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Abstract 

An analysis of multi-decadal climate-driven impacts on fluvial flood risks to the flood-prone coastal town of Kaiaua 

from frequent and extreme rainfall events under two likely future climate pathways between 2020 and 2120 yields 

significant growth in the number of existing dwellings experiencing flooding above finished floor levels. An assessment 

of individual buildings in the catchment identified a minimal number of dwellings that are influenced by coastal 

inundation at Mean High Water Springs (MHWS) prior to 2050, increasing to a balance of dwellings by 2080, and a 

majority of dwellings by 2120. The most extreme climate pathway was found to accelerate community-scale flood hazard 

growth such that the hazards to dwellings projected in 2120 under the RCP6.0 M scenario are realised by 2080 under the 

RCP8.5 M scenario, affirming the sensitivity of apparent flood hazards in Kaiaua to long-term surface temperature 

increase. The severe influence of projected sea-level rise means that relative to an optimistic coastal boundary at MHWS, 

the depth of flooding experienced by many existing dwellings during a 50% Annual Exceedance Probability (AEP) 

rainfall event in 100 years’ time will exceed the depth of flooding experienced during a 1% AEP rainfall event in the 

present climate. Climate change is driving an exponential increase in beach ridge barrier overtopping and streamflow 

retarding events in Kaiaua which may culminate in the equivalent of a 0.5% AEP storm surge which devastated the 

community in 2018 occurring on a monthly basis by 2120. A new home insurance model and a coordinated transformative 

adaptation plan will be required in the next thirty to sixty years to avoid residents losing their homes. 

 

 

1. Introduction 

1.1. Kaiaua, the Hauarahi, & the Firth 

Kaiaua is located on the western side of the Firth of 

Thames, at the northernmost point of the Hauraki District 

and Waikato Region of Aotearoa. 

The Hauarahi Stream drains a 1270-hectare 

catchment with its headwaters adjacent to the 

Mangatangi reservoir, 7 kilometres from the shore and 

430 metres above sea level in the eastern Hunua Ranges. 

It discharges to the Firth in the centre of Kaiaua, splitting 

the town into northern and southern areas with distinct 

flood dynamics. The lower two-thirds of the Hauarahi 

Stream catchment is pastoral farmland, and the upper 

third is forested. There is no publicly available gauging 

data for the Hauarahi Stream. 

Kaiaua is one of the lowest-lying coastal settlements 

in the upper North Island. It is particularly prone to 

coastal inundation from sea-level rise and is likely to be 

significantly affected by climate change prior to many 

other coastal settlements around the country. The 

coastline has been progressively modified since its 

settlement. Relict chenier ridges and mudflats were 

drained to provide tillable land, and East Coast Road was 

built along the landward side of the seaward ridge. These 

changes enabled residential development down to the 

present-day lower tide limit. 

The coastal plain at Kaiaua is around 500 m wide, less 

steep than coastal compartments to the north, with a 

relatively wide intertidal zone comprised of mixed sand 

and gravel. Kaiaua is sited on a rare and internationally 

significant (Hayward, 2013) chenier plain extending 

from Whakatiwai in the north to Waitakaruru in the 

southern Firth. The plain is a shell barrier beach system 

of thirteen relict chenier ridges which prograded from the 

Firth during the Meghalayan period of sea-level fall 

occurring roughly 3,300 to 300 years prior to Māori 

settlement in Aotearoa (Schofield, 1960; Dougherty & 

Dickson, 2012). At the time, the coast received an 

episodic supply of sediment and was sheltered by an 

embayed shoreline. As sea-levels rose through the last 



millennium, (Gehrels et al., 2008) the Kaiaua Coast has 

straightened and re-aligned in a north-south orientation 

that is far less conducive to continued progradation 

(Hume, 2020). 

The Firth of Thames is a semi-diurnal, mesotidal, 

tide-dominated system (Dyer, 1997) with mean intertidal 

spring and neap ranges of 3.3 and 2.1 metres at Kaiaua. 

It is characterised by light, low-speed winds driving 

small, short period, low-energy waves. The local beach 

has only a marginal buffer against coastal erosion and 

inundation due to its minimal sediment storage, low-

lying coastal plain, and narrow storm berm. Kaiaua beach 

is reliant on a continued supply of shell material from the 

intertidal flats in the southern Firth, sand and gravels 

from streams to the north, greywacke pebbles from the 

Hunua Ranges, and mud from rivers discharging to the 

southern Firth (Hume, 2020). 

 

Figure 1 The Hauarahi Stream depicted discharging to 

the Firth of Thames in the centre of Kaiaua. Aerial 

imagery in this and other figures in this report sourced 

from the LINZ Data Service and licensed for re-use 

under the Creative Commons Attribution 3.0 New 

Zealand license. 

1.2. Recent Flooding in Kaiaua 

Kaiaua has a documented history of extreme flooding 

from multiple sources. It is susceptible to coastal 

inundation driven by low-pressure systems lifting water 

levels and driving waves over the storm berm. It is also 

particularly prone to flooding from the Hauarahi Stream, 

which breaks its banks in events as frequent as the 50% 

AEP storm. 

1.2.1. January 1938 Event 

A coincident king tide and storm tide with an 

estimated 1% AEP lifted water levels in the Firth to 

around 2.85 m (TVD-52), flooding 350 km2 of largely 

unprotected land in the southern Firth. 

1.2.2. 10-12 January 1997 Event 

Tropical Cyclone Drena struck the Kaiaua coast 

coincident with a drop in atmospheric pressure, a high 

tide, and a large swell, inundating beachfront properties 

along the Kaiaua Coast and forcing the closure of East 

Coast Road. 

1.2.3. 07-12 March 2017 Event 

The Tasman Tempest delivered an extreme twin-peak 

rainfall event to the Kaiaua coast, with a 12-hour rainfall 

total of 225 mm and a 6-day rainfall total of 359 mm 

recorded at Mangatangi. The resulting 190 m3/s flow 

recorded at the Orere Stream gauge some 15 km north of 

Kaiaua was an estimated 1 in 220-year Average 

Recurrence Interval (ARI) (45% AEP) event. Inundation 

in Kaiaua driven by the Hauarahi was exacerbated by 

saturated antecedent conditions and a coincident 1.6 m 

spring tide (TVD-52). On 08 March, eight houses in 

Kaiaua were flooded and the town was isolated by 

extensive surface flooding which reached a depth of 1.5 

m in Puriri Road, North Kaiaua. Flooding from the 

Hauarahi was exacerbated by mangrove encroachment 

restricting the capacity of the stream near to the coast 

(Craig, 2017b). 

1.2.4. 4-14 April 2017 Event 

Ex-Tropical Cyclone Debbie made landfall in New 

Zealand on 4th April 2017, delivering 5-10% AEP event 

rainfall across the peak 48 hours of the storm to the 

southern Firth. 

A low-pressure system crossing the Tasman brought 

a further three days of heavy rainfall from 11 April, 

giving catchments no time to recover prior to the arrival 

of Ex-Tropical Cyclone Cook on 13 April. 

Telecommunications outages and road closures affected 

Kaiaua and property damage was reported to the Council 

(Craig et al., 2017a). The impacts of the storm were not 

felt as badly in Kaiaua as in other parts of the region. 

1.2.5. 05 January 2018 Event 

On 05 January 2018, a low-pressure system centred 

over the Waikato and Hauraki Districts coincided with 

king tides, causing an inverse barometer effect which 

resulted in localised sea-level rise. North-westerly winds 

blowing across a significant fetch down the Firth of 

Thames produced a heightened tide and wave runup, 

overtopping the coastal barrier ridge along the Kaiaua 

Coast. The Mangatangi gauge recorded rainfall in the 5-

10% AEP range while the Tararu gauge, located opposite 

Kaiaua on the east side of the Firth, recorded 0.5% AEP 

tide levels of 2.86 m TVD-52. Thirteen homes along the 

Kaiaua/Miranda coast were rendered uninhabitable by 

the resulting floods and a further 72 were moderately 

damaged. More than six hundred hectares of rural land 

including farms and coastal foreshore were inundated, 

suffering severe pasture and crop damage, and disrupting 

lifeline utilities with reports of road closures, power 

outages, and damage to septic systems (Hume, 2020). 

N 



 

Figure 2 Combined flooding extent in Kaiaua on 5th 

January 2018 resulting from coincident 5-10% AEP 

rainfall and 0.5% AEP storm surge events (TVNZ One 

News, 2018). Photo facing north-east along the 

coastline showing flooding along Kowhai Ave and East 

Coast Road in the foreground and the Hauarahi Stream 

channel in the background. 

1.3. Hydraulic Modelling of the Hauarahi Stream 

Catchment 

Catchment-scale hydraulic models can be used to 

analyse the changes in flood dynamics associated with 

projected changes in climate. Catchment models account 

for a range of initial conditions and continuous factors 

including rainfall profiles, rainfall-runoff methods, 

surface and vadose zone geology, antecedent soil 

moisture, infiltration capacity, snowmelt, tidal and 

boundary conditions, local depression storage, and 

hydraulic structures. 

A rapid flood hazard assessment for the lower 

Hauarahi Stream catchment was completed by the 

Waikato Regional Council in early 2020 to provide 

preliminary information to the Wharekawa Coast 2120 

Technical Advisory Group and Community Panel to 

enable a better understanding of the flood hazard posed 

by the Hauarahi Stream to Kaiaua. The modelling 

assessment found that storms as frequent as the 50% AEP 

event will cause some flooding of the town, highlighting 

the importance of understanding the effects of riverine 

flooding in conjunction with sea-level rise in adaptive 

hazard planning (Grant et al., 2013). 

This is a timely research topic given the repeat 

flooding events over the last five years and recent 

investment in a flood modelling study by the Regional 

Council. 

1.4. General Impacts of Climate Change on Coastal 

Environments 

Our climate crisis is predicted to impact coastal New 

Zealand communities by disrupting coastal processes, 

raising sea levels, and increasing the intensity and 

frequency of extreme rainfall events. These changes will 

expose coastal communities to greater levels of risk from 

fluvial and pluvial flooding as well as sea-level rise and 

storm surge events.  

Sea-level rise reduces freeboard on coastal flood-

mitigation structures, increases the influence of tides 

inland, rolls back the river ridge system, increases aquifer 

and soil salinity, enhances coastal erosion, and inhibits 

land drainage schemes. Accelerated coastal erosion strips 

coastal vegetation and exposes land beyond the seaward 

ridge to compounding coastal hazards. Variations in 

ambient temperatures, seasonal rainfall totals, number of 

wet days, and the intensity, frequency, and duration of 

large storms can accelerate stream evolution processes, 

alter antecedent soil moisture conditions, and overwhelm 

drainage networks designed for an historic climate. Each 

of these changes coalesce in the coastal environment, 

where neighbouring communities experience 

increasingly frequent disruptions and become exposed to 

more frequent and greater flood hazards. 

Accretionary progradational features like the Kaiaua 

coastal plains, which formed during an extended period 

of sea-level fall, may be particularly susceptible to the 

effects of sea-level rise. The reach of the Hauarahi 

Stream traversing the extended coastal plain has minimal 

capacity relative to upstream sections that formed 

through the historic coastal cliff west of Kaiaua that 

comprised the Kaiaua Coast during the Northgrippian 

age. Relative to other towns in the North Island, Kaiaua 

is also economically exposed to climate change-driven 

flood hazards, having been flooded multiple times in the 

last five years. The coastal plain begins to flood once 

water levels reach around 2.1 m TVD-52. 

In the coming decades, waves will begin to break 

closer to the shoreline, the Kaiaua beach ridge barrier will 

overtop more frequently, wave overwash lobes will 

extend, and stream flows into the Firth will be retarded 

more frequently. 

During the second half of the twenty-first century, 

and in coming centuries, the mean shoreline position will 

be controlled by the rising sea level and the storm berm 

is likely to retreat towards the paleo shoreline (Hume, 

2020). Continued road access to Kaiaua via East Coast 

Road will be threatened by the evolution of the coastline. 

1.5. Representative Concentration Pathways 

Future climate pathways are best understood in terms 

of the success of global agreements to reduce greenhouse 

gas emissions during the 21st century. In its Fifth 

Assessment Report, the Intergovernmental Panel on 

Climate Change (IPCC, 2014) adopted four 

Representative Concentration Pathways as projections of 

cumulative greenhouse gas concentrations relative to pre-

industrial levels (1861-1880) based on several drivers 

including population size, economic activity, lifestyle, 

energy use, land-use, technology, and climate policy. The 

RCPs correspond to certain socio-economic outcomes 

and are named after resultant radiative forcing values 

East Coast Road 

Kowhai Ave 

Kaiaua Road 



(W/m2) associated with each pathway in the year 2100. 

The RCPs will be replaced with five Shared 

Socioeconomic Pathways (SSPs) in the IPCC’s Sixth 

Assessment Report, due 2021, each of which describes 

an alternative socioeconomic development narrative 

based on relative adaptation and mitigation challenges 

(O’Neill et al., 2014). 

RCP2.6 M represents a very stringent mitigation 

pathway where annual emissions begin to decline before 

2020 and fall below 0.0 GtCO2/year by 2070 with net-

negative emissions in the following decades. Earth’s 

population peaks at around 9 billion. Global temperature 

rise is limited to less than +2.0°C by 2100. The onset of 

ice sheet instabilities is probable. The +1.5°C warming 

target set out in the United Nations Paris agreement is 

likely breached. 

RCP4.5 M represents a moderate emissions scenario 

where annual emissions increase slowly to ca. 45 

GtCO2/year by 2050 then fall to 20 GtCO2/year by 2080. 

Earth’s population peaks around 9-10 billion. Global 

temperature rise is too extreme for many plant and animal 

species to adapt. Global temperatures are more than 

likely to rise by 2-3°C by 2100. 

RCP6.0 M represents an intermediate emission-

mitigation scenario simulating initial emissions 

reductions until 2030. Global emissions then increase to 

circa 60 Gt CO2/year by 2080 before declining. Earth’s 

population peaks around 9-10 billion. 

RCP8.5 M represents a sustained high-emissions 

scenario with no effective emissions reduction achieved 

globally. Annual emissions climb above 100 GtCO2/year 

by 2080. Earth’s population reaches around 13 billion by 

2100. Some researchers now argue that this scenario is 

implausible climate pathway based on an early 

overestimation of coal outputs (Hausfather & Peters, 

2020). 

2. Objectives 

2.1. Understanding Incremental Hazard Growth 

This study addresses a common adaptive hazard 

management challenge whereby an in-depth 

understanding of the risk associated with a far-future 

scenario is undermined by a lack of understanding of the 

incremental growth of the hazard in the interim period. 

This challenge can influence community groups to defer 

mitigation and adaptation investments, particularly 

where the financial impacts of a recent event are already 

being felt. By communicating the compounding nature of 

the baseline flood hazard and its rate of change, 

community groups and territorial authorities may be 

better equipped to make informed decisions on the scale 

and timing of necessary investments in adaptation and 

mitigation measures. 

2.2. Understanding Hazard Transitions 

As sea levels rise, parts of Kaiaua are anticipated to 

flood under MHWS conditions. This study also aims to 

understand the proportion of buildings impacted by sea-

level rise over time. 

2.3. Demonstrating a Repeatable Methodology 

This study demonstrates a repeatable methodology 

that can be used to assess flood hazards to buildings in 

coastal and inland areas. This method assesses multiple 

climate pathways over a range of timescales to provide 

insights into likely flood hazards in the short-, medium-, 

and long-term. 

2.4. Equipping the Community 

Finally, this study aims to provide valuable 

information to the regional authority (Waikato Regional 

Council) and the local community. Following a detailed 

peer review, the outputs of this study may be used to 

inform the community group on the baseline and 

potential future flood risk to property in Kaiaua. The 

outputs of this study are intended as preliminary 

information to inform the Wharekawa Coast 2120 

Technical Advisory Group and Community Panel. 

Numerous coastal settlements around New Zealand and 

across the Pacific are being impacted by our changing 

climate. The lessons learnt from managing growing risks 

to our most critically impacted communities will 

contribute to the growing body of knowledge in this 

space and improve outcomes for those following behind. 

3. Methodology 

3.1. Disclaimer 

Natural hazards, particularly those projected to 

compound due to climate change, can pose a significant 

downside risk to property values and community well-

being. All unique property identifiers, descriptions of 

baseline and future hazards, small-scale flood hazard 

maps, and any other information that could be used to 

identify individual properties has been removed from this 

report. 

3.2. Hydraulic Model Review 

3.2.1. Baseline Model Specifications 

A MIKE 21 rapid flood model representing the lower 

Hauarahi Stream catchment was received from the 

Waikato Regional Council, along with model results and 

associated input data. 

 

 

 



Table 1 Hydraulic model parameters. 

Parameter Specification 

Model Extent 3,200 m x 5,500 m 

Grid Size 2 m x 2 m 

Model Area 17.60 km2 

Number of Time-Steps 64,800 

Simulation Duration 9.0 hours 

Size of Result File 5455 MB 

3.2.2. Model Downsizing 

The hydraulic model was downsized, reducing run-

times by 78%. The model extent was reduced to enclose 

only the local floodplain (7.68 km2) and the simulation 

duration was halved, excluding the drain-down period 

following peak inundation. 

3.2.3. Input Runoff Hydrographs 

Grant et al. (2020) derived a normalised runoff 

hydrograph for the Hauarahi Stream using a 41-year 

gauging record of the neighbouring Orere Stream. The 

four largest flow events observed in the record, with 

3.3% to 0.14% AEP, were normalised about their peak, 

averaged, adjusted temporally, scaled to the Hauarahi 

Stream catchment, and modified to match the estimated 

time of concentration of the Hauarahi Stream. The 

resulting normalised hydrograph was used by Grant et al. 

(2020) and again adopted for this study. 

 

Figure 3 Normalised hydrograph for use in hydraulic 

modelling, adopted from Grant et al. (2020). Y-axis: 

Q/Qp. 

Peak flow rates estimated by Grant et al. (2020) were 

used as baseline flows for the Hauarahi Stream and 

adjusted using climate factors. 

Table 2 Peak flow rates estimated by Grant et al. 

(2020). 

Design Storm Event Qpeak 

50% AEP 24 m3/s 

20% AEP 39 m3/s 

10% AEP 49 m3/s 

5% AEP 59 m3/s 

2% AEP 71 m3/s 

1% AEP 81 m3/s 

1% AEP, RCP6.0 M (2081-2100) 98 m3/s 

1% AEP, RCP8.5 M (2081-2100) 107 m3/s 

3.2.4. Tidal Boundary Data 

Tidal level information was retrieved from the 

Coastal Inundation Tool (Waikato Regional Council, 

2019). Present-day tidal levels are provided on Table 3. 

The quoted upper storm-tide elevation is comparable to 

the peak levels recorded at Tararu during the 05 January 

2018 event and in the southern Firth during the January 

1938 event. 

Table 3 Baseline tidal elevations adopted from Grant et 

al (2019). 

Sea-Level Scenario Level (TVD-52) 

MHWS 1.65 m 

Maximum Tide 1.97 m 

Storm Tide (Lower) 2.06 m 

Storm Tide (Upper) 3.08 m 

3.3. Modelling Future Climate Characteristics 

A detailed literature review identified RCP6.0 M and 

RCP8.5 M as likely future climates that may exacerbate 

flood hazards to Kaiaua. 

Temperature projections for each pathway were used 

to project incremental changes in extreme storm 

characteristics and sea levels for the 2020-2120 period. 

Scenarios representing these pathways at different 

points in the next century were modelled using coastal 

boundary elevations set out in Table 6 and runoff 

hydrographs with peak flow rates per Table 5. 

3.4. Analysis of Modelling Results 

Hydraulic model results from twenty-four modelled 

scenarios representing three extreme storm events across 

four time periods in two climate pathways were analysed 

spatially and temporally. 

Flood depth maxima were assessed in terms of 

locational relationships, temporal relationships, and the 

contribution of fluvial and coastal hazard sources over 

time. 

3.5. Limitations & Assumptions 

The initial conditions in the hydraulic model set an 

initial elevation for areas at a lower elevation than the 

coastal boundary, ensuring coastal depression areas are 

fully inundated at the beginning of the simulation. This 

approach can cause localised anomalies where local 

depressions that are disconnected from the coast are in-

filled prior to the fluvial flood wave arriving (Stephens, 

2019). 

The rainfall modifier coefficients set out in Table 5 

were not reduced to account for rainfall-runoff 

conversion losses. However, the resultant flow rates are 

comparable to extrapolated rates derived from Grant et 

al. (2020). 

The runoff hydrograph shape was not modified to 

account for climate-driven influences on storm duration 



or peakiness. It is plausible that the profile of extreme 

storm events will change over time due to climate 

change. 

Flow gauging of the Orere Stream was scaled to the 

Hauarahi Stream using the flow-scaling method by Grant 

et al. (2020) which fit the TP108, Rational, and Pearson 

(1991) methods, but did not correlate with the TM61, 

McKerchar & Pearson (1989), or Regional Flood 

Estimation Tool methods. 

No allowance was made for future land-use change in 

the Hauarahi Stream catchment in any modelled scenario.  

There is relatively high confidence in global 

temperature rise under future climate pathways and 

medium-high confidence in resultant sea-level rise, 

excluding the massive collapse of major surface-water 

bodies such as the Greenland ice sheet and the West 

Antarctic ice sheet. There is relatively low confidence in 

the resultant impacts on extreme storm intensity and 

rainfall volumes; assumptions around peak storm 

intensities are largely based on a volumetric increase in 

the moisture-carrying capacity of the atmosphere at 

elevated temperatures.  

4. Results 

4.1. Deriving Future Climate Characteristics 

4.1.1. Ambient Temperature Change 

Regional projections of ambient temperature rise 

were derived from Mullan et al. (2018) projections for 

the RCP4.5 M and RCP8.5 M pathways. 

Table 4 Ambient temperature change projections above 

the 1986-2005 baseline for the RCP6.0 M and RCP8.5 

M pathways. 

Year RCP6.0 M RCP8.5 M 

2020 0.42°C 0.46°C 

2030 0.60°C 0.75°C 

2040 0.80°C 1.10°C 

2050 1.00°C 1.48°C 

2060 1.22°C 1.88°C 

2070 1.44°C 2.29°C 

2080 1.66°C 2.70°C 

2090 1.90°C 3.10°C 

2100 2.14°C 3.47°C 

2110 2.40°C 3.80°C 

2120 2.66°C 4.08°C 

4.1.2. Runoff Hydrographs 

Future climate runoff hydrographs were derived from 

the Grant et al. (2020) normalised present-day 

hydrograph and climate change rainfall modifier 

coefficients from Carey-Smith et al. (2018) for 9-hour 

duration storms in New Zealand.  

Table 5 Climate Change Rainfall Modifier Coefficients. 

Derived from Carey-Smith et al. (2018). 

Temperature Rise 50% AEP 10% AEP 1% AEP 

0.50°C 104.6% 105.1% 105.4% 

1.00°C 109.2% 110.2% 110.8% 

1.50°C 113.7% 115.2% 116.2% 

2.00°C 118.3% 120.3% 121.6% 

2.50°C 122.9% 125.4% 127.0% 

3.00°C 127.5% 130.5% 132.4% 

3.50°C 132.0% 135.5% 137.8% 

4.00°C 136.6% 140.6% 143.2% 

4.50°C 141.2% 145.7% 148.6% 

Table 6 Peak flow rates for the modelled storm events 

under the RCP6.0 M and RCP8.5 M pathways. 

Design Storm RCP6.0 M RCP8.5 M 

2020 

50% AEP 24.9 m3/s 25.0 m3/s 

10% AEP 51.1 m3/s 51.3 m3/s 

1% AEP 84.6 m3/s 85.0 m3/s 

2050 

50% AEP 26.2 m3/s 27.3 m3/s 

10% AEP 54.0 m3/s 56.4 m3/s 

1% AEP 89.8 m3/s 93.9 m3/s 

2080 

50% AEP 27.7 m3/s 29.9 m3/s 

10% AEP 57.3 m3/s 62.4 m3/s 

1% AEP 95.6 m3/s 104.7 m3/s 

2120 

50% AEP 29.8 m3/s 33.0 m3/s 

10% AEP 62.2 m3/s 69.3 m3/s 

1% AEP 104.2 m3/s 116.7 m3/s 

4.1.3. Coastal Boundary elevations 

Coastal boundary elevations at MHWS were derived 

from likely median sea-level rise increments for the 

selected future climate scenarios (Bell et al., 2017).  

Table 7 Coastal boundary elevations in Kaiaua under 

RCP6.0 M and RCP8.5 M pathways (m TVD-52). 

Year RCP6.0 M RCP8.5 M 

2020 1.652 m 1.652 m 

2030 1.704 m 1.712 m 

2040 1.765 m 1.772 m 

2050 1.817 m 1.842 m 

2060 1.878 m 1.922 m 

2070 1.940 m 2.012 m 

2080 2.001 m 2.112 m 

2090 2.073 m 2.232 m 

2100 2.134 m 2.352 m 

2110 2.196 m 2.492 m 

2120 2.257 m 2.622 m 
 

Bevan & Litchfield (2012) found that present-day 

inter-seismic land subsidence rates average circa 2 mm 

per year throughout New Zealand relative to 4 mm per 

year along the Hikurangi subduction zone and 0 mm/year 



around the Firth of Thames. Future climate sea-levels 

were not modified to account for vertical land movement. 

4.2. Modelling Future Climates 

To understand climate change impacts relative to 

projected timeframes, model scenarios were developed 

for the RCP6.0 M and RCP8.5 M pathways in 2020, 

2050, 2080, and 2120. 

4.2.1. Coastal Inundation due to Sea-Level Rise 

Kaiaua will be progressively impacted by sea-level 

rise driven by climate change. The number of dwellings 

experiencing flooding above surrounding finished 

ground levels are projected to rise exponentially relative 

to an increase in ambient temperature. 

Table 8 Number of dwellings experiencing flooding 

above finished ground level from coastal inundation at 

MHWS. 

Year RCP6.0 M RCP8.5 M 

2020 0 0 

2050 5 6 

2080 18 40 

2120 80 127 
 

The range of coastal boundary levels included in the 

study are shown on Figure 4. 

 

Figure 4 Kaiaua coast. Areas below present-day 

MHWS (1.652 m) in cyan, below the 2120 RCP8.5 M 

pathway MHWS (2.622 m) in navy blue, and below the 

peak water level experienced in January 2018 (2.86 m) 

in grey. Existing dwellings sited on ground lower than 

2.622 m shown in black. 

Peak flood depth maps from all 24 model simulations 

are provided below (Figures 5 & 6). Results are 

reproduced using the same symbology as in Figure 4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

 
 

 

Figure 5 RCP6.0 M 1%, 10% and 50% AEP flood depth maps. 2020, 2050, 2080 and 2120 scenarios. 

RCP6.0 2020, 50% AEP RCP6.0 2020, 10% AEP RCP6.0 2020, 1% AEP 

RCP6.0 2050, 50% AEP RCP6.0 2050, 10% AEP RCP6.0 2050, 1% AEP 

RCP6.0 2080, 50% AEP RCP6.0 2080, 10% AEP RCP6.0 2080, 1% AEP 

RCP6.0 2120, 50% AEP RCP6.0 2120, 10% AEP RCP6.0 2120, 1% AEP 



 
 

 
 

 
 

 

Figure 6 RCP8.5 M 1%, 10% and 50% AEP flood depth maps. 2020, 2050, 2080 and 2120 scenarios. 

RCP8.5 2020, 50% AEP RCP8.5 2020, 10% AEP RCP8.5 2020, 1% AEP 

RCP8.5 2050, 50% AEP RCP8.5 2050, 10% AEP RCP8.5 2050, 1% AEP 

RCP8.5 2080, 50% AEP RCP8.5 2080, 10% AEP RCP8.5 2080, 1% AEP 

RCP8.5 2120, 50% AEP RCP8.5 2120, 10% AEP RCP8.5 2120, 1% AEP 



5. Discussion 

5.1. Flood Dynamics in North Kaiaua 

Flooding in North Kaiaua is driven by overtopping 

flows from the true left bank of the Hauarahi Stream at 

the intersection of Puriri Ave and Pohutukawa Ave.  

 

Figure 7 North Kaiaua road layout. 

Runoff ponds behind the East Coast Road 

intersection, atop the landward side of the storm berm, 

and spills into remnant valleys in the north. The northern 

valleys pond to the same level in more extreme events, 

causing runoff to spill over East Coast Road and onto the 

beach. 

 

Figure 8 Puriri Ave flowpath long-section. Peak water 

surface elevations in the RCP6.0 M 2120 scenario 1% 

AEP storm event in blue. Y-axis: elevation (TVD-52). 

X-axis: distance (m). 

The hazard profile of an unnamed dwelling in North 

Kaiaua (Figure 9) shows present-day flood depths of 250 

mm (50% AEP), 600 mm (10% AEP) and 800 mm (1% 

AEP) increasing through time. The effect of climate 

change on the resultant 1% AEP flood hazard is minimal, 

with peak depth increasing at an average rate of 9 mm 

and 13 mm per decade under the respective RCP6.0 M 

and RCP8.5 M pathways. A far greater change is 

observed however in the 50% AEP storm depth which 

doubles within the century under the RCP6.0 M pathway 

and quadruples under the RCP8.5 M pathway. 

 

Figure 9 Modelled peak water depths above finished 

ground level to an existing dwelling in North Kaiaua. 

The cause of the steep increase in flooding under 

frequent storm events beyond 2050 is not immediately 

apparent until considering the peak water surface 

elevation across the dwelling. The finished ground level 

surrounding the dwelling in question is approximately 

2.0 m TVD-52. Considering instead the peak water 

surface elevation across the building, the influence of the 

coastal boundary level on flood hazards resulting from 

frequent storm events is observed to increase on a decadal 

timescale. A key inference from Figure 10 is that the 

dwelling in question will experience increased flood 

depths beyond 2050 in any spring tide higher than the 

MHWS level. 

 

Figure 10 Modelled peak water levels to an existing 

dwelling in North Kaiaua relative to the modelled 

coastal boundary water level. 

The effect of the coastal boundary level is negligible 

at the higher elevated, landward side of North Kaiaua 

nearest the Hauarahi Stream. Figure 11 indicates the 

dominance of the fluvial component in determining flood 

outcomes in this part of the town through the next 100 

years. In this case there is a negligible difference between 

the two climate pathways. 
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Figure 11 Peak water surface elevations across an 

existing dwelling near the Hauarahi Stream in North 

Kaiaua. 

5.2. Flood Dynamics in South Kaiaua 

The relative proximity of Puriri Ave to the Hauarahi 

Stream floodplain and minimal associated depression 

storage causes properties in North Kaiaua to flood up to 

30 minutes sooner than properties in South Kaiaua. 

Figure 12 shows the propagation of flood waves through 

North and South Kaiaua at different timesteps in the 

simulation. 

 

Figure 12 Lower Hauarahi Stream flooding at 01:40, 

02:45, 03:20, 04:30 timesteps. 

Flooding in South Kaiaua is driven by overtopping 

flows from the true right bank of the Hauarahi Stream to 

the west of Puriri Ave. A large proportion of the 

overtopping flow is attenuated in local depressions north 

of Lipscombe Road or conveyed towards the coast via the 

local roads. The remainder of the flow enters Lipscombe 

Road adjacent the Kaiaua Community Hall, running 

along Kowhai Ave and discharging into the southern 

coastal plain some 800 metres downstream of its 

diffluence from the Hauarahi Stream. 

 

Figure 13 South Kaiaua road layout. 

 

Figure 14 Lipscombe Road/Kowhai Ave long-section. 

Peak water surface elevations in the RCP6.0 M 2120 

scenario 1% AEP storm event in blue. Y-axis: elevation 

(TVD-52). X-axis: distance (m). 

A dwelling sited at a low elevation in South Kaiaua 

(Figures 15 & 16) yields present-day flood depths of 0 

mm (50% and 10% AEP) and 250 mm (1% AEP) 

increasing through time. The 1% AEP flood hazard 

increases at a low rate of 10 mm per decade between 2020 

and 2080, comparable to many dwellings in Kaiaua 

North. Beyond 2080, the impacts of sea-level rise are 

observed overtopping the beach ridge barrier and 

influencing far higher peak water levels in all storm 

events. By 2120, under the RCP8.5 M pathway the 

coastal inundation factor dominates the flood outcome to 

the point that the 1%, 10%, and 50% AEP peak water 

levels are equivalent. Similarly, we would expect the 

peak water levels of these events to converge by 2140 

under the RCP6.0 M pathway, or earlier than 2120 if 

modelled with a more extreme coastal boundary. By far 

the greatest rate of change is observed in the 50% AEP 

depth which increases at a rate of 90 mm per decade from 

2050 to 2120 under RCP8.5 M and at 65 mm per decade 

from 2080 to 2120 under RCP6.0 M. At this point in the 

late century the dwelling in question will experience 

frequent and repeated flooding events due to tidal 

fluctuations, regardless of fluvial inputs. 
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Figure 15 Modelled peak water depths above finished 

ground level to an existing dwelling in South Kaiaua.  

 

Figure 16 Peak water surface elevations across an 

existing dwelling in South Kaiaua relative to the 

modelled coastal boundary water level. The rapid rate 

of sea-level rise projected in the late 21st century will 

dictate flood hazards to many dwellings in South 

Kaiaua. 

5.3. Flood Levels Relative to Finished Floors 

The approximate freeboard heights of all accessible 

dwellings were recorded by observation during a site 

investigation at Kaiaua. Peak flood depths relative to 

approximate finished floor levels were derived for all 

dwellings (Figure 17). As freeboard heights were 

measured by observation from the public road there is a 

very high level of uncertainty in the results presented on 

Figure 17. 

 
 

 
 

 

Figure 17 Flood depths above finished floor levels of 

existing dwellings in Kaiaua resulting from 1%, 10%, 

and 50% AEP storm events occurring in 2020, 2050, 

2080, and 2120. Results resemble an exponential decay 

shape. X-axis: Number of dwellings exceeding specified 

flood depth, Log10 scale. Y-axis: peak flood depth. 

These findings indicate a significant increase in 

community-scale flood hazard will occur between 2020 

and 2080, which will be overshadowed by any events 

where sea levels exceed 2.3 m TVD-52. On a community 

level, the number of dwellings frequently experiencing 

significant flooding above finished ground level and 

finished floor level will increase rapidly towards the end 

of the century. Furthermore, the climate pathway 

followed will largely dictate the remaining time for 

community-scale intervention. The RCP8.5 2120 

scenario results in flood depths an order of magnitude 

higher than other scenarios due to the volume of water 

crossing the beach ridge barrier from the coastal 

boundary being orders of magnitude higher at 2.622 m 

TVD-52 than at 2.257 m TVD-52. Per Tables 9 and 10 

the respective flood impacts caused by RCP8.5 M in 



2050 and 2080 are comparable to those caused by 

RCP6.0 M in 2080 and 2120. 

Table 9 Number of buildings experiencing at least 200 

mm flooding above finished ground level in each 

scenario. 

Year RCP6.0 M RCP8.5 M 

AEP 1% 10% 50% 1% 10% 50% 

2020 50 26 5 50 26 5 

2050 53 33 6 56 35 7 

2080 60 39 10 67 46 21 

2120 73 53 40 133 121 109 

Table 10 Number of buildings experiencing at least 200 

mm flooding above finished floor level in each 

scenario. 

Year RCP6.0 M RCP8.5 M 

AEP 1% 10% 50% 1% 10% 50% 

2020 12 4 0 12 4 0 

2050 13 5 0 14 5 0 

2080 14 8 0 16 9 2 

2120 16 11 6 30 25 25 

5.4. Drivers of Flood Hazards 

An analysis of the modelled flood hazard profiles to 

every existing dwelling in Kaiaua yields information on 

the proportional influence of fluvial flooding and coastal 

inundation on Kaiaua at a community scale. Under both 

the RCP6.0 M and RCP8.5 M pathways, the proportion 

of flood-prone dwellings influenced by coastal 

inundation at MHWS increases from near-zero in 2050 

towards most existing dwellings in 2120. The necessary 

approach to any long-term adaptive hazard planning for 

Kaiaua must therefore address coastal inundation 

hazards. 

 
 

 

Figure 18 Proportion of flood-impacted dwellings in 

Kaiaua experiencing at least 200 mm flooding above 

finished ground level. 

Storm-tide events derived from the Tararu gauge 

were adapted from Stephens (2019) for two future 

climate pathways. Figure 19 indicates that the frequency 

of coastal inundation events will increase dramatically as 

sea levels rise. 

 

Figure 19 Expected number of storm-tide events within a 10-year monitoring period at Tararu tide gauge, including projected 

change relative to RCP6.0 M and RCP8.5 M. The plotted sea-level elevations are the 15-minute-averaged storm-tide elevations 

at the time of high tide and do not include infragravity wave effects. The sea-level elevations include the 1998-2017 MSL, 

which was 0.05 m TVD-52. Present-day and RCP8.5 M 2120 MHWS elevations in green. Adapted from Stephens (2019). 



The 0.5% AEP storm surge event (2.86 m TVD-52) 

which occurred on 05 January 2018 is projected to 

become a 10% AEP event by 2120 under the RCP6.0 M 

pathway, or a monthly occurrence under the RCP8.5 M 

pathway. Accordingly, the frequency of events able to 

overtop the Kaiaua beach ridge barrier, around 2.4 m 

TVD-52, will increase exponentially. The cumulative 

impacts of climate change on sea-level rise will make 

coastal inundation events at Kaiaua a common 

occurrence by the end of the century. 

5.5. Guidance for Adaptive Hazard Planning 

The effects of climate change on flood hazards can 

emerge as an extreme shock, or as an increasingly 

persistent and continuous impact (Storey et al., 2020). In 

present-day Kaiaua, the effects of historic climate change 

manifest as a persistent and continuous impact through 

increasing rainfall intensity and gradual sea-level rise. 

However, over time rising sea levels will exponentially 

increase the frequency of beach ridge barrier overtopping 

events and streamflow retarding events. Storey et al. 

(2020) anticipates that coastal communities in Auckland 

may begin to experience partial insurance retreat as soon 

as 2032, and full retreat before 2050, lagging only 

Wellington and Christchurch which have smaller inter-

tidal ranges. Kaiaua may be one of the first towns in the 

upper North Island to experience insurance retreat 

resulting from its combined hazard exposure from the 

Hauarahi Stream. A switch from incremental to 

transformational adaptation will likely be required prior 

to 2080 to preserve the inherent social, cultural, and 

economic value of the community. 

Simply raising building floor levels to account for 

rising flood waters will not mitigate this multi-hazard 

scenario at a community scale. Per Figure 15 community-

scale inundation hazards in Kaiaua are projected to 

compound exponentially towards the end of the century, 

reducing the viability of investments in raising the floor 

levels of existing buildings. Frequent disruptions to 

community services and public access will 

disproportionately impact elderly and mobility impaired 

members of the community. 

As multi-source coastal hazards evolve, house & 

contents insurers will retreat from the coast. Initially this 

will resemble partial retreat, where premiums rise based 

on specific hazard factors following the decoupling of 

cross-subsidised high- and low-risk policies. In the long 

term, insurance policies simply may not be available, 

which will increase the downside risk to property values 

and adversely impact on the retirement savings of the 

community (Storey et al., 2020). This effect will impact 

existing and prospective coastal property owners equally 

as mortgages are re-fixed within a 60-month cycle 

conditional on the availability of insurance. This outcome 

adds a significant cost to the “do nothing” option 

however it should be recognised that an investment in 

community-scale transformational adaptation measures 

does not mitigate the risk of insurers retreating from the 

coast. Under our minimally regulated property insurance 

regime insurers presently have no obligation to offer 

coverage to high-risk properties nor are they required to 

disclose the reasons for declining coverage. 

6. Conclusions 

The low-lying coastal town of Kaiaua has 

experienced extreme flooding from the Hauarahi Stream 

and the Firth of Thames at many points in its history. The 

projected impacts of climate change will increase the 

severity and frequency of flooding in the town by 

increasing the likelihood of elevated coastal water levels, 

bringing more intense rainfall events, and saturating the 

coastal plain. From 2050 onwards, coastal inundation 

will be a significant contributing factor to the apparent 

hazards impacting most flood-prone properties in Kaiaua 

under MHWS. 

Both future climate pathways assessed in this study 

are projected to significantly increase flood hazards to 

existing dwellings in Kaiaua. For the small number of 

properties in central Kaiaua which are more than 1 metre 

above the present-day MHWS, climate change is 

predicted to bring only a minor increase in flood hazards 

over the next century. However, all dwellings within 1 

metre of the present-day MHWS will become exposed to 

greater flood hazards at a greater frequency than in the 

present day. 

This study identifies significant differences between 

the community-scale hazard exposure generated by the 

RCP6.0 M and RCP8.5 M climate pathways throughout 

the next century. By 2120, the difference between the two 

pathways could mean the difference between 

withstanding a significant inundation event every ten 

years, or every month. Global efforts to reduce emissions 

will largely dictate the future viability of day-to-day life 

in Kaiaua and for many similar coastal communities in 

Aotearoa. 

Beyond the hazards posed to the community by 

natural hazards, many residents are at risk of losing their 

homes in the absence of coordinated action in the next 30 

to 60 years. 

7. Opportunities for Future Research 

This study is a simplified assessment of the impacts 

of climate change on fluvial flood hazards on Kaiaua 

under MHWS conditions. 

Further research should be conducted to understand 

the sensitivity of the model to independent input 

variables including peak runoff rate and coastal boundary 

elevation. The resulting metric could be used to classify 

the relative contribution of fluvial and coastal sources to 

community-scale flood hazard. 



Additional future scenarios could be modelled 

incorporating anticipated development and land-use 

changes in the catchment to understand how changes in 

land cover and drainage connectivity may influence 

flooding outcomes in the lower catchment. 

Similarly, further researchers could consider 

exploring model simulations using calculated storm 

surge elevations as boundary conditions or the alternative 

climate pathways RCP2.6 M, RCP4.5 M, and RCP8.5 H+ 

(83rd percentile). 

Researchers could also install and monitor 

streamflow and rainfall gauges within the Hauarahi 

Stream catchment to calibrate the hydraulic model and 

provide certainty to the community group. Doing so 

would reduce reliance on flow scaling from the Orere 

catchment. Streamflow gauge data, along with tidal 

records from the Tararu gauge, could be the starting point 

for an early warning system for the community. 

Researchers could consider undertaking a Natural 

Flood Management opportunity identification process 

and weighting the costs and benefits of small-scale 

interventions throughout the upper and middle reaches of 

the catchment against traditional lower-catchment 

interventions. 

To balance the probabilities, a further developed 

model could simulate flooding in Kaiaua using a dynamic 

coastal inundation model with the peak coastal boundary 

level coinciding with the peak of the Hauarahi Stream 

flood wave instead of a bathtub with static water levels. 

A review of building consent plans and a site survey 

of finished floor levels and surrounding ground levels 

should be undertaken to ground truth the modelled 

ground surface and ensure freeboard heights of existing 

dwellings are accurately represented in all scenarios. 

Following a detailed peer review of this study, 

researchers or the Waikato Regional Council could 

develop a digital hazard response platform through GIS 

to give members of the community access to flood maps 

and animations and other information pertaining to the 

baseline and future hazards to their properties. 

Finally, a groundwater modelling exercise could be 

completed to understand the possible range of impacts of 

sea-level rise on groundwater flooding and aquifer 

salinisation, which could also threaten continued 

settlement at Kaiaua. 
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