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Executive summary

Purpose

On 1 February 2018, ex-cyclone Fehi caused coastal inundation at Okarito and flooded several
homes, prompting a request to West Coast Regional Council (WCRC) for protection against future
events. A possible measure to protect against repeat events is to build a bund, but there is concern
that the effective life of this may be shortened by shore erosion. Therefore, with the support of
Envirolink funding, WCRC commissioned an analysis of shoreline movements at Okarito to look at
long term trends and implications of those for future protection for the local community in its
current location.

The analysis results are to be used by WCRC to formulate potential options for short-medium term
management of the Okarito shoreline, with informed coastal management decisions used to support
and develop coastal adaptation pathways where necessary. The advice is also expected to benefit
the Okarito village and wider community by providing a greater understanding of the impact of
potential future events, and to initiate discussions on acceptable levels of risk, likely degree of hazard
exposure, and provide guidance on long term management.

Scope-of-work

The investigation involved: a site inspection, including an assessment of foreshore and backshore
levels at the village; analysis of historical shoreline positions from historical aerial photographs; and
analysis of West Coast wave and sea-level records to estimate wave runup elevations at Okarito, the
recurrence interval of the Fehi event, and to look for links between wave/sea-level events and
shoreline changes. The area of interest focussed on Okarito village foreshore.

Key findings

Coastal erosion risk

Okarito is exposed to erosion hazards from wave-induced coastal erosion and from migration of the
lagoon outlet channel. In regard to wave-driven shore erosion, the analysis of historical shore
positions indicated that the Okarito foreshore line has been quasi-stable in the mid-term (over
multiple decades), but subject to fluctuations with amplitudes of the order of + 25 m. Such
fluctuations could relate in part at least to inter-annual variability in wave-driven longshore transport
and/or variations in the delivery of beach material by rivers to the south. The risk of foreshore
retreat landward of the zone of previous shoreline occupation is therefore low. There remains the
risk that the Okarito Lagoon outlet may naturally migrate south in front of the village, as it apparently
has done several times over the past 1% centuries. However, this risk appears to be mitigated by
reopening the lagoon outlet about opposite the wharf whenever it is closed by waves.

Sea-water flooding by overwash risk

The runup elevation analysis indicated that flooding by wave overwash, as experienced during ex-
cyclone Fehi, might be expected about every decade or so on average. While based only on a
relatively short record of sea-level and hindcast waves, the predicted runup elevations align with
surveyed beach berm and ridge elevations and the observed flooding during the Fehi event. Thus,
the risk of similar future events is significant. A lesson from this analysis is the increase in sea-level
and storm wave runup elevation due to far infragravity (FIG) waves — such FIG waves had peak
heights of order 1 m during Fehi but tend not to be considered in designs to mitigate overtopping. It
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was fortuitous for Okarito (and Westland generally) that the amplitudes of the FIG waves and storm
surge during ex-cyclone Fehi peaked near low tide.

Proposed bund

A key concern with the bund proposed by WCRC is how long it would last before being destroyed by
a coastal erosion trend. However, since there does not appear to be any long-term trend of
foreshore retreat and the proposed bund footprint runs along the relatively narrow strip that bounds
the past shoreline positions, the risk to the bund would come mainly from periodic shoreline
recessions (unless the lagoon outlet channel migrated southwards).

The southern leg of the proposed bund line coincides with the natural beach ridge and “front-line” of
defence against storm waves over-topping the beach berm, so it would undoubtedly take “hits” and
should be built and maintained accordingly. The proposed 3.5 or 4.0 m bund height would appear to
be too low at least for the southern leg, based on the evidence of surveyed beach-ridge crest-line
elevations, overwash features, and wave runup estimates, which indicate foreshore runup higher
than 4.5 m and potentially over 5 m over something like a 10 year recurrence interval.

The northern leg of the bund, fronting the airstrip, would receive some wave protection from the
beach berm on the south side of the lagoon outlet, but will be exposed to waves coming through the
outlet at high tide and also to current scour where and when the outlet channel runs beside it and
when storm wave overwash is circulating back into the outlet channel. Thus, it should be designed
there to survive these two types of process. This means that its height need not be as high as the
southern segment, but its face should be armoured.

Locating the bund ~ 20-30 m landward from these front-lines (except where this would “crowd” the
airstrip) would see the bund serving more as a second line of defence, would require more material
to build to the same design height, but would likely require less maintenance.

Other options for managing the salt water flooding

The extent of the sea-water flooding experienced at Okarito during ex-cyclone Fehi was influenced
by the wave overwash, the easy passage of overwash into the backshore swale provided by the
beach-access tracks through the gorse, the limited drainage out of the swale, and the low floor levels
of some buildings. Thus, potential mitigation measures to reduce the hazard from similar future
events include:

=  abund to prevent wave overwash (as proposed by WCRC)
=  avoiding having low-lying walkways that provide a natural conduit for wave overwash

= improving the backshore drainage to hasten the discharge to the wetland behind the
village, e.g., with a culvert or drain, and/or

= raising floor levels to be above the level of flooding expected from the current
topography and drainage potential, as indicated empirically by the experience of
events such as the Fehi flood.

These options are not mutually exclusive: they could be applied individually or in combination.
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1 Introduction

1.1 Background

On 1 February 2018, ex-cyclone Fehi caused coastal inundation at Okarito and flooded several
homes, prompting a request to West Coast Regional Council (WCRC) for protection against future
events. A possible measure to protect against repeat events is to build a bund, but there is concern
that the effective life of this may be shortened by shore erosion. Therefore, WCRC required an
analysis of shoreline movements at Okarito to look at long term trends and implications of those for
future protection for the local community in its current location.

The analysis results are to be used immediately by WCRC to formulate potential options for short-
medium term management of the Okarito shoreline, with informed coastal management decisions
used to support and develop coastal adaptation pathways where necessary. The advice is also
expected to benefit the Okarito village and wider community by providing a greater understanding of
the impact of potential future events, and to initiate discussions on acceptable levels of risk, likely
degree of hazard exposure, and provide guidance on long term management. This understanding will
also mean minimised risk of contamination of the natural environment from building products when
structures are damaged by flooding or erosion and protection of the natural character of the area
wherever possible.

1.2 Scope

The key components of the investigation included:

=  asite inspection, including an assessment of foreshore and backshore levels at the
village;

= analysis of historical shoreline positions from historical aerial/satellite imagery,
including identifying any long-term trends;

= analysis of the offshore wave and sea-level records over the past decade or so to
estimate the wave run-up height at Okarito, estimate the recurrence interval of the
Fehi event, and to look for links between wave/sea-level events and shoreline changes;
and

= reporting results, including concluding on the effective life of a bund.

The area of interest focussed on the southern end of Okarito Beach, which contains the outlet of
Okarito Lagoon and the Okarito village foreshore.

The study scope is confined to the wave-driven coastal erosion and sea-water flooding hazards.
Fresh-water flooding (associated with high freshwater lagoon inflows and/or lagoon outlet
blockages) and tsunami effects are not considered. Climate-change-driven future sea-level rise and
changes in wave climate were also not in the project scope. Clearly, however, all these factors should
be considered for long-term hazard management at Okarito over the next century.
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2 Site information

This section provides information on the site: its geomorphic setting, field observations and survey
results, the Fehi event, and the proposed bund to mitigate future sea-water flooding.

2.1 Geomorphic setting

The village of Okarito sits on a low coastal terrace at the southern end of the expansive, tidal Okarito
Lagoon (Figure 2-1). The lagoon is a shallow embayment bridged by a sandy gravel barrier that is
nourished by sediment sourced from rivers to the south (notably the Waiho River) and transported
northwards alongshore by the prevailing W-SW waves. The terrace is built of beach-ridge and
backshore swale deposits, formed by the interaction of beach processes and the lagoon outlet
channel, which is a very dynamic feature that naturally migrates, closes, and reopens under the
influence of waves, tides, and freshwater floods. While the outlet location has remained reasonably
stable over the past century (with human assistance), the wetland behind the settlement shows that
the outlet once (sometime within the past several 1000 years) exited hard against the rocky Okarito
headland. Thus, from a long-term geomorphic perspective, Okarito village is built on “borrowed”
ground.

The mean tidal range of the ocean at Okarito varies from 1.2 m (neap) to 2.1 m (spring). The lagoon is
tidal (with a mean tidal compartment volume of 2.7x10° m3), but its tidal range decreases from

~ 0.8 m near the outlet to ~ 0.17 m in the upper, north-eastern basin (Macpherson 1981). Its
hydrology changed significantly after 1967 when the Waitangi-taona River avulsed into Lake Wahapo
(which drains into the Okarito River), increasing the lagoon’s catchment by 44% and tapping into
heavy runoff from the high-rainfall zone on the western flank of the Southern Alps. MacPherson
(1981) reported freshwater inflows since 1967 ranging from ~ 11 m3/s to over 750 m3/s, and he
considered that the increased flood runoff has reduced the incidence of outlet closures.
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Figure 2-1:  Okarito village located at the southern end of Okarito Lagoon, Westland. Note the series of
rivers to the south; these supply sediment that is driven alongshore by W-SW waves to nourish the barrier
fronting the lagoon and Okarito village. Source: Google Earth.

2.2 Field data collection

My field inspection on 13-14 March 2019 included a general walk-around to observe where the shore
was eroding and to locate evidence of the Fehi flooding event, including overwash features, flow-
paths, and trash-lines (which identify water levels). This was complemented by discussions with local
residents and surveying to locate key features and their levels. Figure 2-2 locates named features and
photo-points (identified by figure-number).
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Figure 2-2:  Feature map, locating photo points and survey lines. Photo-points labelled in yellow as per
figure numbers in text. Surveyed profiles lines shown in green (PO...P4 are cross-shore profiles; R is beach ridge
crest line; S is swale centreline, B is foreshore berm edge). EUAE is survey bench mark.

2.2.1 Observations
Going northeast along the foreshore shore from the DoC carpark (right to left on Figure 2-2):

=  The open-sea beach at the southwest end of the village had a ~ 40-m-wide, 4+ m high
(above Lyttelton MSL 1937 datum) coarse sandy berm. The vegetated backshore ridge
behind the berm showed evidence of significant erosion over recent years (e.g.,
erosion scarps, tumbled trees, trimmed-off DoC carpark — Figure 2-3 and Figure 2-4.
Residents (Andris Apse, pers. comm.) reported a ~ 10-m-wide span of sand dune had
been eroded progressively over the past 5 years, with the beach berm coming and
going. However, the shore appears to have been stable relatively recently, with the
wide high berm noted above and a small fore-dune rebuilding in places (from sand
blown off the berm).

= Beach material and debris have been washed over low points in the gorse/scrub-
covered backshore beach ridge (Figure 2-5).

®=  From approximately 200 m north from the DoC carpark, the beach ridge vegetation
has been removed by wave overwash, and aprons of beach sediment have spread
down the backshore slope, with some spilling into the “second” beach ridge (Figure

2-6).

=  QOverwash (from the Fehi event) has enlarged walkways through the backshore
vegetation (Figure 2-7), through which the overwash was channelled into the low-lying
backshore swale in which lies Catherine’s Pond (local name for the backshore pond).
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=  The foreshore in front of the airstrip has a high-tide cobbly ramp, while the narrow
scrub-covered beach ridge, of varying height, has small wash-over gravel aprons
(Figure 2-8).

Figure 2-3: The remnants of the DoC carpark. Note wide berm.

Figure 2-4:  View south, showing collapsed trees undercut by a recent erosion event, a low sandy foredune
reforming, and a wide, high beach berm (elevation 4.1 m above MSL).
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Figure 2-5: Beach sediment washed over into the backshore.

Figure 2-6:  Sandy overwash aprons on beach ridge backshore. Arrow shows entrance to walkway that
conveyed sea-water during Fehi event, detailed in Figure 2-7.
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Figure 2-7:  Stream-worked cobble pavement along walkway that was enlarged by sea-water overwash.
Note brown colour of salt-damaged vegetation.

Figure 2-8:  High-tide-level shingle ramp, partly over-topping beach ridge fronting airstrip.
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2.2.2 Surveyed levels and lines

| used a Trimble R10 RTK-GPS to survey the locations of eroding spans of shoreline and vegetation
edges, the levels of the beach berm and ridgeline, flooding levels from the Fehi event, and five cross-
shore profile lines (Figure 2-2). Levels were reduced to the Lyttelton 1937 MSL vertical datum?, and
surveyed elevations are subsequently reported in relation to that datum.

Figure 2-9 plots the cross-shore profiles, along with the approximate flood level during the Fehi
event. Points to note:

=  the steep beach-face slopes (10% on both the foreshore fronting PO to P3 and on the
tidal channel bank on P3 and P4);

= the high foreshore berm elevations (4.1-4.4 m);
=  beach ridge elevations peaking at 4.8 m (P1) but as low as 3.6 m (P3);

=  surveyed flood levels from Fehi averaged 2.7 to 2.8 m along the landward side of the
grassy “common” between Catherine’s Pond and the airstrip (Figure 2-2); and

= significant spans of profile through the village lie below the flood levels surveyed,
notably towards the north-eastern end of the village.

Figure 2-10 plots the profiles of the ridge-crest, foreshore berm, and the swale containing Catherine’s
Pond, and compares these with the levels of the Fehi flooding and proposed bund. Key points are:

=  west of easting 1369260 (see horizontal scale on Figure 2-10), the ridgeline averages ~
4.8 m, which is ~ 0.5 m higher than the foreshore berm; however, there are two low
points where the crest dips below 4.1 m;

= east of this point, the ridgeline falls down into the swale that was sculpted by an old
lagoon outlet channel, generally varying between 2.3 and 3.8 m in elevation, but falling
to 1.3 m at the entrance to the walkway that was scoured-out by the Fehi overwash;

= the profile up the swale that contains Catherine’s Pond is at least as low as 0.8 m
(which was the surveyed water level of Catherine’s Pond); and

=  abund at 4.0 m (above Lyttleton MSL datum) would align with the low-points in the
high ridge-crest at the western end (so would not be particularly noticeable there) but
would be 0.5-1.5 m higher than the ridge-crest at the eastern end (so it would be a
dominant feature there).

1 The survey used the NZTM projection on the NZGD2000 datum, with vertical adjustment to the NZ2016 geoid model. A single-point
calibration was made to the LINZ bench mark EUAE (NZTM 5210433.100 North, 1369590.260 East; height 1.50 m on NZVD 2016 — see
http://apps.linz.govt.nz/gdb/index.aspx?code=EUAE for further detail) located near the monument. EUAE has height 1.789 m on the
Lyttleton 1937 MSL datum (Liam Anderson, Coastwide Surveys Ltd, pers. comm.), thus (1.789 — 1.500) = 0.289 m was added to my surveyed
heights to convert them to the Lyttleton 1937 MSL datum and align them with Coastwide Surveys’ heights mapped in Figure 2-12. From my
survey, a piece of metal pipe set in the concrete of the North corner of the monument, which appears to provide a commonly used
reference level for building, had coordinates: NZTM 5210464.031 North, 1369576.652 East; elevation 3.115 + 0.010 m above the Lyttleton
1937 datum.
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2.3 Fehisea-water flooding event

2.3.1 What happened

Former tropical cyclone Fehi made landfall on the South Island West Coast on 1 February 2018,
bringing heavy rain, strong winds, and a high sea-level. At Okarito, the wind blew in from the north,
and high waves riding in on top of a high astronomic tide and storm surge overtopped the barrier
beach, dissecting the remnants of a low foredune, and pouring sea-water into the low-lying
backshore (Figure 2-11). While some of the overwash was routed directly to the lagoon outlet
channel, and some percolated through the belt of gorse, much of the landward flow of sea water
appears to have been focussed along the walkways through the gorse, which provided low points
(notably the one immediately north of Catherine’s Pond, shown on Figure 2-7). Sea-water ponded in
the swale containing Catherine’s Pond (an Okarito lagoon outflow channel remnant), spreading along
the grassy “common” mainly to the north and, merging with further ingresses, flooding several
houses and the campground and domain and spilling through low saddles into the backshore
wetland. Figure 2-11 shows the drainage paths and flooded areas based on the visual accounts of
Okarito residents and generally aligns with my own inferences from geomorphic evidence and
surveying. As described previously, properties at levels below ~ 2.7-2.8 m (above MSL Lyttelton
datum) were flooded.

Figure 2-11: Sea-water flooding and flow paths during Fehi event. Green arrows: wave overwash; black
arrows: main salt-water flow paths. Teal-shading shows land area inundated (note: shading over houses does
not imply houses were flooded). Floodwater spilled to the wetland on left. Based on visual accounts from
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Robyn Jebson, Debbie James, Graeme Peat and John van der Loo, and supported by my field observations.
Figure drawn by Catherine Chague.

2.3.2 Possible options to mitigate sea-water flooding

From the above, the extent of village flooding during ex-cyclone Fehi was influenced by the wave
overwash, the easy access-ways into the backshore swale, the limited drainage out of the swale, and
the low floor levels of some buildings. Thus, potential mitigation measures to reduce the hazard from
similar events include:

=  abund to prevent wave overwash;

=  avoiding having low-lying walkways that provide a natural conduit for wave overwash
(e.g., by re-routing beach access along ridges or by building wooden structures over
high-points such as beach ridges or any bund that may be built);

=  improving the backshore drainage (i.e., to hasten the discharge to the wetland behind
the village, e.g., with a culvert or drain)?; and/or

= raising floor levels to be above the level of flooding expected from the current
topography and drainage potential (as indicated empirically by events such as the Fehi
flood).

These could be applied individually or in combination, since none are mutually exclusive.

2.4 The proposed bund

Following the Fehi event, WCRC proposed a bund to prevent wave overwash (Russ 2018). The
proposed location was along the present beach ridge at an elevation of either 3.5 or 4.0 m above
Lyttelton MSL datum (Figure 2-12).

My view is that the location is suitable for overwash prevention but some consideration could be
given to varying its height because:

=  even at 4.0 m high at the western end there would still be some overtopping, as
evident from the surveyed low points in the ridge (e.g., at easting 1369180 on Figure
2-10 where overwash features were observed [Figure 2-5)] at elevations above 4 m);
and

= the eastern end of the bund (i.e., fronting the airstrip) may not need to be so high
since the wave overwash falls down the backslope of the foreshore berm (e.g., see
profiles P2 and P3 on Figure 2-9).

A key question concerning the bund, however, is how long it might last before being destroyed by
shore retreat. This is addressed in the following section.

2 The ponded overwash water during Fehi was observed to flow overland into the backshore wetland, which connects to Okarito Lagoon.
This indicates that the Okarito Lagoon water levels remained low enough during Fehi to permit this drainage. Indeed, this would be
expected given that the tide in the lagoon has lower amplitude than and lags the ocean tide (Macpherson 1981); moreover, the lagoon is
not subject to the wave setup and runup that occurs on the foreshore. The swale around Catherine’s Pond effectively functions as a sea-
water flood retention pond, but its storage and discharge capacity were unable to cope with the Fehi overwash volumes before flood
damage occurred. Improving its drainage with designed structures could, therefore, help mitigate the salt-water flood risk.
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Figure 2-12: Location of the bund being considered by WCRC. Survey by Coastwide Surveys Ltd, May 2018. Elevations are in metres above Lyttelton 1937 MSL datum.

18 Analysis of shoreline movements at Okarito and implications for sea-flooding protection



3

3.1

Shoreline position analysis

Approach

Historical shoreline positions, as defined by vegetation edges, were digitised from selected?
georeferenced aerial imagery®. The area-of-interest focussed on the southern several km of Okarito
Bay and included the Okarito Lagoon outlet and the Okarito village foreshore. | also surveyed the
vegetation edge along the village foreshore on 13 March 2019 using RTK-GPS. The imagery dates
and sources are summarised in Table 3-1. All shorelines were mapped onto the NZTM projection on
the NZGD2000 datum. Less formally, use was also made of an historical map showing the circa. 1875

shore.
Table 3-1:  Dates and sources of imagery used for digitising shorelines.
Year Source Comment

1948 OPUS

1966 OPUS

1984 WCRC

2011 WCRC Ortho-imagery

2017 WCRC Ortho-imagery used as baseline image
3.2 Results

Figure 3-1, showing a time-sequence of imagery, indicates:

The lagoon outlet channel has typically stayed in a similar location over recent
decades, which relates in part to it being artificially re-opened in a similar location
whenever it closes (lan James, Okarito, pers. comm.).

The typical recent location is several 100 m north from the outlet location in 1948,
while in ~ 1875 “The Strand” ran alongside the bank of the outlet channel.

The original backshore pond (Catherine’s Pond), and its swale, predates the 1948
imagery; it is likely a vestige of the late 1800’s outlet channel. The 1966 imagery shows
that this pond was isolated from the outlet channel by vegetated beach overwash
deposits, but the 1984 imagery shows evidence of a more recent incursion by the
outlet channel (with a longer pond and a bare gravel backshore). Since then the pond
appears to have remained isolated and surrounded in vegetation.

The shore in front of the airstrip has shown net advance since 1948, while the
foreshore around the DoC carpark has gone in-and-out but has undergone net retreat
since 1948).

3 More aerial and satellite imagery is available for intermediate dates; the dates used were selected to cover time-spans long enough to
observe significant changes.

4 The georeferencing of the ortho-imagery was accurate to within £ 1 m; the uncertainty on the older imagery was greater, at ~ =5 m over
relatively low-relief areas.
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Focussing on the shoreline shifts indicated on Figure 3-2 and Figure 3-3:

=  The shore position around the DoC carpark has been ‘volatile’, ranging over a span
~ 30 m wide. It retreated rapidly by 24 m between 2011 and 2017, but since 2017 it
has been essentially stable. The 2017 and present shorelines align with the 1984
shoreline. The 2011 shoreline was the furthest seaward of any position.

=  The shore position opposite Catherine’s Pond has been similarly volatile, with ~ 24 m
of dune vegetation removed since before 2011 (the 2011 image shows partly-washed-
over dune vegetation seaward of the sharp vegetation edge, indicating that the
erosion phase commenced before then). The present shore is about midway across the
range of historical positions.

=  The shore beside the southern end of the airstrip has been accreting since 2011 (by
about 8-10 m typically) and has moved in and out over longer time spans. Conversely,
mid-way along the airstrip the shore has retreated by about 7-8 m since 2017. All along
the airstrip, the shorelines of recent decades are typically 40-60 m seaward of the
1948 shore.

= On the northern side of the outlet channel, the spit foreshore retreated by ~ 25 m
between 2011 and 2017, but this retreat extent tapers-off to the north, with a
generally stable shore indicated from about 300 m north along the spit. The inside
shore of the spit has been stable since 2011 but has shown volatility over previous
decades.

Shoreline shifts such as described above, typified by advance and retreat over tens of metres at
decadal time scales, are typical of those observed adjacent to lagoon outlets on wave-dominated
coasts. They stem from multiple causes, including:

= re-location and re-orientation of the lagoon outlet due to storms, floods, and artificial
opening

= variations in the longshore transport of beach sediment, stemming from inter-annual/-
decadal variation in the wave climate and longshore transport capacity, the supply of
beach sand and gravel by floods in rivers “updrift” to the South (notably the Waiho
River), and the periodic stalling then bypassing of the longshore drift sediment by the
outlet configuration (e.g., as observed by Hicks et al. 2016 at Neil’s Beach by the
Arawhata River mouth).

3.3 Recommendation on shoreline shift rates for planning purposes

While a net long-term retreat of ~ 0.3 m per year between 1948 and 2019 is suggested around the
DoC carpark, in reality this figure is sensitive to the first and last fixes (for example, this shore would
appear to be stable if the first fix had been 1966). Thus, my recommendation is to regard the Okarito
shore as quasi-stable in the mid-term, but subject to fluctuations of the order of + 25 m.

There remains the risk that the outlet may naturally migrate south in front of the village, as it
apparently was in the late 1800s (Figure), exposing The Strand shore to the open ocean. However,
the risk of that appears to be reduced by keeping artificial outlet openings near the wharf.
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Figure 3-1:  Selected historical imagery of Okarito from ~ 1875 to 2017. Orange and blue lines show vegetation edges in 2017 and 1948, respectively. The 1875 map was
photographed from the map in the wharf museum and shows “The Strand” running alongside the bank of the outlet channel in 1875.
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Background image: 2017

Figure 3-2:  Historical vegetation-edge shorelines at Okarito 1948-2019, with March 2017 background image.
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Figure 3-3:  Historical vegetation-edge shorelines at Okarito 1948-2019, with 1948 background image.
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3.4 Vulnerability of proposed bund to shore erosion

Locating the bund as proposed on Figure 2-12 would not place the bund in excessive jeopardy from
shore retreat, unless the lagoon outlet channel migrated southwards by several 100 m and re-
occupied the backshore swale (as it appears to have done several times historically). This is because
the shoreline plots on Figure 3-2 indicate a quasi-stable foreshore position, with the proposed bund
footprint running along the relatively narrow strip that bounds the past shoreline positions.

The southern leg of the proposed bund line coincides with the natural beach ridge and “front-line” of
defence against storm waves over-topping the beach berm, so it would undoubtedly take “hits” and
should be built and maintained accordingly.

The northern leg of the bund, fronting the airstrip, will receive some wave protection from the beach
berm on the south side of the outlet, but will be exposed to waves coming through the outlet at high
tide and also to current scour where and when the outlet channel runs beside it and when storm
wave overwash is circulating back into the outlet channel. Thus, it should be designed there to
survive these two types of process.

Locating the bund ~ 20-30 m landward from these front-lines (except where this would “crowd” the
airstrip) would serve more as a second line of defence, would require more material to build to the
same design height (as evident from cross-shore profiles P1-P3 in Figure 2-9), but would likely require
less maintenance.
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4 Analysis of waves, sea-level, and runup

4.1 Approach for estimating runup

An absolute wave runup elevation record was estimated at Okarito by combining the sea-level record
at Jackson Bay (150 km to the south) with wave runup heights estimated from deep-water wave
records hindcast off Okarito® using the runup formula of Stockton et al. (2006).

The wave hindcast was available from regionally-downscaled global wind models for the period 1
January 2008 through 2 February 2019. The grid resolution and temporal resolution of the down-
scaling model has been improved in stages, with a 12-km model grid and hourly predictions until 15
June 2014 and a 2-km model grid with 30-minute predictions thereafter. The two records were
merged into a 30-minute record by interpolating the 12-km model results at the ¥-hour.

The Jackson Bay sea-level record is of the measured sea level at Jackson Bay wharf, and so includes
the influence of astronomical tides, storm surge (including the inverse-barometer effect), and shelf-
waves. While measured above a local datum, the sea-level elevations were reduced herein to a mean
sea-level datum by subtracting the long-term mean of the record (1.890 m) from the observed
record. Data were available for the period 28 May 1998 through 3 January 2012 (every 6 minutes)
and from 15 October 2015 through 10 December 2018 (every minute®).

Because of the 3.75 year gap in the sea-level record between 2012 and 2015 and the only partial
overlap of the sea-level and wave records, | analysed two discrete periods (1 January 2008 to 1
January 2012, and 15 October 2015 to 10 December 2018) linked together. This combined record
spanned approximately 7.1 years and included ex-cyclones Fehi and Gita in February 2018. Over this
period the absolute runup was calculated every % hour using the %-hourly maximum’ sea-level at the
matching wave record time (allowing for a 10-minute phase difference between the tide at Okarito
and at Jackson Bay).

The Stockton et al. (2006) formula calculates the 2% exceedance wave runup height (above sea-
level), Rag (M), as:

Ra% = 1.1 (0.35B¢(HoLo)®S + 0.5(HoLo(0.563B¢ + 0.004))°5) (1)

where H, is the deep-water significant wave height® (m), L, is the deep-water wavelength (m), and B¢
is the foreshore slope (taken as 0.1 as surveyed at Okarito, Figure 2-9).

The Stockton formula assumes normally-incident waves, so the EurOtop (2007) “influence factor”, v,
was applied to the runup result from Equation (1) to adjust for obliquely-approaching waves. y was
determined using the formula for short-crested waves on smooth structures:

v=1-0.0022 |a] for |a| < 80° and y=0.824 for a > |80°| (2)

where a is the angle between the wave-source direction and the shore-normal® in degrees.

5 Hindcast point at -41.42578 degrees latitude and 171.67969 degrees longitude, where the water depth is 108 m.

6 Sea-level is measured continuously with a “gas-bubbler” instrument, and the 1-minute average is recorded. This “averages-out” the high-
frequency sea-level variation due to swell and storm waves (periods < 23 s on the West Coast, as indicated by hindcast analysis herein).

7 The %-hourly maximum sea level was used to capture the influence of long-period shelf-waves. At times, such “far infragravity” (FIG)
waves of probably meteorological origin (with periods of ~ 10 minutes) caused significant rises in sea-level, so sampling the 1-minute sea-
level record only every %-hour (at the times of the wave hindcasts) would have produced an aliased underestimate of their true height.

8 The significant wave-height is the average height of the 1/3 highest waves.

° The shore-normal direction at Okarito is 304° (i.e., East of North).

Analysis of shoreline movements at Okarito and implications for sea-flooding protection 25



Fehi

Absolute runup {m above MSL)

Wave runup Sea level
2
1 ‘ = t | \
{ A i 1 | . 1

0 | L

1 .,n.l.lum‘.h il J.l|.|h1|.||i.l.l.ulhln_|l.l.mlml. l...ul‘.n i L bbbt vbt Mgl
S £ £ £ = £ £ £ = £ £ £
= = = = =3 = = = = = = =
~ N N N ~ ] uTc N ) ~ N N ]
S w5 g 5 =] 5 5 & =] ~ & 5
8 8 8 2 N = = 2 & 2 2 2

[24] w [a=] 8] w =Y [=2] =l o0

Figure 4-1:  Absolute runup elevation at Okarito derived by summing runup calculated from hindcast waves and Jackson Bay sea-level record. Orange plot gives the 30-minute
running-maximum elevation of the sea without waves; blue plot shows the elevation of the 2% exceedance wave runup on the foreshore. The space between indicates the
foreshore runup height. Long gap over 2012 — 2015 due to absence of sea-level data. Short gaps in the sea-level record are marked with “G”. Note the highest absolute runup on
record occurred during ex-cyclone Fehi on 1/2/2018, which also experienced the highest sea-level on record.
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Derived runup record

Figure 4-1 (previous page) shows the derived sea-level, runup, and absolute runup records on the
Okarito foreshore.

The highest absolute runup on record (5.09 m) occurred during ex-cyclone Fehi on 1/2/2018, which
also experienced the highest sea-level on record (2.38 m) and the 2" highest runup on record (3.2
m). Figure 4-2 details the Fehi event and shows the 30-minute maximum sea-level remaining quite
high even over the low astronomical tide. The reason for this becomes clear on the Jackson Bay sea-
level record (Figure 4-3), which shows high-frequency sea-level variations of amplitude ~ 1.0 m at
periods of around 10 minutes. These are likely due to oscillations along the continental shelf excited
by the Fehi storm. Such oscillations, sometimes called far infragravity waves (FIGs) or risaga, are
actually not uncommon in the West Coast sea-level records at both Jackson Bay and Charleston (180
km north of Okarito) but their amplitude during Fehi was larger than usual.

Sea level

Wave runup
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Figure 4-2:  Absolute runup elevation at Okarito over ex-cyclone Fehi event, derived by summing runup
from hindcast waves and Jackson Bay sea-level. Orange plot gives 30-minute running-maximum elevation of
the sea without waves; blue plot shows the elevation of the 2% exceedance wave runup on the foreshore. Note
that the timescale is Coordinated Universal Time (UTC) which is 12 hours behind NZ Standard Time (NZST)
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Figure 4-3:  Sea-level record at Jackson Bay during ex-cyclone Fehi. Note the high-frequency oscillations on
top of the tidal signal. Note: sea-level is relative to a local datum, and the timescale is Coordinated Universal
Time (UTC) which is 12 hours behind NZ Standard Time (NZST).
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Figure 4-4 separates the sea-level record at Charleston during Fehi into the contributions from the
astronomical tide, storm surge, and far infragravity waves. This shows a very high astronomical tide
(3.2 m range), 0.75 m of storm surge, and FIG wave amplitudes up to 0.6-0.8 m. It was fortunate for
the West Coast, including Okarito, that both the storm surge and FIG wave amplitudes peaked near
low tide during Fehi.
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Figure 4-4:  Sea-level during ex-cyclone Fehi at Charleston. Top plot shows the measured sea-level record
(blue) decomposed into the astronomical tide (orange) and the storm surge (green). Lower plot isolates the
sea-level oscillations due to far infragravity waves (FIG waves). Note the time scale is NZST. Downloaded from
http://www.tideman.kiwi.nz/. Source: Derek Goring, Mulgor Consulting Ltd.
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4.2  Runup return-period

Annual maximum runup elevations from Figure 4-1 are listed in Table 4-1, and these were used to
estimate runup elevation return periods at Okarito. The approach involved:

Table 4-1:

ranking the annual maxima (Rmax) and assigning each an annual exceedance probability
(p) using the Weibull plotting formula, p = m/(n+1), where m is the event rank, n is the
number of record years (i.e., 7), and return period T=1/p

transforming the p values to the Gumbel extreme-value reduced variate yr, where yr
= -In(-In(1-p), and

fitting a trend-line to Rmax Vs yr, and
de-transforming the trend line to predict return period.

Runup elevation annual maxima for Okarito foreshore, 2008-2018. Note no data available 2012-

2015. The mean annual maximum over the 7 years is 4.45 m above MSL.

Year Annual maximum runup elevation
(m above MSL)

2008 4.34

2009 3.81

2010 4.27

2011 4.17

2016 4.81

2017 4.65

2018 5.09 (Fehi)

Figure 4-5 plots the data and trendline, both as a function of yr and T. A good linear fit was obtained
between Ryr and yr (R? = 0.98), with the equation Ryr = 0.449y7 + 4.234. This de-transforms to:

Rr = 4.234 — 0.449(In(-In(1-1/T))) (3)

Equation (3) was used to estimate the runup for given annual exceedance return periods (Table 4-2).
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Figure 4-5: Annual maximum absolute runup vs extreme-value reduced variate (yr) and return period.
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Table 4-2:  Absolute runup elevation by return period. Estimated using Equation (3).

Return period Absolute runup
(yr) (m above MSL)

2 4.40

2.3 4.49

5 491

10 5.24

20 5.57

50 5.99

The Fehi event has an estimated return period of 8 years, but this will be very uncertain given that it
is the largest event on a relatively short period of record. What is notable, however, is that the Fehi
data point lies on the extreme value trend shown by the other annual maxima (Figure 4-5) —so it
does not appear to be an “outlier” event (i.e., from a different population of storms). On this basis,
events of similar magnitude or larger might reasonably be expected every decade or so.

4.3 Uncertainty

A caution is that the absolute runups projected for the return periods in Table 4-2 carry unquantified
uncertainty from multiple factors, including:

= curve extrapolation;

=  the assumed alignment of the mean sea-level datum of the sea-level record with the
Lyttelton 1937 MSL datum used for the land surveying at Okarito;

=  the wave hindcast;
=  the Stockdon runup formula and its application; and
=  the short periods of record available for the analysis.

In particular, it is notable from Table 4-1 that the three highest annual runup maxima occurred in the
last three years. This could simply be due to inter-annual variability in the wave climate (e.g., with
the last three years happening to have had more energetic waves) or it may reflect systematic
differences in the data acquired for the 2008-2011 and 2016-2018 epochs. Potential systematic
influences include the change from 6-minute to 1-minute sea-level monitoring at Jackson Bay and
the change to a higher-resolution climate model with the wave hindcast. With the sea-level record,
there was only a 4 cm difference in mean sea-level between these two epochs, but the 30-minute
maximum sea-level was 9 cm higher in the latest epoch (which could be due in part to the 1-minute
record better resolving FIG waves). Also in the second epoch, the mean wave runup height increased
by 0.22 m (from 1.45 to 1.66 m), but it is unclear if this was an artefact of the higher-resolution
climate model or a true difference in wave characteristics.

These factors warrant cautious use of the figures presented in Table 4-2.

Nonetheless, the estimates of absolute runoff elevation align reasonably well (to within about + 0.2
m) with the elevation of surveyed foreshore geomorphic features. For example, the mean annual
runup elevation (4.45 m) aligns with the berm crest (Figure 2-8, Figure 2-9), and the predicted runup
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during Fehi (Figure 4-2) just exceeds the elevation of the beach ridge low points that were just
breached during Fehi (e.g., Figure 2-5 at Easting 1369180 on Figure 2-10).

4.4 Connection between wave/sea-level events and shoreline changes

| examined the runup and sea-level records in Figure 4-1 for evidence of coastal forcing of the
shoreline shifts noted in Section 3. Unfortunately, the missing sea-level record from 2012-15 hides
any link with the 25 m of erosion that occurred around the DoC carpark between 2011 and 2017.

| then examined the longshore transport potential'® developed by the hindcast wave record, which
did span this period of interest. This showed (Figure 4-6 upper plot) bi-directional but predominantly
northward wave-driven longshore transport each year (net northward transport makes up 81% of
gross transport), as anticipated. The plot of accumulated net transport over time (Figure 4-6 lower
plot) suggests a phase of more intense than usual northward longshore transport through 2014-2016
(which is shown by the steeper than average trend of the cumulative plot over this period). Okarito is
located on the northern, “downdrift” side of the Okarito headland, which acts as a groyne that
regulates the supply of beach sediment from Three Mile Beach immediately to the south (Figure 2-1).
Thus, the erosion observed between 2011 and 2017 could have been caused by the supply of beach
sediment passing the headland being less than the capacity of the waves to move sediment north
past Okarito during the 2014-2016 period of greater than usual northward transport!?.

Alternatively, or as well, the inter-annual shoreline fluctuations could relate to variations in the
coastal delivery of sand and gravel by rivers to the south.

4.5 Implications for height of proposed bund

This runup analysis and the field observations relating to the Fehi event discussed in Section 2 both
indicate potential foreshore runup higher than 4.5 m above MSL, potentially over 5 m at return
periods beyond 8 years. Thus, the proposed bund heights (3.5-4.0 m) may be too low at least along
the southern leg, which is exposed to the open ocean. The reduced exposure and Fehi experience
along the northern leg suggest a lesser height there would suffice, with a reducing height required
along the linking diagonal bund segment. This diagonal segment would serve as much as a bank to
direct overwash back northward to the outlet channel than as an overwash barrier, so its face should
be armoured appropriately.

10 The longshore transport potential was calculated using the equation of Ashton and Murray (2016) from the hindcast deep-water wave

records, using a shore-normal orientation of 304° East of North and K coefficient equal to 3.425.

11 Another interpretation of the intensifying northward transport in 2014 is that this is an artefact of the change in wave hindcast models,
with a higher temporal and spatial resolution model being used from June 2014. However, this does not explain the relative slackening in
the northward transport intensity over 2017-18 as observed on the lower plot of Figure 4-6.
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5 Advice summary

5.1 Longterm risk, likely degree of hazard exposure at Okarito

Okarito is exposed to erosion hazards from wave-induced coastal erosion and from migration of the
lagoon outlet channel. It is exposed to flooding hazards both from sea-water overwash during coastal
storms on a high sea-level and fresh-water flooding when lagoon levels are elevated by fresh-water
inflows and/or a blocked lagoon outlet. Tsunami will also create sea-water flooding and erosion
hazards. The scope of this study is confined to the wave-driven coastal erosion and sea-water
flooding hazards.

5.1.1 Erosion risk

In regard to wave-driven shore erosion, the analysis of historical shore positions indicated that the
Okarito foreshore line has been quasi-stable in the mid-term (i.e., over multiple decades) but subject
to fluctuations with amplitudes of the order of + 25 m. Such fluctuations could relate in part at least
to inter-annual variability in wave-driven longshore transport. Therefore, under the existing sea-level
regime and wave climate, | regard the risk of progressive, on-going foreshore retreat landward of the
zone of previous shoreline occupation to be relatively low.

There remains the risk that the outlet may naturally migrate south in front of the village, as it
apparently has done several times over the past 1% centuries, exposing the shore fronting the
airstrip and the Catherine’s Pond swale to the open ocean. However, the risk of that appears to be
mitigated by artificially reopening the lagoon outlet about opposite the wharf whenever it is closed
by waves.

5.1.2 Sea-water flooding by overwash risk

The absolute runup analysis indicated that flooding by wave overwash, as experienced during ex-
cyclone Fehi, might be expected about every decade or so on average. While based only on a
relatively short record of sea-level and hindcast waves, the predicted runup elevations align with
surveyed beach berm and ridge elevations and the observed flooding during the Fehi event. Thus,
the risk of similar future events is significant. A lesson from this analysis is the potential additional
increases in sea-level and storm wave runup elevation due to far infragravity waves — such FIG waves
had peak heights of order 1 m during Fehi but tend not to be considered in designs to mitigate
overtopping.

5.2 The bund proposed by WCRC

5.2.1 Longevity

A key concern with the bund proposed by WCRC is how long it would last before being destroyed by
a coastal erosion trend. As summarised in Section 5.1, there does not appear to be any long-term
trend of foreshore retreat at the Okarito south beach, so the risk to the bund would come mainly
from periodic shoreline recessions - unless the lagoon outlet channel migrated southwards by several
hundred metres and re-occupied the backshore swale that fronts the village.
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5.2.2 Location

The proposed bund location along the current beach ridge crest would not place the bund in
excessive jeopardy from shore retreat because its proposed footprint runs along the relatively
narrow strip that bounds the past shoreline positions.

The southern leg of the proposed bund line coincides with the natural beach ridge and “front-line” of
defence against storm waves over-topping the beach berm, so it would undoubtedly take “hits” and
should be built and maintained accordingly.

The northern leg of the bund, fronting the airstrip, will receive some wave protection from the beach
berm on the south side of the lagoon outlet but will be exposed to waves coming through the outlet
at high tide and also to current scour where and when the outlet channel runs beside it and when
storm wave overwash is circulating back into the outlet channel. Thus, it should be designed there to
survive these two types of process.

Locating the bund ~ 20-30 m landward from these front-lines (except where this would “crowd” the
airstrip) would see the bund serving more as a second line of defence, would require more material
to build to the same design height, but would likely require less maintenance.

5.2.3 Height

The 3.5 or 4.0 m bund heights proposed by WCRC would appear to be too low, at least for the
southern, foreshore segment, based on the evidence of surveyed beach-ridge crest-line elevations,
overwash features, and runup estimates, which indicate foreshore runup higher than 4.5 m and
potentially over 5 m at return periods of the order of 10 years. The northern segment of the bund
may not need to be so high, since the wave overwash from the foreshore falls down the backslope of
the beach berm and the function of this part of the berm would be as much to deflect the overwash
towards the outlet channel as to prevent overtopping by the remains of the overtopping surges.
However, its seaward face should be armoured to preserve this dual functionality.

5.3 Other options for managing the sea-water flooding

The extent of the sea-water flooding experienced at Okarito during ex-cyclone Fehi was influenced
by the wave overwash, the easy passage of overwash into the backshore swale provided by the
beach-access tracks through the gorse, the limited drainage out of the swale, and the low floor levels
of some buildings. Thus, potential mitigation measures to reduce the hazard from similar future
events include:

=  abund to prevent wave overwash;

=  avoiding having low-lying walkways that provide a natural conduit for wave overwash
(e.g., by re-routing beach access along ridges or building a structure over barriers such
as beach ridges or a bund);

=  improving the backshore drainage (a culvert or drain to hasten the discharge to the
wetland behind the village); and/or

= raising floor levels to be above the level of flooding expected from the current
topography and drainage potential (as indicated empirically by events such as the Fehi
flood).

None of these options are mutually exclusive: they could be applied individually or in combination.
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