total discharge (their
sum) for run 2430WTA; b) b) proportion of the discharge of the Waiho River upstream of the avulsion that is
captured by the Avulsion Channel for all the forecasting runs. The portion of the timeseries represented by full
lines indicate the times when the morphological model was turned on, while those indicated by dotted lines
indicate the times that were omitted from morphological modelling.

Waiho River morphological modelling 53



Figure 5-8a shows for run 2430WTA the timeseries of discharge flowing in the Tatare Stream at
Lower Gorge and in the Waiho River at Waiho Loop, and their sum, yielding the total discharge. The
series of the other runs are omitted from this view for clarity. From this panel it can be appreciated
that, after the first months of 2025, the Waiho River (downstream of the avulsion) becomes by far
the secondary channel in the system, as the discharge flowing in the Waiho at Waiho Loop after early
2025 always very close to zero throughout both simulations. Conversely, most of the discharge flows
through the Tatare Gorge, which indicates that the avulsion at this stage captures most of the
incoming Waiho flows, and the primary pathway for floodwaters is into the Avulsion Channel and
through the Tatare Gorge.

Figure 5-8b shows the flow partition of the Waiho in more detail for all forecasting runs as the
proportion (expressed as a percentage) of the Waiho flow (upstream of the avulsion) that has been
captured by the avulsion. At the start of the simulations this proportion is well above 50%, indicating
that most of the Waiho flow is captured by the avulsion. Since the initial topography of both
simulations essentially reproduces the real riverbed topography on 31 July 2024 from the LiDAR scan,
this result is realistic. In other words, the topographic setup of the Waiho River in 2024 was such that
the Avulsion Channel and the Tatare Gorge were the primary pathway to convey flows from the
upper Waiho River down the Waiho Loop moraine.

From this initial condition, until early 2026 the different simulations describe different trajectories.
All simulations see a reduction of the proportion of Waiho flows captured by the avulsion under 40%
until early 2025. Eventually, some runs (2430WTA, 2430WTAFH) see an abrupt shift with the Avulsion
Channel becoming the primary pathway for the Waiho flows from the first half 2025 in
correspondence with two major floods. The other two runs describe a similar shift driven by a major
flood in early 2026. The difference in the timing of this shift between different runs highlights how
sensibly the flow partition evolves in time as a function of the sediment feed in the Waiho and
planimetric configuration (with the presence or absence of Havill’s Stopbank Extension).

From early 2026 onwards, once this transitional phase is completed, all simulations see the
overwhelming majority (generally more than 80%) of the Waiho flows being conveyed down the
Avulsion Channel through to the end of the simulated periods, with the only exception of one major
flood in 2027 capable of reverting this balance for a very limited period in only one simulation run
(2430WTAH). This result therefore is robust, as all the runs converge to a very similar long-term
result regardless of the variety of sediment feed conditions and stopbank configurations imposed.

This result can be explained with the significant slope advantage of the Avulsion Channel compared
with the Waiho River downstream. Due to this slope advantage it can be expected that the Avulsion
Channel will be by far the main pathway for flows and floodwaters in the future, except possibly for
brief periods in which the balance may shift temporarily back, and barring major river training works
to counteract to this natural tendency. The technical feasibility to train the Waiho River to fully flow
back in its original path and abandon the Avulsion Channel becomes more difficult every year, given
the natural aggradational tendency of the Waiho riverbed.

5.3 Bed evolution close to the stopbanks

Finally, for all the forecasting simulations we analysed the scour close to the stopbanks of the Waiho
River. To this end, we gathered bed level changes within the stopbank polygons reported in Figure
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3-5 and plotted the resulting downstream profiles of bed elevation with respect to the upstream end
of each stopbanks.

The results of this analysis are shown in Figure 5-9 for runs 2430WTA and 2430WTAF (the runs with
the present Havill Stopbank configuration) and for runs 2430WTAH and 2430WTAFH (the runs with
the stopbank extension). In both figures, results are presented as profiles of elevation difference
between the crest of the stopbank and the nearby riverbed — where the stopbank crest was initially
as the highest point at that downstream location in the LiDAR. To this end, we used the most recent
LiDAR (March 2025) as it became available.

In the two figures, for each stopbank we present the initial profile (calculated with the simulation’s
initial condition); the final profile of both runs (with the topography from the final model output, on
9 January 2030) and the profile obtained from the local minima of bed elevation obtained during the
simulation for both runs. The latter is the most relevant to understand the potential of stopbank
erosion at a given downstream location.

5.3.1 Runs with the current configuration of Havill’s Stopbank

In Figure 5-9, the situation for the stopbanks on the Waiho River’s true left is as follows. In run
2430WTA, with the present sediment feed settings the Waka Kotahi Stopbanks and Rubbish Dump
Stopbanks on the Waiho’s true left do not seem to present a high risk of erosion to their foundation.
The initial and final elevation profiles of these stopbanks are generally very similar, while minimum
elevation profiles, recording the lowest elevation which is achieved temporarily with local channel
evolution during the simulation, show a maximum scour depth from the initial condition that is
generally less than 2m, and only locally greater than 4 m for the Waka Kotahi Stopbank. The Rubbish
Dump Stopbank experiences very little scour at any time throughout the simulation.

The results of run 2430WTAF show that the upstream portion Waka Kotahi Stopbank will be
overwhelmed with sediment (the bed level being higher than the stopbank crest at one location).
This model result is not fully realistic, as, if this had happened, it would have rather induced
overtopping of the stopbank with potential consequences for the stopbank stability and flooding.
This however cannot be properly simulated as the stopbank in the model coincides with the
domain’s lateral boundary. This situation was caused by the significant increase in sediment feed in
this run, which prompted very high general aggradation of the bed close to the model’s upstream
end. That similar situations present themselves in the reality in the future ultimately depends on the
sediment feed in the Waiho, owing to circumstances, such as for instance earthquakes dislodging
huge sediment loads in the headwaters, that are beyond control and forecasting ability. While a
sharp increase in sediment feed by 50% for a prolonged time such as the one imposed here is
unlikely to happen, these observations highlight that the ultimate control over the stability of
stopbanks, in the long term, depends on the sediment inflow experienced by the reach of interest.

Milton’s Stopbank, both in run 2430WTA and 2430WTAF, shows temporary erosion (at certain
locations, by more than 3—-4 m from the initial condition) that is mostly relieved by the end of the
simulation. It does not seem to present stability problems (provided the bank’s foundation can cope
with this erosion) and no problem of excessive sediment deposition.

The situation for the true right stopbanks is as follows. The Church and Heliport Stopbanks presents
different dynamics in runs 2430WTA and 2430WTAF. In the former, the two stopbanks have a final
elevation profile that is similar to the initial condition. With increased sediment feed, instead, both
the Church and Heliport Stopbanks at the end of simulations are overloaded with sediment owing to
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sediment deposition in this area. Similar consideration can be made in this case as those above for
the Waka Kotahi Stopbanks in the same simulation run.
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The Link Stopbank in the results of run 2430WTA sees final deposition up to the level of the crest in
some areas, and in run 2430WTAF is overwhelmed with sediment by the end of the simulation.
These results are consistent with the high aggradation seen in this area because of the progressive
widening of the Waiho River cross-section.

Finally, Havill’'s Stopbank (in its present configuration) represents a point of concern because of the
potential for erosion induced by the avulsion, and the thread that this erosion would pose to the
oxidation ponds located behind the stopbank. Both runs show some significant localised scour close
to the stopbank’s downstream end during the simulation (2—-3 m from the initial bed elevation and
more than 5 m from the stopbank crest). However, these values are in line with those seen in other
stopbanks, so, per se they do not represent a concern. In other words, the model results do not
indicate for this stopbank different dyamics from the dynamics seen for the other banks experiencing
temporary erosion at their toe. Instead, run 2430WTAF shows the potential for the stopbank to be
overwhelmed with sediment at its upstream end with increased sediment feed.

It is worth noting that this analysis, while being useful, was affected by two limitations. The most
notable limitation is that the obtained profiles can depend very sensibly on the extent of the
polygons pertaining to each stopbank, namely, on how much each polygon protrudes from the
stopbank into the river, as with wider polygons one can generally detect higher values of scour
depth. Another limitation is that, to perform a fair risk assessment for the stability of stopbanks from
this analysis, one extra piece of information is needed, namely, the critical depth of the stopbanks, or
the maximum depth of the stopbank foundations, measured from the crest, that can be scoured by
the river channel while still retaining the stopbank’s stability.

5.3.2 Runs featuring Havill’s Stopbank Extension

The profiles of the two runs featuring Havill’s Stopbank Extension (runs 2430WTAH and 2430WTAFH)
are shown in Figure 5-10. For all stopbanks except Havill's, these profiles do not differ significantly
from those without the extension (runs 2430WTA and 2430WTAF, respectively, see Figure 5-9), so
the reader is referred to the description of these profiles.

However, a significant difference is found for the profile of Havill’s Stopbank. In Figure 5-10, this
profile is more extended downstream than in Figure 5-9 as it includes the stopbank extension (from a
value of the downstream coordinate of ~900 m). Both runs in the region of the extension show
temporary degradation during the simulation that gets relieved at the end. For run 2430WTAH, this
degradation is moderate (2 m from the initial profile) and the final profile is very close to the initial
one, indicating reduced risk of erosion of the stopbank. However, things change significantly in the
case of run 2430WTAFH. Here, the maximum scour seen during the simulation in the region around
the extension is of ~6 m from the initial bed profile, and the final relief is only partial, indicating that
the scour could be a permanent feature around the stopbank extension.

It is notable that the run with increased sediment feed (2430WTAFH) shows in this case degradation
that is significantly more severe than the run with calibrated feed (2430WTAH). This shows that
increasing the sediment feed, other than the straightforward effect of overwhelming the upper end
of the Waiho with sediment, can have counterintuitive effects on the arrangement of channels and
their depth, and hence does not necessarily translate into reducing scour close to the stopbanks.
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Figure 5-10: Elevation difference between the crest of the Waiho River stopbanks and the bed in the
proximity of the stopbank at the same location, for the results of runs 2430WTAH and 2430WTAHF.
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As the scour depths seen in run 2430WTAFH are concerning for the stability of this stopbank, in
Figure 5-11 we study the temporal dynamics of the maximum scour measured from the stopbank
crest. The purpose is to understand when in the simulation Havill’s Stopbank Extension is expected to
be at risk of being undermined and establish the likely lifespan of this proposed stopbank.
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Figure 5-11: Temporal evolution of the maximum scour depth around Havill's Stopbank Extension for runs
2430WTAH and 2430WTAFH. The scour depth is measured from the stopbank crest at the same location.

From the figure, the first severe erosion event in the results of 2430WTAFH happens in mid-2027
(about three years after the beginning of the simulation). Other significant erosion events are in the
second half of 2029 and early 2030.

It must be remarked that the model does not present the truth of the future evolution of the bed
around the stopbanks for multiple reasons from lack of exact input data (e.g., the flow and sediment
timeseries are the results of assumptions) and because of theoretical reasons on the unpredictability
of braiding dynamics in exact terms due to the chaotic nature of such dynamics (Stecca and Hicks,
2022). Hence, the results described by this figure are one plausible realisation of the bed evolution in
that area in the future, but do not give any exact forecast on the certainty and timeframe of these
events.

With all this caution, we can nonetheless state that, at least in one simulation scenario (run
2430WTAFH), the extension of Havill’s Stopbank is at risk of erosion within a few years from the
construction (in a likely time span of 3 to 5 years). This risk can be minimised if the toe rock is
designed to stand a bed scour depth up to ~9m. The fact that according to another scenario (run
2430WTAF) the stopbank extension will not be threatened by significant erosion within the first ~5
and % years from the construction suggests that the certainty of these severe erosion events cannot
be established with the simulations of this work. In fact, that the stopbank will be effectively subject
to significant erosion depends on the future evolution of the channel pattern at that location. To
robustly analyse the probability that significant erosion will happen within the specified timeframe, a
more comprehensive simulation plan should be allowed, as more independent scenarios would yield
enough information to quantify the probability of these events.
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6 Model strengths and limitations

The model developed and tested here was capable of reproducing key features of the evolution of
the Waiho River, Tatare Stream and the Avulsion Channel. The use in the model of a realistic
sediment grainsize distribution in the Waiho River and of a calibrated sediment rating curve, both
gathered from previous research work carried out at NIWA, were key. For this work, we carried out
an additional bulk sieving in the Avulsion Channel to better understand the sedimentological
conditions of the entire system.

We note however that, to obtain channel widening in the model that would well reproduce the
channel widening seen in the 8 June 2023-31 January 2024 LiDAR, we had to apply some significant
fining to the latter grainsize distribution. This discrepancy may indicate that the result of the only
bulk sieve that we possess for the Avulsion Channel was not truly representative of the grainsize
therein. A possible explanation is in that, since the Avulsion Channel showed at the time of the
survey some significant downstream fining, bulk sieving was performed too close to the upstream
end of the channel. Carrying out more bulk sieving downstream, however, would have been beyond
the time and budget constraint, and would have posed the risk of potentially sieving material that
had just been deposited into the channel, but did not originally belong to that area. This overall
difficulty ultimately highlights that bulk sediment size information to inform models is most often
very sparse and at times insufficient.

Another significant limitation was in the unavailability of surface grainsize data and of a sediment
rating curve for the Tatare Stream. Gathering grainsize data would have requested a longer field
campaign, which was unfeasible and beyond the scope of the project. Computing a sediment rating
curve would be the matter of trial and error with model simulations and hence would only have
taken more time.

Another key limitation was in the absence of a measured flow record for the Waiho River and Tatare
Stream, but this was resolved and turned into a strength using a synthetic flow record originating
from NIWA'’s operational flood forecasting model (AFAS) that turned out to be sufficiently accurate.
The quality of this synthetic flow record was extensively assessed in this work, ensuring realism of
the resulting flow duration curves. However, the fact that the AFAS record is not available through to
March 2025 impeded us to carry out a proper validation of the initial stages of the 2430WTA
forecasting run.

Having performed some hindcasting runs (Appendix A) aiming to compare the development of the
bed morphology with the evolution observed from multi-temporal LiDAR allowed us to properly
appreciate in practice the model’s strength and limitation. Some notable achievements of the model
were as follows.

=  The reach of the Waiho in front of Franz Josef was predicted by the model to
experience riverbed aggradation at a rate that compared quite accurately with the
observations from the available LiDAR scans in all the hindcasting simulations.

=  The model in the 1923WTA hindcasting run showed a natural tendency to developing
flood spills from the Waiho River into the Tatare Stream.

=  The model in the 2324WTA hindcasting run predicted the development of the Avulsion
Channel through headward erosion into the Waiho River and the creation create a
depositional fan protruding into the Tatare River and Gorge. Both the channel
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widening rates and the fan buildup compare reasonably well with the LiDAR
observations.

However, some notable differences between the model prediction and the changes observed in
multi-temporal LiDAR scans were noticeable.

In all simulations featuring the Tatare Stream, the Tatare experienced significant
spurious degradation at the upstream end (due to the choice to allow no sediment
feed due to the lack of data) and spurious deposition around the bridge. Likely, this is
connected to underestimation of armouring of the Tatare riverbed due to lack of
surface grainsize data. Future work should fill in this gap in the sediment data and
improve the comparison with the LiDAR in the upper reach of the Tatare.

The evolution of the Avulsion Channel, with the formation of a fan at its downstream
end, proceeded too quickly (run 1923WTA), potentially due to excessive erodibility in
the model of in the avulsion channel area with respect to the reality.

In the hindcasting run 1619W, some evident spurious degradation was observed
around Milton’s Stopbank, potentially due to an incorrect setup of roughness and
surface grainsize distribution at that location. Notably, though, the other simulations
did not show the same problem, or, at least, not so evidently, and so it is questionable
that further investigations of this issue would be relevant.
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7 Conclusions

The Waiho River has been subject in the last few decades to very rapid aggradation, and because of
this, is at high risk of flooding Franz Josef and surrounding areas and overtopping the stopbanks. Due
to the significant increase in riverbed elevation, the river has recently avulsed in the Tatare Stream, a
smaller river located on the Waiho’s true right. This recent avulsion poses additional problems and

risks.

Headward erosion associated with the evolution of the Avulsion Channel may impact
the stability Havill’s Stopbank in the Waiho River and threaten erosion of the oxidation
ponds behind.

The buildup of a fan in the Tatare Stream at the downstream end of the Avulsion
Channel, with significant riverbed aggradation of the Tatare Stream, may elevate the
local risk of flooding by reducing flood conveyance through the Tatare Lower Gorge, a
situation that is exacerbated by the fact that the Tatare Gorge, through the avulsion,
now receives a significant proportion of the Waiho flows.

Continued widening of the avulsion channel threatens to destroy farmland and assets
between the Waiho and Tatare rivers.

Accurately modelling riverbed evolution in this complex river system was challenging in multiple

respects.

A measured discharge record is not available, but a realistic synthetic record was
created for this work leveraging the results of NIWA’s AFAS flood forecasting model.

Devising a sediment rating that allows the model to reproduce observed aggradation
between past LiDAR scans of the Waiho bed surface is critical for model realism. We
leveraged a calibrated sediment rating for the Waiho River developed in previous
Smart Idea-funded research work (Montgomery and Stecca 2020, 2021; Measures et
al. 2022). This provided us with a baseline to also study the effect of increased
sediment feed.

As we did not possess information on the sediment input to the Tatare Stream, the
model results for the in the most upstream reach of the Tatare Stream unrealistic as
affected by spurious degradation that stems from the decision to not feed sediment to
the Tatare. Furthermore, the model may underestimate bed armouring in the upper
reach of the Tatare leading to overestimation of bed changes therein. This gap can only
be addressed with future fieldwork.

A critical ingredient for modelling riverbed evolution in this active environment is the
model’s ability to replicate bank erosion. The simulations presented in this report
benefit of one Delft3D model development that we carried out in a separate project to
implement a robust bank erosion algorithm based on a repose slope recipe.

Despite the challenges and limitations of the modelling, we arrived at the following conclusions.

The model is capable of forecasts that faithfully reproduce the natural tendencies of
the river system observed from past multi-temporal scans of the riverbed, namely:

— sediment deposition in the reach of the Waiho close to Franz Josef.
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— the occurrence of flood spills between the Waiho and the Tatare, developing an
inception Avulsion Channel; and

— the evolution of this Avulsion Channel through widening due to bank erosion and
headward erosion towards the Waiho River and the creation of a fan protruding
into the Tatare Stream and the Tatare Lower Gorge, with the formation of a
second fan at the gorge outlet.

=  The future evolution of this river system according to forecasting simulations will
feature:

— continued sediment deposition in the Waiho River reach close to Franz Josef, with
further reduction of flood conveyance in this area.

— further development of the Avulsion Channel with increase in size of the
depositional pattern into the Tatare Stream and the Tatare Gorge.

— further increase in the size of the fan of the Avulsion Channel into the Tatare
Stream and the Tatare Gorge, causing increase in bed levels in the Tatare
propagating backwards, with 2—3 m of aggradation at the SH6 bridge and in the
200 m downstream by early 2030.

— significant headward erosion into the Waiho and the formation of one incised
channel that collects flood waters from Canavan’s Knob on the Waiho’s true left,
across to the downstream edge of Havill’s Stopbanks and into the avulsion.

— lack of evidence of significant erosion close to the Havill's Stopbank in its current
configuration, contrary to the common concern for the stability of this bank;

= A 50% increase in sediment feed was simulated as a sensitivity analysis considering the
possibility of a major change in sediment input to the Waiho or Callery Rivers. If a 50%
increase in sediment feed were to happen, sediment deposition rates in the reach of
the Waiho River close to Franz Josef will severely increase, to the extent that the Waka
Kothai, Church, Heliport and Link Stopbank will be overwhelmed with sediment within
just a few years, which will increase the potential of bank overtopping during major
floods.

=  Two forecasting simulation runs featured a different stopbank configuration that
includes the foreseen extension of Havill’s Stopbank. With Havill’s Stopbank Extension:

— thereduction of the area eroded on the true right of the Avulsion Channel by
early 2030 will be significant (with a reduction in the area affected by flows on the
true right of the Avulsion Channel by 0.19 km? and 0.22 km?in the case with
calibrated and increased sediment feed in the Waiho, respectively);

— the stopbank extension will be effective at protecting the sewage ponds from
erosion by repelling the flows;

— however, in one of the modelled scenarios (with increased sediment feed in the
Waiho) this stopbank extension will be a hotspot for erosion, with the possibility
of developing (at least temporarily) local scour with a depth of more than 8 m
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from the stopbank crest within a few years. These erosion events may threaten
the stability of the stopbank extension.

The partition of the discharge of the Waiho River upstream of the avulsion between
the Waiho River downstream and the Avulsion Channel has evolved and will evolve as
follows.

— Inthe hindcasting simulations (and observations of the real river), the discharge
partition has shown sudden switches backwards and forwards between an initial
situation where the Waiho River downstream of the avulsion was still the primary
pathway for flows, to a situation in which most of the flows were captured by the
Avulsion Channel. These shifts were always produced by a flood, and even small
floods (of the magnitude of 600 m3/s) could have been capable of determine
these sudden changes. In the 2019-2021 and 2023-2024 periods, the system
could still revert to the original balance, thus showing periodic shifts in the
discharge partition.

— In the forecasting simulations, the flow partition at the end seems inevitably
skewed towards the Avulsion Channel being the primary pathway for the Waiho
River flows. For the future, the model shows it is very unlikely that the system
could revert to the Waiho River downstream of the avulsion carrying most of
these flows, since the Avulsion Channel due to its slope advantage and rapidly
progressing headward incision is likely to always capture a large proportion of the
incoming flow. As this is the natural tendency of the system, forcing the Waiho
flows down towards the Waiho Loop would only be possible through significant
river training works to close off the avulsion. However, even if these training
works were executed, constant monitoring and maintenance would be required
to ensure safety and avoid new breakouts prompted by the persistent slope
advantage of the Avulsion Channel.
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Appendix A Hindcasting runs for model validation
Results of the 1619W hindcasting run (2016—-2019)

Here, we show the results of run 1619W (see Table 3-2). This run spanned the period between the
2016 LiDAR (4 September 2016) and the 2019 LiDAR (1 April 2019). The purpose of this run was to
verify the model settings (sediment grainsize distribution, sediment rating curve) that we had
gathered from previous work (Montgomery and Stecca 2020, 2021; Measures et al. 2022) by
checking that in the present model with a different domain size and bank erosion algorithm they
would still produce changes that well compare with those from contrasting the two LiDAR scans.
Since at the time the avulsion was not a prominent feature of the system, the areas pertaining to the
Avulsion Channel and Tatare Stream were excluded from the model.

The results of run 1619W are shown in Figure A-1. Here, maps of bed elevation difference between
the beginning and the end of the simulation are contrasted with those from the two LiDAR scans. The
model results show some excessive degradation at the upstream end which is due to the proximity
with the boundary condition. While we have worked on this boundary to mitigate spurious erosion
compared with the draft report, the result is still not optimal here. Conversely, in the wider reach
close to Franz Josef, the model correctly predicts the formation of a depositional pattern that
extends downstream almost to the Waiho Loop moraine. In correspondence of the narrow section of
the Waiho Loop, however, the model produces some significant degradation and a locally incised
channel around Milton’s Stopbank, which is not featured in the LiDAR. Downstream of the Waiho
Loop, the model foresees general aggradation which is in general agreement with, but in places
exceeds, the aggradation seen in the LiDAR.

Simulation, 31-Mar-2019 LiDAR 2016-19
/; J
- —9 '
L ~ — \

Bed level change [m] Bed level change [m]

-5 0 5 -5 0 5

Figure A-1: Bed level changes from model run 1619W between 04 September 2016 and 31 March 2019
(left) are contrasted with those that arise from comparing the 2016 and 2019 LiDAR scans (right).
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The excessive erosion seen at the Waiho Loop-Milton’s Stopbank can be explained as follows.

=  The model setup reflects incomplete knowledge of the roughness and grainsize
distribution at the Waiho Loop narrow section. As the narrow cross-section of the
Waiho Loop could be characterised by very erosive and powerful flows under flood
conditions, it is likely that a significantly armoured channel may have developed in this
reach. We did not possess any information of this possible armouring, as all the
grainsize samples that we used to inform the model had been collected well upstream
of this location. However, if this is the case, the model should be modified to account
for the higher roughness and reduced sediment mobility associated with this
armouring. To do so, some fieldwork in that area would be needed to collect a local
surface grainsize distribution.

=  The model for this run was not set up to enable flood spills into the Tatare. However,
in the reality flood spills may have occurred, reducing the flood peak discharge at the
considered location. This in turn may have reduced the erosive power of the flood
flows.

In Figure A-2, we show the average bed level changes calculated in the subdomains of the Waiho
River outlined in Figure 3-1, and contrast them with those from the LiDAR. The model appears to
over-predict aggradation in subdomains Waiho-A and Waiho-B.

Downstream, in the subdomains from Waiho-C to Waiho-E the model faithfully reproduces
aggradation as seen in the LiDAR, while further downstream the model incorrectly predicts
degradation. Notably subdomain Waiho-F is just upstream of Milton’s Stopbank and the Waiho Loop
Moraine is located, where an excessively eroded channel starts appearing in the map in Figure A-1.
The reasons for this spurious degradation have been discussed earlier in this section with reference
to the map of bed level changes in Figure A-1.
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Figure A-2: Average bed level changes in the Waiho River from model run 1619W and from the 2016 and
2019 LiDAR scans. Changes were computed in the subdomains of the Waiho River (see Figure 3-1) between 04
September 2016 and 31 March 2019 for the model run, and from the elevation models from the 2016 and 2019
LiDAR scans of the riverbed.
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Results of the 1923WT and 1923WTA hindcasting runs (2019-2023)
Here, we show the results of runs 1923WT and 1923WTA (see Table 3-2). In the former run, the area
pertaining to the avulsion channel is disregarded, while in the latter that area is included.

Simulation 1923WTA could not run until the end, as it developed numerical instabilities that
triggered the formation of a spurious deposition pattern in the Tatare Gorge that is first visible in the
results on 2 February 2022. This instability was the result of routing an excessive flow discharge
(compared with the width of the gorge) during a major flood of the Waiho into the Tatare Gorge
through the Avulsion Channel. That the instability was caused by the magnitude of the Waiho flood is
proven by the fact that model 1923WT could run till the end without any instability in the gorge (as
the avulsion in the latter run is disabled, and hence the Waiho cannot convey any flow to the Tatare
Gorge). In fact, run 1923WTA was the only run that showed instabilities at the gorge, as this did not
happen in any other run even featuring the avulsion — although, as explained in Section 2.3.4, for the
forecasting runs to ensure numerical stability we had to put the major flood of the future flow record
at the end of the simulation. As run 1923WTA was not key to the forecasts that are the main purpose
of this report, we decided to analyse the last output of this run before the instability (19 January
2022).

Maps of bed level changes

In Figure A-3, the maps of bed level changes between the final available output of each run and the
initial condition and compared with a similar map obtained from the 2019 and 2023 LiDAR scans of
the riverbed. Both runs show mild excessive degradation in the Waiho at the upstream end, and then
correctly describe (or even overpredict) aggradation in the wider reach just in front of Franz Josef
township. Like run 1619W (Figure A-1), both runs show excessive incision around Milton’s Stopbank
in the narrow section opposite the Waiho Loop.
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Figure A-3: Bed level changes from model run 1923WT (left) and 1923WTA (centre) are contrasted with
those that arise from comparing the 2019 and LiDAR

scans (right). Run 1923WTA was ended on 02 February 2022 due to numerical instability developing
afterwards.

The key difference between the two numerical runs in Figure A-3 is in having the avulsion area
disabled (run 1923WT) or enabled (run 1923WTA). In the latter run, we observe in the numerical
results the spontaneous formation of the Avulsion Channel produced by flood spills that caused
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incision of the riverbed. The material recovered from this incision affects the Tatare Stream riverbed
by producing aggradation upstream and downstream of the gorge. The spontaneous formation of
the avulsion in run 1923WTA is in agreement with the observation that, while in the reality the
avulsion until 2023 was not a prominent feature of the system, flood spills had been observed from
2010. That the model can spontaneously reproduce the inception of the avulsion channel once the
corresponding portion of the domain is enabled is therefore a good qualitative verification of the
model setup.

However, differences can also be noted with the avulsion channel seen in the LiDAR. The channel
seen in run 1923WTA is significantly wider and, more incised throughout and overall has mobilised a
greater volume of sediment. This difference is even more evident as the time span of the numerical
run is shorted than that of the LiDAR. In other words, while the model correctly sees the natural
tendency of the Waiho River to avulse, it is not capable of accurately reproducing the dynamics and
timeframe of the initial stages of this avulsion process.

These discrepancies can be at least partly explained with the reduced erodibility of the grass and soil-
covered area where the avulsion channel initially developed, compared with the erodibility of the
bulk material in which eventually the avulsion channel eroded its course. As we did not incorporate
this detailed information in the model, we could not expect an accurate reproduction of the initial
stages of the avulsion. We remark that model setup (bed material size, bank erodibility) in the
avulsion area) has been chosen primarily to o allow the model to best reproduce the changes seen
later between the 2023 and 31 January 2024 LiDAR (run 2324WTA, see later), as this is more relevant
to the future evolution of the Avulsion Channel, and optimising the model around the reproduction
of the initial stage of the avulsion was outside the scope of this modelling. Furthermore, river training
interventions that may have been locally put in place to reduce the likelihood and magnitude of flow
spills are not featured in the model.

Finally, the Tatare Stream in Figure A-3 shows some significant spurious degradation in its upstream
reach, which is a product of having imposed zero sediment feed. This material is then deposited
immediately downstream. However, the spurious changes are limited to the most upstream reach.
While in the LiDAR the Tatare Stream seems mildly degradational, both models downstream of the
bridge show some mild aggradation. The major difference between run 1923WTA and the LiDAR is
upstream of the gorge, where the numerical simulation describes the formation of a prominent fan
from the Avulsion Channel. This is instead not seen at this stage in the LiDAR. Run 1923WTA
describes excessive aggradation compared with the LiDAR also past the gorge, with the formation of
a second fan at the Waiho junction, which are not seen in the LiDAR. These differences most likely
descend from the faster and more prominent erosion seen in the numerically simulated Avulsion
Channel compared with the LiDAR observations.

In conclusion, the evolution of the avulsion from run 1923WTA appears accelerated with respect to
what was shown in the LiDAR scans, but is at least is qualitatively correct as it shows that the model
spontaneously produces the avulsion, creates an Avulsion Channel prone to incision, and forms a fan
into the Tatare upstream of the gorge, all processes that have been observed subsequently.

Average bed changes in the subdomains of the Waiho River, Tatare Stream and Avulsion
Channel

For runs 1923WT and 1923WTA we computed average bed changes within the subdomains of the
Waiho River, Tatare Stream and Avulsion Channel set in Figure 3-1. The results are shown in Figure
A-4. In this analysis, both simulations performed similarly in the Waiho River (Figure A-4a), but run
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1923WT showed consistently more aggradation in the upstream portion of the domain until
subdomain Waiho-E, while showed profiles more similar to those of the LiDAR in this region. Both
runs showed mild spurious degradation in subdomains Waiho-F and Waiho-G (close to Milton’s
Stopbank) contrary to the LiDAR profile, and excessive aggradation at the downstream end. Overall,
these results appear similarly accurate to those that of simulation 1619W (see Figure A-2), without
any further optimisation of the settings relating to sediment feed or sediment transport.

In the Tatare stream (Figure A-4b), apart from the expected spurious degradation in subdomain
Tatare-A (upstream end), both models predict almost no changes rather than the mild degradation
degradation as seen in the LiDAR, but this difference is small. Critically, instead, run 1923WTA sees
the formation of a fan at the Avulsion Channel junction (subdomain Tatare-F) and aggradation in the
gorge (subdomain Tatare-G) that are not observed in the LiDAR at this stage.
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Figure A-4: Average bed level changes in the Waiho River (a), Tatare Stream (b) and Avulsion Channel (c)
from model runs 1923WT and 1923WTA and from the 2019 and 2023 LiDAR scans. Changes were computed in
the subdomains of the Waiho River, Tatare Stream, and Avulsion Channel (see Figure 3-1) between the initial
condition and the final output available for each model run, and from the elevation models from the 2019 and
2023 LiDAR scans of the riverbed.
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Finally, in the Avulsion Channel (Figure A-4c) run 1923WTA correctly predicts degradation in the two
upper subdomains, but overshoots aggradation in subdomain Avulsion-C consistently with what was
seen in the map in Figure A-3.

Discharge partition

We carry out an analysis of the evolution of the discharge partition of the Waiho River only for run
1923WTA — as such an analysis would be meaningless for run 1923WT where the avulsion is
impeded. As explained, this analysis is carried out until 19 January 2022 due to the numerical
instability developing afterwards.

Results are shown in Figure A-5. In Figure A-5a we present the time series of discharge of the Tatare
through the gorge, of the Waiho at Waiho Loop, and their sum yielding the total discharge while in
Figure A-5b we show the partition of the discharge of the upper Waiho River as the proportion of this
flow that was captured by the avulsion at different times.

Waiho River and Tatare Stream discharge, run 1923WTA
T T

a) 1500 - Total discharge ]
Tatare Stream at Lower Gorge
- — Waiho River at Waiho Loop
"’£ 1000 =
E 500 - i
ottt T

2020 2021 2022

Proportion of Waiho River flow captured by the avulsion
T

b) 100% ‘ -
. |
40% - “ l ------ l i -
LN RIE
0 NI R LS B

Figure A-5: Discharge and discharge partition in the Waiho River-Tatare Stream-Avulsion Channel system
(see Figure 3-4) for model run 1923WTA. The timeseries are available until 2 February 2022 due to numerical
instability developing afterwards. a) Discharge flowing in the Waiho River at Waiho Loop and in the Tatare
Stream at the Tatare Lower Gorge, and total discharge (their sum); b) proportion of the discharge of the Waiho
River upstream of the avulsion that is captured by the Avulsion Channel. The portion of the timeseries
represented by full lines indicate the times when the morphological model was turned on, while those
indicated by dotted lines indicate the times that were omitted from morphological modelling.

With reference to Figure A-5b, for almost two years from the start of the simulation the Avulsion
Channel carried a minimal proportion of the Waiho flow, and the primary pathway for Waiho flows
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was through the section corresponding to the Waiho Loop Moraine. In other words, in this initial
phase the avulsion was almost inactive and possibly only collecting minor flood spills. However, after
a few floods in late 2020 this proportion changed, and the Avulsion Channel was activated to carry
most of the Waiho flow in early 2021. In this simulation, unlike for simulations 2430WTA and
2430WTAF (see Figure 5-8) the bifurcation at the head of the avulsion was still able to temporarily
switch back to its initial balance, making the Waiho River at Waiho Loop the primary channel again.
This is because incision in the Avulsion Channel had not progressed enough to permanently capture
most of the incoming flow. The balance kept shifting back and forth until the end of 2022, when it
seemed to change significantly in favour of the of the Avulsion Channel.

The dynamics seen here seems realistic, as probably the evolution of the flood partition between the
Waiho and the Avulsion Channel followed similar sharp changes of balance. However, the speed at
which this balance evolve, and the Avulsion Channel started being prominent is likely to be
overestimated in run 1923WTA compared with the reality, in the same way as the speed of
morphological changes was overestimated (see Figure A-3).

Results of the 2324WTA hindcasting run (2023-2024)

Here, we show the results of run 2324WTA (see Table 3-2), spanning the period between 8 June 2023
and 1 February 2024. This simulation was used to assess the bank erosion model after the
implementation of the “repose” algorithm. To improve the match with the LiDAR in the reproduction
of channel widening, the grainsize distribution in the avulsion channel was made progressively finer
(starting from the initially imposed grainsize distribution gathered from the Avulsion Channel Bulk
Sieve). Hence, this exercise served as a calibration exercise for the sediment transport and bank
erosion settings. Here we omit the detail of the preliminary exploratory and calibration runs and just
present the results with the calibrated settings. These settings were also applied to all the other runs
in this report.

Maps of bed level changes

In Figure A-6 we compare the bed changes between the initial condition and final result of the model
with those from the 2023 and 31 January 2024 LiDAR. The model result was gathered on 27 January
2024, but between this date and 31 January 2024 (when the LiDAR was collected) the discharge was
too small to grant any morphological activity, so the two maps are directly comparable. One caveat
however is that, as visible in the right panel in Figure A-6, while the LiDAR shows the construction of
the Link Bank, which happened between the two LiDAR scans, as an elongated aggradational feature
located close to Franz Josef township on the Waiho River’s true right, this man-made modification of
the bed elevations could not be reproduced by the model. Hence, while for some portion of the
modelled period there should have been the Link Bank in place, the modelling completely misses
this.

Aside from this observation, the model result in Figure A-6 looks faithful to the LiDAR, as can be
expected given the short time span of the simulation, i.e., the limited time for the morphological
prediction to drift from the reality. Consistently with what is seen in the LiDAR, the bed in the model
run appears to have experienced aggradation in the reach in front of Franz Josef township, with
aggradational patterns that protrude downstream towards the Waiho Loop. Degradation around the
Waiho Loop Moraine and close to Milton’s Stopbank in the model results is not severe and
somewhat comparable with the channel incision observed in this area. A minor discrepancy with the
LiDAR is instead found in channel incision at the downstream end.
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The match in the channel widening due to lateral erosion of the channel banks in the avulsion is
relatively good, although erosion is partly overestimated. On the other hand, applying further
refinements to the sediment size distribution to promote the flushing of sediment from the channel
and further erosion, or lowering the slope threshold for bank erosion would have implied using
unrealistic settings, so we decided to stay with the present results. These results nonetheless
represent a stark improvement from those presented initially in the draft report (Stecca and
Measures 2024). It is possible that adding the Link Stopbank (not featured in this simulation) midway
through the model run could have helped channelling floodwaters into the Avulsion Channel causing
an increase of erosion therein.

The size and extent of the alluvial fan built at the downstream end of the Avulsion Channel is slightly
underestimated, but still in good agreement with the results seen in the LiDAR.
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Figure A-6: Bed level changes from model run 2324WTA between 08 June 2023 and 27 January 2024 (left)
are contrasted with those that arise from comparing the 08 June 2023 and 31 January 2024 LiDAR scans
(right). While the simulation continued for 3 more days, no further morphological changes were registered
from those illustrated here due to the flowing discharge being too small.

Average bed level changes in the subdomains of the Waiho River, Tatare Stream and
Avulsion Channel

Figure A-7 shows bed variations as average bed level changes in the subdomains of the Waiho River,
Tatare Stream and Avulsion channel (see Figure 3-1). Regarding the Waiho River (Figure A-7a) there
is little to report as bed changes due to the limited time span of the considered simulations are
minimal.

In the Tatare Stream (Figure A-7b), aside from spurious degradation in subdomain Tatare-A at the
upstream end due to the choice of not feeding sediment, it is notable that aggradation at the
downstream end is underpredicted by the model, consistently with what seen in the maps Figure
A-6. Aggradation is underestimated in subdomain Tatare-F (corresponding to the location where
there was the buildup of a fan from the Avulsion channel into the Tatare Stream) and Tatare-G
(corresponding to the Tatare Gorge).
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Figure A-7: Average bed level changes in the Waiho River (a), Tatare Stream (b) and Avulsion Channel (c)
from model run 2324WTA and from the 08 June 2023 and 31 January 2024 LiDAR scans. Changes were
computed in the subdomains of the Waiho River, Tatare Stream and Avulsion channel (see Figure 3-1) between
08 June 2023 and 27 January 2024 for the model run, and from the elevation models from the 08 June 2023
and 31 January 2024 LiDAR scans of the riverbed.

In the Avulsion Channel (Figure A-7c), the model underpredicted degradation in subdomains
Avulsion-A and Avulsion-B, and deposition in subdomain Avulsion-C. Referring back to the map of
bed changes (Figure A-6), discrepancies in average bed changes observed in Figure A-7c are clearly
related to underestimation of channel widening by lateral and headward erosion at the upstream
end of the avulsion channel. Still, the results improve those of the draft report significantly.

Longitudinal profiles of the Avulsion Channel and Tatare Stream

Longitudinal profiles of the simulation results computed along the centreline of the Avulsion Channel
(Figure 3-3) are shown in Figure A-8, in term of profiles of bed levels (Figure A-8a) and of difference
in bed elevation between the last result and the initial condition (Figure A-8b), and compared with
similar profiles from the 2023 and 31 January 2024 LiDAR scans.
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Avulsion Channel, longitudinal profile
T T T T T

a) 130 1 T 1 1
- - - - Initial condition Run 2324WTA, 27-Jan-2024 — LiDAR, 31-Jan-2024
120
E
e
g 110
e
[
m
100
90 | | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance along centreline from Havill's Stopbank downstream end [m]
b) 4 T T T T
Run 2324WTA, 27-Jan-2024
T 21 LiDAR, 31-Jan-2024 e
o
o
c
@
ey
&)
°
>
@
o
@
m
-6 1 | 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Distance along centreline from Havill's Stopbank downstream end [m]

Figure A-8: Longitudinal profiles of bed elevations in the Avulsion Channel along the channel centreline
from the results of model run 2324WTA, and from the 08 June 2023 and 31 January 2024 LiDAR scans. a)
Bed levels; b) Changes in bed levels from the initial condition. The initial condition represents the topography
at start of the simulation, coinciding with the 2023 LiDAR.

Figure A-8 highlights once again the discrepancies in avulsion channel development between the
simulation and the LiDAR. Notable differences are around 1000-1200 m downstream of Havill’s
Stopbank, where the model showed degradation generally up to 1 m, while degradation in the LiDAR
profile was between 2 and 4 m. A similar instance is seen around 1450-1500 m. Conversely in this
view aggradation in the most downstream portion of the profile connected with fan buildup
(distance greater than 1800 m).

Figure A-9 presents similar profiles along the centreline of the Tatare Stream (see Figure 3-3). At the
upstream end of the profile, corresponding with the SH6 bridge, and for the first 500 m, spurious
aggradation of more than 1 m is notable. In general, in this work we noted a tendency in all model
simulations to overestimate bed changes in this region, which may be due to the bed in the Tatare
Stream being more armoured, and hence less prone to changes, in the reality than in the model
setup. This may be a point to be clarified by a field investigation in future work.
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Tatare Stream, longitudinal profile
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Figure A-9: Longitudinal profiles of bed elevations in the Tatare Stream along the channel centreline from
the results of model run 2324WTA, and from the 08 June 2023 and 31 January 2024 LiDAR scans a) Bed levels;
b) Changes in bed levels from the initial condition. The initial condition represents the topography at start of
the simulation, coinciding with the 2023 LiDAR. The location of the Tatare Stream Lower Gorge is also shown.

Further downstream, the model correctly predicts no significant bed changes apart from localised
instances of scour and deposition, quite consistently with the LiDAR. Then, upstream of the Tatare
Stream Lower Gorge, the LiDAR shows a notable buildup of sediment that corresponds to the
formation of a fan protruding from the Avulsion Channel. Here, as seen in Figure A-7c and Figure A-6,
the model underestimates the size of this fan. As a consequence, further in the most upstream part
of the gorge the model fails to predict the bed elevation increase in excess of 2 m that is seen in the
LiDAR. Conversely, downstream of the gorge the formation of the second fan at the junction
between the Tatare and the Waiho is correctly predicted by the model, both in the magnitude and
longitudinal extent of this aggradation pattern.

Cross-sections of the Avulsion Channel

Figure A-10 reports the profiles from run 2324WTA computed at the beginning and end of the
simulation along the six cross-sections of the Avulsion Channel (see Figure 3-2), and similar profiles
from the LiDAR scans.

Cross-sections 1 and 2 (the most upstream) show insufficient widening and degradation. The channel
has indeed experience some widening due to bank retreat, which is evident especially in cross-
section 2, but this is significantly less than in the LiDAR. We are hesitant to attribute this
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underestimation to a failure of the new “repose” algorithm because in two-dimensional
morphodynamic development all processes are deeply connected. The cause of this underestimation
could be simply insufficient bed degradation which in turn produced less scour of the toe of bank and
hence less erosion.
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Figure A-10: Profiles of bed elevations along the six cross-sections of the Avulsion Channel from the results
of model run 2324WTA at the simulation end time and from the 31 January 2024 LiDAR scans. The initial
condition (the topography at the start of the simulation, coinciding with the 2023 LiDAR) is also shown.

The match with the LiDAR is significantly better in the following cross-sections that describe the
situation more downstream. Cross-section 3 shows a very accurate reproduction of the bank retreat
seen in the LiDAR, although degradation in the centre of the channel is underestimated. Cross-
section 4 actually shows an overestimation of channel widening, with both the left and right bank
retreating more than in the LiDAR, and still underestimation of degradation within the channel.
Finally, in cross-sections 5 and 6, the model generally achieves an accurate representation of bed
elevations within the channel.
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Discharge partition

Finally, in Figure A-11 for run 2324WTA we study the evolution of the partition of the discharge from
the Waiho upstream of the avulsion (Figure A-11b) and present the timeseries of the total discharge
flowing in the Waiho River and Tatare Stream (Figure A-11a).
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Figure A-11: Discharge and discharge partition in the Waiho River-Tatare Stream-Avulsion Channel system
(see Figure 3-4) for model run 2324WTA. a) Discharge flowing in the Waiho River at Waiho Loop and in the
Tatare Stream at the Tatare Lower Gorge, and total discharge (their sum); b) proportion of the discharge of the
Waiho River upstream of the avulsion that is captured by the Avulsion Channel. The portion of the timeseries
represented by full lines indicate the times when the morphological model was turned on, while those
indicated by dotted lines indicate the times that were omitted from morphological modelling.

As seen in a similar analysis of the 1923WTA run, at the beginning most of the Waiho River discharge
from upstream of the avulsion flows down the Waiho Loop. The situation stays like this for most of
the simulation, but the balance suddenly shifts in favour of the Avulsion Channel after a flood in
January 2024 close to the end of the simulation. A smaller flood at the very end of the simulated
period was capable to only partially revert the situation to the initial state, with a final proportion of
Waiho flow captured by the avulsion equal to 40%.

These observations are consistent with the observed evolution of the system during the modelled
period, when flood spills in the avulsion quickly went from being occasional to becoming a
permanent feature, as floodwaters carved a proper, permanently flowing Avulsion Channel.
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Appendix B Comparison of the results the 2430WTA forecasting
run in February 2025 with the 2025 LiDAR

In this section we use the 2025 LiDAR to check the initial results of forecasting run 2430WTA (the
base case, featuring the calibrated sediment feed and with the current configuration of stopbanks).
The LiDAR, collected on 7 March 2025, became available too late to be used as an initial condition in
the modelling, but it is still useful to independently check the results of the model. While the
simulation run proceeded through to January 2030, for this validation we use an intermediate model
result representing the situation on 27 February 2025. In fact, in the hydrograph used for modelling,
the flows between this date and 7 March 2025 were insufficient to trigger morphological
development and were disregarded.

It must be noticed, however, that the model throughout the forecasting run was operated with a
future discharge record that reuses the flows calculated by the AFAS model for the years 2019-2024
(Section 2.3.4). Therefore, the flows routed in the model for this run are different from those
experience by the Waiho in the reality. As there is no record of these flows, it is impossible to
compare the real and modelled hydrograph. This is potentially a major source of discrepancy
between the model output and the LiDAR and we have no way at present to address the magnitude
of this error. In future work, updating the AFAS record through to a day later than 7 March 2025
could help to make the comparison fairer.

Maps of bed level changes

In Figure B-1 we contrast the map of changes in bed elevation from the initial condition from run
2429WTA and from the LiDAR. At a glance, the LiDAR shows more morphological development than
the simulation, with more widely spread deposition patterns in the Waiho River, more generalised
erosion in the Avulsion Channel, and more fan buildup both upstream and downstream of the Tatare
Gorge. With the above-described uncertainty in the flows in use, however, this may simply the case
of the synthetic hydrograph missing a few critical floods. Still, from the comparison we can
appreciate that the changes foreseen by the model have the same sign as those from the LiDAR.
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Figure B-1: Bed level changes from model run 2430WTA between 01 August 2024 and 27 February 2025
(left) are contrasted with those that arise from comparing the 31 July 2024 and 7 March 2025 LiDAR scans
(right). Note that there was no further morphological change in the model runs between 27 February and 7
March 2025 due to the absence of morphologically relevant discharges in that period, so the two maps are
directly comparable. We remark that the model does not employ a realistic flow time series for this period.

Longitudinal Profiles of the Avulsion Channel and Tatare Stream

In Figure B-2 we show the longitudinal profiles of the Avulsion channel from model results and from
the LiDAR. Figure B-2a shows the actual profiles, while Figure B-2b shows the changes from the initial
condition. The major difference in the two profiles is seen between values of the downstream
coordinates of 500 and 1100 m, where the model results miss some significant degradation (up to 2—
3 m) that indicate headwards erosion of the Avulsion Channel. Once again, this severe discrepancy
can be at least partly explained with the difference in the hydrograph.
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Avulsion Channel, longitudinal profile
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Figure B-2:  Longitudinal profiles of bed elevations in the Avulsion Channel along the channel centreline
from the results of model run 2430WTA on 27 February 2025, and from the 31 July 2024 and 31 July 2025
LiDAR scans. a) Bed levels; b) Changes in bed levels from the initial condition. The initial condition represents
the topography at start of the simulation, coinciding with the 31 July 2024 LiDAR. We remark that the model
does not employ a realistic flow time series for this period.

In Figure B-3 we compare the profiles of bed elevations in the Tatare Stream of the model run and
from the LiDAR. In this case (Figure B3b), the model appears to have reproduced the observed
changes much more faithfully, at least in describing the buildup of bed material upstream, inside and
downstream of the gorge. Conversely, the model overestimates bed deposition at the upstream end
of the considered domain, a trait already seen in the bed profiles of other runs.
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Tatare Stream, longitudinal profile
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Figure B-3:  Longitudinal profiles of bed elevations in the Tatare Stream along the channel centreline from
the results of model run 2430WTA on 27 February 2025, and from the 31 July 2024 and 31 July 2025 LiDAR
scans. a) Bed levels; b) Changes in bed levels from the initial condition. The initial condition represents the
topography at start of the simulation, coinciding with the 31 July 2024 LiDAR. We remark that the model does
not employ a realistic flow time series for this period.

Cross-sections of the Avulsion Channel

Finally, in Figure B-4 we compare the evolution of the six cross-sections of the Avulsion Channel from
model results and from the LiDAR. In cross-section 1, the model foresees some erosion of the right
bank (while the LiDAR indicates erosion of the true left bank), but the model fails to correctly
reproduce degradation of the bed within the channel. Similarly, in cross-sections 2 and 3 the model
cannot reproduce the bed degradation within the channel seen in the LiDAR and also fails to describe
channel widening due to the right bank retreating. A similar situation happens in cross-section 4,
with the model failing to describe the retreat of the left bank and the in-channel degradation
observed in the LiDAR. The reproduction of the LiDAR observation by the model is better in cross-
sections 5 and 6, albeit for some underestimation of erosion in the left side of the channel.

Once again, it is hard to understand whether these discrepancies could be minimised with an
improvement in the model parameterisation or are simply a product of feeding to the model a
hydrograph different from the one experienced by the Waiho River in the reality. To make this
comparison more effective, future work must initially focus on updating the AFAS flow record
through to today, so that the difference between the two hydrographs and the associated degree of
morphological activity can be quantified.
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Avulsion Channel, Cross-section 1
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Figure B-4:  Profiles of bed elevations along the six cross-sections of the Avulsion Channel from the results
of model run 2430WTA on 27 February 2025, and from the 31 July 2024 and 31 July 2025 LiDAR scans. The
initial condition (the topography at start of the simulation, coinciding with the 31 July 2024 LiDAR) is also
shown.
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