
  

Storm Surge and Beach 

Response in Southern New 

Zealand with Climate Change 

Considerations 

 

Ryan J. Adam 
 

 

 

A thesis summitted in partial fulfilment of the degree of 
 

Master of Science in Geography 
 

University of Otago, Dunedin, New Zealand 
 

 

5th July 2019 

 



 

 ii 

  



 

 iii 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Sea absolutely hissing off the St Clair sea wall during a May 2015 storm event. Photo 
Gerard O’Brein, ODT 26/05/15.  



 

 iv 

Abstract 
 

 

 

 

 

 

There is $22 billion (NZD) of coastal infrastructure in New Zealand, situated within 1.5 m 

elevation of spring high tide. In southern New Zealand alone, there are 4,000 homes, 13,000 

people and 174 km of roading infrastructure susceptible to the positive feedbacks associated 

with climate change, most notably rising sea levels and intensification of storm events. This 

research examines the frequency and magnitude of storm surge and beach response to storm 

events in southern New Zealand. There is little understanding regarding storm surge in New 

Zealand and even less is understood in the southern region. Additionally, the research details 

the influence of climate change on the frequency and magnitude of storm surge and coastal 

resilience to rising sea levels. Ocean Beach, Dunedin is examined due to the amenity value and 

the protective role that the beach system provides to the densely populated South Dunedin 

community.  

 

Extreme value analysis was applied to 21 years of sea level records, from three offshore sites 

around southern New Zealand, to determine the frequency and magnitude of storm surge. The 

‘extRemes’ package in R was developed in 2018, specifically for short data sets. Beach 

response to storm events was explored through a comprehensive observational data set at 

Ocean Beach; determined by the examination of an array of meteorological, morphologic and 

oceanographic data sets. Probabilistic models and trend analysis was then applied to processes 

associated with storm surge to explore any increasing trends to date, and used to form 

predictions of what may occur with future climate change scenarios.   

 

In southern New Zealand a one-in-one hundred-year storm surge event is between 0.91 m 

(Green Island) and 0.95 m (Dog Island). In comparison,  the frequency and magnitude of storm 

surge is larger on the south west coast, with a one-in-one hundred-year event approximately 

1.31 m. Nearly five years of data is missing from the Jackson Bay data set, thus the results 
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must be interpreted with caution. No association between Southern Oscillation Index  and the 

frequency and magnitude of storm surge in southern New Zealand is evident. 

 

Storm ‘clustering’ and the coincidence of high storm surge with spring high tide are the primary 

causes of ‘significant’ erosion and management issues at Ocean Beach. The winter periods of 

2007, 2009 and 2015 all resulted in ‘significant’ erosion at Ocean Beach, requiring remedial 

works by local authorities, including beach nourishment and expensive beach armouring. The 

cost of this work since 2007  is estimated to be in excess of $2 million dollars. Multiple storm 

events occurred in each of these three years,  with little time for beach recovery between storms. 

In addition, the total surge intensity for all three years was between 30 – 460% higher than 

years where significant erosion did not occur. The duration of storm events in erosion years 

was the cause of the larger storm intensity and produced surges greater than 0.4 m. The years 

2007, 2009 and 2015 also produced multiple storms coinciding with spring high tide, 

increasing the total water level above mean sea level. 

 

The likelihood of an event where spring high tide, large offshore wave heights, and high storm 

surge occurs simultaneously has increased since 2003, and is predicted to continue increasing 

in the future.  Such events contribute to erosion at Ocean Beach. Furthermore, since 2003 storm 

surge intensity, intense extra-tropical cyclonic events, and increased offshore wave energy has 

increased, probably as a result of climate change. Consequently, erosion will likely occur more 

frequently and with more intensity along the Ocean Beach coastline. Coastal  retreat is 

inevitable.  

 

To mitigate the impacts of climate change in the southern New Zealand coastal environment, 

future-focused and adaptive coastal management is required. This implies allowing for coastal 

retreat in some instances, and restoring the dynamic interplay between land and sea where 

possible, by avoiding ‘hard’ engineering structures.  
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1. Introduction 
 

 

 

1.1. Overview 
 

Storm surge is defined as the departure of sea level from the predicted tidal oscillation 

(Nirupama, 2013). It is a phenomenon caused by the combination of several oceanographic, 

meteorological and morphological processes which generate elevated sea levels and storm 

waves to occur over a range of spatial and temporal scales (Figure 1.1). Consequently, a surge 

can be either positive (raised sea level) or negative (depressed sea level), (de Lange and Gibb, 

2000).  Storm surge affects coastal environments differently, depending on the characteristics 

of a location, such as beach slope, width and length, nearshore morphology and beach 

orientation (Danard et al, 2003; Olbert and Harnett, 2010; Nirupama, 2013).  

 

Storm surge is characterised by three key components; wind set up (the wind stress on ocean 

surface which enhances wave run up), barometric pressure (the inverse relationship between 

pressure and eustatic sea level), and wave set up (the storm waves/swell pilling up against the 

coast) (Danard et al, 2003; Lane et al, 2009). Therefore, storm surge is driven by atmospheric 

forcing, directly through the pressure effect, and indirectly, through the action of wind over 
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water (Pye and Blott, 2008; Nirupama, 2013). The secondary factors that affect the impact of 

storm surge include; tidal regimes (e.g. spring tides), near shore bathymetry, global 

teleconnections such as El Nino Southern Oscillation (ENSO) and the Interdecadal Pacific 

Oscillation (IPO), and coastal defence structures (Walters et al, 2001; Wijeratne et al, 2012; 

van Slobbe et al, 2013; Cooper and Pile, 2014; de Winter and Russink, 2017).  

 

 

 
Figure 1.1: The components of storm surge and relevant operations on spatial and temporal scales. 
Source, McInnes et al. (2016). 

 

The relationship between pressure and sea level is the primary component of storm surge. If 

barometric pressure decreases by one hectopascal (hPa), eustatic sea level rises one centimetre 

as a response (de Lange and Gibb, 2000; McInnes et al, 2016; Chaumillon et al, 2017). 

Cyclonic activity is associated with low pressure systems, which results in an increase in sea 

level as per the inverse relationship and the associated increase in wave height and wind speeds. 
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Given the average pressure in New Zealand being 1014 hPa, the total barometric set up will be 

the departure from this value.    

Wave set up is the build-up of storm waves against the coast causing sea level to increase at 

the coast (Holden, 2012; Stephens and Bell, 2015; Chaumillon et al, 2017). Wind set up is 

caused by wind stress pushing masses of water towards the coast and inland in some cases (de 

Lange and Gibb, 2000; Stephens and Bell, 2015; Chaumillon et al, 2017). Breaking waves at 

the coast and onshore wind combine to create wave run up (Figure 1.2). Storm tide is the 

combination of a spring tidal sequence (i.e. spring tide and storm surge), which is superimposed 

on tidal oscillation at a given point in time (McInnes et al, 2007).  

 

 

There is a general consensus in the scientific community that storminess will increase globally 

(Bouwer and Jonkman, 2018). Given increasing coastal populations and development (Defeo 

et al, 2009), understanding the nature of storm surge is important for effective coastal 

management. Storm surge research in New Zealand has been minimal to date, partly because 

of the lack of open water tide gauge and porous existing data records, but also partly due to the 

lack of analysis of existing data.  

 

For coastal processes to operate naturally, significant space is required, known as a dynamic 

zone (Carboni et al, 2009; Wainwright et al, 2014). Dynamism is important in the coastal 

setting for ecosystem health and to protect the hinterland (Pye and Blott, 2008; Fatorić and 

Figure 1.2:  Schematic diagram illustrating components of storm surge. Not to scale. 
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Chelleri, 2012; Arens et al, 2013; Doody, 2013; Walker et al, 2013; Nordstrom et al, 2016). 

Globally, coastal development is increasing, encroaching on this dynamic zone, creating the 

‘coastal squeeze’ (Church et al, 2009; Defeo et al, 2009). Consequently, understanding coastal 

processes in the case of storm surge, and how climate change will affect storms surge, is vital 

for successful coastal planning and decision making (McFadden, 2008; Bernatchez et al, 2011; 

Johnston et al, 2014; Scarelli et al, 2017). 

 

The ‘coastal squeeze’ is an emerging phenomenon where a contest arises between natural 

processes, coastal infrastructure and populations (Ledoux et al, 2005; Church et al, 2009; 

Defeo et al, 2009; Esteves, 2013; Cooper and Pile, 2014; Burvingt et al, 2017). Coastal 

development encroaching on the coastal system (i.e. the removal of dunes for housing 

development) supresses the natural dynamics of a sandy coastal system and causes the ‘coastal 

squeeze’. The dynamic envelope describes the zone of which coastal morphologies fluctuate 

in the short to medium timeframe (Maspataud et al, 2009). Accommodation space is required 

long term however, for shorelines to transgress seaward or landward in response to changes in 

coastal forcing’s such as sea level rise and increased storminess (Nordstrom and Jackson, 

2013). Thereby, accommodation space alleviates the coastal squeeze.  

 

In the global context, 2.6 million people are said to have perished as a direct result of storm 

surge over the preceding 200 years. Despite this, the density of coastal populations around the 

world continues to increase (Brecht et al, 2012). An estimated 10% of the world’s population 

or 634 million people reside in low lying coastal areas (Horstman et al, 2009; Nicholls and 

Cazenave, 2010; Schupp et al, 2013; Wang et al, 2012), making coastal areas the most densely 

inhabited and developed land zone in the world (Ranashinghe, 2016).  

 

In New Zealand, 65% of the population lives within five kilometres of the coast (Glavovic et 

al, 2014). In total 85% of New Zealand’s population resides within five kilometres of the 

coastal zone (Lawrence et al, 2018). This highlights not only the environmental, but also the 

social implications of coastal hazards. There is $22 billion dollars of coastal infrastructure and 

133,265 people that live within 1.5 m elevation of MHWS (Ministry for the Environment, 

2017).  
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In Otago (biggest region affected in southern New Zealand), there are nearly 4,000 homes, 

12,595 people and 174 km of roading all lie within 1.5 m elevation of mean high-water spring 

tide, based on the 2013 census (Ministry for the Environment, 2017).  Considering sea level 

rise projections and population growth, the New Zealand situation will only deteriorate, 

therefore, justifying this course of research to understand the storm surge processes. 

Accordingly, there is a need to understand the effects of storm surge and sea level rise, to 

protect coastal populations and infrastructure.  

 

There is little understood regarding the frequency and magnitude of storm surge in the wider 

New Zealand setting but more specifically in the southern New Zealand context. Superior 

understanding is required, given the large coastal populations and ‘susceptibility’ of southern 

New Zealand to the impacts of coastal hazards such as sea level rise and storm surge. 

Enhancing the understanding of storm surge magnitude and frequency is the principal aim of 

this research, potentially leading to more effective coastal management in southern New 

Zealand.  

 

 

1.2 Research Aims 
 

The aim of this research is to increase the understanding of storm surge and beach response in 

New Zealand, with a particular focus on Southern New Zealand. The research will be based on 

historical data obtained from the National Institute of Atmospheric and Water Research 

(NIWA), modelled significant wave data from MetOcean, and observational data from the 

University of Otago and Dunedin City Council (DCC). Ocean Beach, Dunedin is the primary 

field site, but it will be supplemented by three offshore sea level gauges, that will be used for 

assessing the nature of storm surge over southern New Zealand. Ocean Beach was selected as 

the primary field site due to the ongoing coastal management issues associated with the beach. 

Additionally, Ocean Beach is an example of enhanced coastal squeeze created by the densely 

populated metropolitan area behind the Ocean Beach foredune (South Dunedin) and the high 

amenity value for the Dunedin public (Townsend, 1997). 
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Three questions have been developed for this research: 

 

1. What is the nature (including the frequency and magnitude) of storm surge in southern New 

Zealand? 

 

2. What is the expected beach response to a given level of storm surge or cluster of surge 

events? 

 

3. What is the likelihood / probability that a storm event will result in significant erosion at 

Ocean Beach?  How will this probability change in response to climate change? 

 

1.3 Justification 
 

The application of hindcasting data is becoming ever more prevalent in coastal management, 

as data sets increase along with hindcasting accuracy (Gorman et al, 2003; Nichol et al, 2016). 

Knowing the maximum that would be expected in New Zealand is key for effective coastal 

management and planning, especially considering sea level rise expectations, justifying the 

need to answer research question one (Vousdoukas et al, 2012a; Johnston et al, 2014; 

Wainwright et al, 2014; Barnard et al, 2015). Adhering to the New Zealand Coastal Policy 

Statement, 2010, (NZCPS, 2010), territorial local authorities (TLA’s) are required to plan for 

coastal hazards such as storm surge 100 years in advance. Placing a number on the maximum 

surge will aid this process because of the political pragmatism that is demanded by TLA’s. 

 

Understand the key process(es) that generate significant enough erosion, that then requires the 

intervention of the local authority is required. Recognising the key process will provide insight 

as to a warning system for the local authority, to prepare for and mitigate the impacts of storm 

surge events in the future. Additionally, looking at the transgression of the shoreline, through 

aerial photography will demonstrate the enhancement of the coastal squeeze (Defeo et al, 

2009). Lastly, looking at the recovery of Ocean Beach following significant past storm events 
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that generated uniform dune scarping and erosion, exposing hazardous landfill and restricting 

beach access forms that last part of research question two. 

 

The effect of sea level rise and climate change on the components that generate storm surge 

and how this will influence the coastal morphology, through increased hydrodynamic and 

meteorological forcing’s, form research question three (Brecht et al, 2012; de Winter et al, 

2012; Jarmalavičius et al, 2016; de Winter and Ruessink, 2017). Sea level rise is driven by a 

warming climate (i.e. thermal expansion (Nicholss and Cazenave, 2010; Wainwright et al, 

2014; Vitousek et al, 2017) a flow on effect of the enhanced greenhouse gas effect (Barnett 

and Adger, 2003; Church et al, 2009); and increased glacial melt (Brecht et al, 2012). Both 

eustatic and anomalous sea level increases the horizontal and vertical extent of which storm 

waves effect the coast, therefore likely there will be more erosion/inundation (Danard et al, 

2003; Pye and Blott, 2008; Mather and Stretch, 2012; Nordstrom and Jackson, 2013; Cooper 

and Pile, 2014; Naylor et al, 2017; Schliephack and Dickinson, 2017).  

 

Research question three also examines whether an increase in global storminess will occur in 

the future, because there is more energy in a system (as a result of the enhanced greenhouse 

gas effect), (Sinclair, 1995; Turner et al, 2007; Johnson et al, 2014; Black et al, 2016; Vitousek 

et al, 2017). This increase in energy equates to stronger winds (Brecht et al, 2012; Barnard et 

al, 2015) and increased tropical and extra tropical cyclones intensity and frequencies 

(Easterling et al, 2000; Reason and Murray, 2001; Webster et al, 2005; Lambert and Fyfe, 

2006; Bengtsson et al, 2009; Knutson et al, 2010; Walsh et al, 2016). The effects can be very 

localised (Dolan and Davis, 1994; Black et al, 2016; Vitousek et al, 2017) and will be looked 

at in this course of research. Thus, there is a requirement to exercise foresight in coastal 

planning and management both legally under Policy 13 of the NZCPS (2010), and socially to 

prevent communities and infrastructure from being placed in the path of a changing climate.  

 

This justification has highlighted the reason behind each research question posed and argued 

the relevance of each in contextual manner, to justify the requirement for this research. It is 

also important to reiterate a significant aforementioned point, that coastal population and 

development is growing globally (Nicholls and Cazenave, 2010; Hay, 2013; Kantamaneni, 
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2016; Burvingt et al, 2017). Subsequently enhancing susceptibility of the coastal zone by 

enhancing the coastal squeeze (Defeo et al, 2009; Cooper and Pile, 2014; Bouwer and 

Jonkman, 2018). Constant advancement in scientific understanding is important to allow for 

political pragmatism to occur in an effective and beneficial approach (Lawrence, 2000; 

Morrell, 2008).  

 

1.4 Field Sites  
 

Southern New Zealand has three open water sea level recorders, Dog Island (southernmost), 

Jackson Bay (south west coast) and Green Island (south east coast) (Figure 1.3). Southern New 

Zealand possesses the largest wave climate in New Zealand with the swell arriving from the 

south west (Gorman, 2003).  Thus, southern New Zealand is the broader geographic space that 

the current research relates to.  

 

Ocean Beach, Dunedin, New Zealand, is the primary field site examined for this research 

(Figure 1.4). The aspect of Ocean Beach is South facing, with differing beach/dune and 

nearshore morphologies observed within its littoral cell.  Ocean Beach is a mesotidal beach, 

with a supratidal width of 35 - 45 m (Hilton et al, 2016) that is contained by two headlands -  

St Clair to the west, and Lawyers Head to the east. Geologically, the headlands are a part of 

the Dunedin volcanic group (basalt) forming in the first and second eruption phases. The beach 

itself is comprised of fine to medium grained, well sorted, Quartzo-feldspathic sands (Hodgson, 

1966). The beach system is an intermediate type based on Wright and Short’s (1984) 

classification, with variations among the intermediate beach types changing alongshore 

(Hilton, 2016). The dominant swell arrives from the SW direction (Dyer, 1994), thus the 

dominant longshore drift is from St. Clair to St. Kilda (Figure 1.4). Sediment transport has been 

shown in a Hilton, (2016) report to the Dunedin City Kilda occuring up to 1200 m offshore. 
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Figure 1.3: Southern New Zealand field site. The red sites represent the location of tidal gauges used 
to analyse storm surge in southern New Zealand. The blue dots represent the location of sites discussed 
in this research. 

 

The St. Clair end of the beach has a flatter profile and is less energetic (MetOcean, 2010). The 

current St Clair sea wall (completed in 2004) is the fourth rendition of the sea wall and the 

most seaward in location. The consequence of the sea wall being located in the swash zone 

results in consistent wave action at the base of the sea wall. Often the beach in front of the 

seawall is very low, due to the energy intensification at the base of the seawall. Due to damage 

to the sea wall on several occasions, remedial works have had to be undertaken on the St Clair 

sea wall including rock buttressing and fixing the collapse of the esplanade behind the wall in 

2013, costing millions of dollars to repair (Adam et al, 2018). 
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Figure 1.4: Ocean Beach field site. The beach has been separated into four sections based on the 
shoreline morphological features. The NIWA Musselborough weather station is located in the centre of 
the map and the University of Otago mast is situated at the St Kilda end of the beach, taking photos 
every half hour of day light. Bottom right is the swell direction rose based off the MetOcean SWAN 
model dating back to 1979 (see appendix B for detail. Bottom left is the wind rose taken from a five-
year period at St Kilda. 
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The Ocean Beach coastline is a highly modified section of coastline (Townsend, 1997; Hilton, 

2010; Hilton, 2016). For example, directly adjacent to the St Clair sea wall is the geotextile 

tubing, installed in 2016 following the destruction of the previous geotextile bags by the 2015 

storm sequence. Edge effects from the sea wall is the likely reason for installation of the 

geotextile tubing. The beach is constantly lowered below the geotextile tubes and has had 

remedial works to move sand back in front of them in 2018 (Adam et al, 2018) and 2019.  

 

The St Clair foredune (as defined by this study) extends from the geotextile tubes to the St 

Kilda surf lifesaving club. This section is comprised of a single continuous foredune, 

underpinned in several sections by reno mattresses, installed following the 2007 storm 

sequence. This section of the beach still bares the results of the 2007, 2009 and 2015 storm 

sequences, having been eroded sequentially following the major storm sequences.  

 

The most recent geotextile tubes were installed in 2016, and the beach dynamics are similar 

here to the St. Clair sea wall, with an intermediate beach closer to the dissipative end of beach 

states. At the St Kilda end of the beach, there is a stage one foredune (Hesp, 1988), that is 20 

m wide, 12 m high (Figure 1.6) and continuous alongshore (Moloney et al, 2017). Ammophila 

arenaria (marram grass), is the prominent vegetation, originally planted in 1952 to stabilise 

the dune (Hilton, 2016), but was replanted in 1980 following the 1978 storm sequence which 

exposed John Wilson Ocean Drive (Moloney et al, 2017). Dune development since 1978 is 

illustrated in Figure 1.6. Beach morphology at St. Kilda is still intermediate as defined in 

Wright and Short (1984) . 

 

John Wilson Ocean Drive was constructed sequentially from 1955 to the mid 1960’s. Through 

marram grass planting in the 1950’s and 1980’s, following the destructive storms of 1978, a 

steep, stable and densely vegetated foredune known at the St Kilda foredune has formed (See 

Figure 4.44). In March 2018, 35 notches were cut into the foredune to encourage sediment 

transport through to the lee of the foredune, as the dense vegetation and steep nature of marram 

grass foredunes (Adam et al, 2018), prevented any sediment being transported to the lee of the 

foredune. A process like notching is utilised, to enhance the stability of the entire dune system 

against the threat of erosion, by destabilising small sections of the dune (Riksen et al, 2016). 
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Ocean Beach provides a case study that is sensitive to the impacts of storm surge, sea level rise 

and exemplifies anthropogenic enhancement of the coastal squeeze. There are distinct 

morphological sections contained in the Ocean Beach system, including large foredunes and 

‘hard’ engineering structures. Using Ocean Beach as the primary field site will generate insight 

into the susceptibility if different types of coastline to the impacts of storm surge.  

 

1.5 Thesis Structure 
 

A review of the literature (Chapter 2) and wider context will be provided on each aspect of this 

research. The first section of the literature review will introduce the terminology used in this 

research followed by what the current understanding is of storm surge globally, and more 

specifically New Zealand. coastal morphodynamics around storm response and recovery is 

then examined followed by the climate change impacts on the storm surge processes and the 

beach response to rising sea levels.  

 

Chapter 3 forms a modelling hindcast, seeking to unpack the nature of storm surge in southern 

New Zealand, using two open water tidal gauges at Dog Island and Green Island. Data records 

Figure 1.6: Left is the swell direction rose based off the MetOcean SWAN model dating back to 1979 
(see appendix for detail. Right is the wind rose taken from a five-year period at St Kilda. 

Figure 1.5: The growth of the St. Kilda foredune post 1978 storm sequence. Note the erosive event in 
2009 resulting in significant scarping of the foredune. This also illustrates the role Ammophila arenaria 
plays in creating steep foredunes (Rudman, 2003). Source: DCC. 
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begin for Dog Island (1997) Jackson Bay (1998), and Green Island (2002). From this 

associations between significant events at the coast will be compared with erosion events. 

Additionally, a return period will be derived and any increasing or decreasing trends in wave 

heights, storm surge intensity, MSLP events and storm duration.  

 

Chapter 4 applies historical data collected from the Ocean Beach to analysis erosion events, by 

the Otago Regional Council, the Dunedin City Council, the University of Otago and throughout 

this research. Chapter 4 examines historically ‘significant’ erosion events at Ocean Beach 

determining the cause(s) of severe erosion. Additionally, chapter 4 details the shoreline 

progression through time, demonstrating how the coastal squeeze has been enhanced at Ocean 

Beach.  

 

Chapter 5 will explore the probability of high surge, large waves and spring tide occurring 

simultaneously, which generates extreme water levels at the coastline. Additionally, the long-

term trends in occurrence of significant events as well as meteorological forcing’s will be 

displayed to develop a discussion around the nature of storm surge in response to climate 

change. Also discussed is the impact of sea level rise on the long-term beach morphology. 

Lastly, chapter 6 will reiterate the main conclusions, and present the main implications for 

coastal management.   

 



 

  

2                                     
 

 

2. Research Context  
 

 

 

2.1 Introduction 
 

Storm surge and extreme water levels are the product of several metrological and 

climatological processes that combine to raise the level of the sea at the coast (McInnes et al, 

2016). The impact of storm surge is observed globally, though, the nature of storm surge varies 

spatially (Bouwer and Jonkman, 2018). For example, Hurricane Katrina produced a surge of 

8.8 m in the Gulf of Mexico (Dietrich et al, 2010), whereas an 1953 storm in the North Sea 

produced a 2.5 m surge on the Dutch coastline (Van de Graaff, 1997), both resulting in 

significant fatalities. The New Zealand setting produces fewer extreme surges, with the 

suggested maxima of one meter (Bell et al, 2000).  

 

It is essential to understand the frequency and magnitude of storm surge in coastal regions to 

allow for effective management and planning at the coast (Lawrence et al, 2018). 
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Understanding the return frequency for given levels of surge and the impacts of storm intensity 

on the coast are vital for effective coastal management. Section 2.3 will discuss the current 

understanding about the nature of storm surge in southern New Zealand. In addition, this 

section will assess previous storm surge events and highlight areas where a lack of 

understanding is present. Additionally, cyclonic patterns around southern New Zealand will be 

discussed.  

 

Storm surge and extreme water levels are one of the critical drivers of episodic erosion at the 

coast. Storm surge can produce morphologies varying from storm berms, scarping of the 

foredune, to beach lowering or complete wash-away of the foredune (Houser et al, 2015). 

Section 2.4 will discuss the processes involved with beach response to storm surge. 

Contemporary understanding regarding the individual processes involved with the 

morphodynamic response will be researched, as well as an overview of the intricacies and the 

localised nature of the beach response to storm surge.  

 

Section 2.5 will focus on the expected sea level rise rates and explore some of the generic 

conceptual modelled coastline responses to rising sea levels. There are many more 

comprehensive numerical models such as XBeach that could be explored, but this is beyond 

the scope of this research. Chapter two will discuss all the relevant processes and the current 

state of understanding around storm surge, both globally and more specifically in Southern 

New Zealand in a review format. The last section (2.6) will identify the key points discussed 

in this chapter highlighting the gaps within the literature of which this study intends to fill.  

 

2.2 Storm Surge and Classifications 
 

2.2.1 Terminology 

 

Mean Sea Level (MSL) is a term commonly used to define the mean level of the sea at a given 

location. The mean level of the sea for a given location is the average level of the tidal sequence, 

i.e. between high tide and low tide. MSL is typically relative to a known datum on land (e.g. 

Dunedin Vertical Datum 1958). Thus, MSL is the what sea-level would-be tides did not exist 

(LINZ). 
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The El Nino Southern Oscillation (ENSO) is defined by the mean sea level pressure differences 

between Cairns, Australia and the Island nation of Tahiti both located in the South Pacific 

Ocean. The Southern Oscillation Index (SOI) is index used to determine El Nino events where 

the pressure difference is negative and La Nina when the pressure difference is positive. ENSO 

creates a shift in the oceanic thermocline between South America and Australia in a ‘seesaw’ 

effect.  The result, El Nino and La Nina generate changes in the weather patterns across the 

South Pacific, thus impacting the New Zealand archipelago (Jiang et al, 2013).   

 

The Inter-decadal Pacific Oscillation (IPO) is the driven by changes in the Sea surface 

Temperatures between 50o N and 50o S in the Pacific Ocean. The oscillation takes place over 

multiple decades and changes weather patterns and oceanic currents across the Pacific.  

 

From the outset it is essential to define the terms that will be used throughout this research. 

Figure 2.1, displays the critical beach features indicative of a ‘typical’ beach profile, defining 

the relevant features schematically.  Some of the features have multiple meanings. For 

example, the intertidal zone is often called the Foreshore (Figure 2.1). 

 
Figure 2.1 Definitions of the terminology or zonal classifications of the beach features that will be used 
throughout this study. 
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Tidal phases can determine the impact storm surge has on the coast. If a storm surge were to 

occur during a spring tidal phase, the vertical and horizontal extent the water level would reach 

the coast would be greater in comparison to a neap tidal phase. The reason for this is because 

storm surge in superimposed on the tidal phase. The proceeding section will cover the primary 

drivers of tidal oscillation.  

 

Gravitational forces created by the Earth, Moon, and Sun drive tidal oscillations (Masselink et 

al, 2014; Chapter 3). Gravitational pull is given as Fg and is a function of the mass of the two 

bodies and the distance between them: 

 

 

𝐹( = 𝐺 +,+-
.-

                                                         (2.1) 

 

Where G is a gravitational constant (6.6x10-11 N m2 kg-2), 𝑚0𝑚1 are the masses of the 

two objects in question and R is the distance between said objects.  

 

 

The Moon has a larger effect on tides in comparison to the sun. Masselink et al. (2014) state 

that the Sun has a gravitational pull 46% of that of the moon. Spring tides are generated when 

the Moon, Earth and Sun are in alignment as shown in Figure 2.2 (a).  Neap tides occur when 

the Moon is at a 90-degree angle to the sun, so their respective gravitational pulls cancel out a 

portion of each other (Figure 2.2 (b)). Thus, as the Moon orbits the Earth, the spring-neap tidal 

phase occurs over approximately 15 days (Dean and Dalrymple, 2002). The Earth has an 

elliptical orbit around the sun and the Moon around the Earth the bodies (𝑚0𝑚1) change, so 

the gravitational attraction varies depending on the respective distance from Earth. For 

example, when the moon is closest to the Earth, a lunar perigee results and the most significant 

spring tides. An apogee is when the Moon is furthest away from the Earth, and the tidal 

oscillation is smaller. 
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2.2.2 Storm Surge Components 

 

Storm surge is driven by four main components that generate extreme sea levels at the shoreline 

(the inverse barometric effect, wind stress, wave set-up and wave run-up) and can produce 

widespread destruction (Glavovic et al, 2014). The next section will discuss the four 

components individually.  

Figure 2.2: a) represents spring tides where the gravitational attraction of the moon 
and the sun are in the same direction, hence the oscillation is larger. b) demonstrates 
the neap tidal phase and is a result of the Moon and the Sun creating opposing 
gravitational pulls. c) displays the tidal record of the spring and neap tidal phases. 
Source: Masselink et al, 2014, pg. 55. 
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The departure of mean sea level pressure (MSLP) from the average MSLP creates an inverse 

barometric effect. The relationship is simplified universally so that a one hectopascal decrease 

in pressure will result in a one-centimetre increase in the level of the sea and vice versa for an 

increase in MSLP (McInnes et al, 2016). Dean and Darlymple (2002) suggest that sea level 

rises 1.04 cm as a universal average. However, there is significant variability depending on 

location, known as the barometric response factor.  

 

Concerning hydrostatic principles, MSLP is the pressure on the ocean surface. In New Zealand, 

the average MSLP is 1014 hPa. However, NIWA (2005) suggests the average MSLP over the 

Otago coastline is 1011.4 hPa. While Goring (1995) proposed a barometric response factor (F) 

0.8539 cm for the Otago coastline. Equation 2.2 demonstrates the inverse barometric response 

below. 

 

𝜂∆3 = 𝐹(𝑎 − 𝑝)			                                                     (2.2) 

 

Where, 𝜂∆3 is the inverted barometer effect (m), F is the barometric response factor 

(m.hPa-1) a is the regions average barometric pressure. p = recorded barometric 

pressure (hPa). 

 

 

Goring (1995) illustrates that the barometric response factor differs spatially around New 

Zealand. The west and south coast of New Zealand have a higher sea level response to changes 

in atmospheric pressure, whereas the east coast experiences less than the convention. 

Meteorological forcing was the proposed reason for higher barometric response factors on the 

West coast because of the dominant westerly circulation across New Zealand. 0.0080 m.hPa-1 

was found to be the average barometric response factor for Dunedin by NIWA (2005). Goring 

suggested Bluff (located at the southern tip of the South Island of New Zealand) had a 

barometric response factor of 0.0130 m.hPa-1 or 0.3 cm more than the convention. Figure 2.3 

displays the relationship between atmospheric pressure and sea level while also showing the 

slight lag in sea level response (Dean and Darlymple 2002). 
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Figure 2.3: A decrease in barometric pressure (∆𝑝) results in an increase in the sea level 
𝜂𝐵	proportionate to the change in p. Source (Dean and Darlymple, 2002). 

 

 

Frictional drag causes wind stress to be exerted as the wind blows over the ocean surface (Dean 

and Darlymple, 2002) and is described empirically in equation 2.3. If the wind direction is 

onshore, water will bunch against the coast, increasing sea level. The width of the continental 

shelf determines the fetch distance for the wind set-up component. This because shallower 

continental shelf regions are more successful at causing wind set up and given the wind fields 

are typically uniform during extratropical cyclones. The amount of wind set up a function of 

duration and speed (Frisby and Goldberg, 1981). 

 

𝜏: = 𝜌𝑐=𝑊1                                                           (2.3) 

 

Where, 𝜏: is wind stress defined by the density of water (𝜌), the wind speed (W) and 

a dimensionless friction coefficient (𝑐=) which ranges between 1.2 x 10-6 to 3.4 x 10-

6.  

 

The higher coefficient value represents greater wind speeds because stronger winds result in 

increased surface roughness (Dean and Darlymple, 2002). Silvester (1974) provides an 

equation (2.4) for calculating how much wind set-up raises sea level during storm conditions: 

 

𝜂? = 6.915	 EF,G
- 	H
(I,

                                                     (2.4) 
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Where, 𝜂? is the vertical water level set up due to onshore wind stress (m), K is a 

constant equal to 3 x 10-6, U10 is the equivalent steady wind speed 10 m above MSL 

(m.s-1), W is the width of continental shelf (m), h1 is the depth at shelf edge (m), g is 

gravitational acceleration, 9.81 m s-2. 

 

Wave set up occurs in the surf zone. As a result, it is rarely observed on offshore tidal gauges. 

Wave setup is where the momentum transfer from shoaling to wave breaking elevates the level 

of the sea within the water column (Dean and Dalrymple, 1991; Short, 1999; Dean and 

Dalrymple, 2002). Frisby and Goldberg (1981) suggest the breaker type affects how much the 

sea level rises. For simplicity, the breaker index parameter from Battjes (1974) of K = 0.78 is 

used in this instance as the breaking wave height at the seaward edge of the breaker zone. Hb 

is defined as Hb =  𝜅hb and assuming hb is 0 then; 

 

𝜂:K = 0.188𝐻O                                                        (2.5) 

 

Wave run-up is the extent of the furthest point landward in which the water extends. Wave run-

up is generated by infragravity energy, which, is greater during storm conditions (Dean and 

Darlymple, 2002). Additionally, wave run-up has the most substantial impact on beach erosion 

(Stockdon et al, 2006; Armaroli et al, 2013), linked with the swash and collision regimes 

defined in Sallenger (2000). Determining wave run-up levels is common practice in coastal 

studies because of its relevance to erosive processes, particularly when run-up reach the dune 

toe or greater (Sallenger, 2000). Frisby and Goldberg (1981) use the empirical run-up equation 

(2.6) developed by Hunt (1959). 

 

ℎQ = R𝐻OS𝐿U	𝑡𝑎𝑛 ∝                                                   (2.6) 

 

Where; hz is wave run-up (m) with respect to the mean water level, Hbr is the breaker 

wave height, L0 is the deep-water wave period (s) (1.56 Tz2) and ∝ is the slope of the 

beach.  
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2.3 Storm Surge in New Zealand  
 

Few studies have examined aspects of storm surge in New Zealand. The current section will 

assess key literature and discuss what is understood regarding the frequency and magnitude of 

storm surge in New Zealand, while drawing on global lessons. Additionally, present 

understanding of cyclonic patterns in Southern New Zealand is discussed. This section will 

then summarise the primary gaps within the current understanding of storm surge in New 

Zealand and how this research will expand on what is already understood. 

 

Gibb (1978a,b) and Heath (1979) are the first studies to document the impact of storm surge in 

the New Zealand setting. Heath (1979), notes that there has been poor measurement of storm 

surge in New Zealand. Amplified awareness around storm surge began to surface during the 

1970’s due to the erosion described by Gibb (1978a). Heath mentions distinct hot zones 

affected by storm surge. Namely the North East coast of the North Island and The South East 

Coast of the South Island.  

 

Whilst the North East coast of the North Island is predominantly affected by ex-tropical 

cyclones, the South East Coast of the South Island is affected by strong cyclogenesis arriving 

from the south of New Zealand and progressing up the east coast (Frederiksen and Frederiksen, 

1993; Sinclair, 1995; Carleton and Song, 1997; Struman et al, 1999; Kidson, 2000; Sturman 

and Tapper, 2006). Thus, similar processes operating, but differing driving forces when 

comparing storm surges in southern and northern New Zealand.  

 

Bell et al. (2000) discusses storm surge and sea level rise specifically in New Zealand 

concerning global averages. Globally, storm surge is spatially variable with extreme cases 

producing 9 m storm surges. Regions such as New Zealand experience much smaller surge 

events. Bell et al. suggests that one meter is the maximum possible surge that could occur in 

the current climate. Bell et al. places emphasis on the return periods of given levels of storm 

surge, and historic storm surges that have occurred in New Zealand, including cyclone Bola, 

1988 (see Figure 2.4). During cyclone Bola, the coincidence of low barometric pressure (963 

hPa) and strong onshore winds of 26 m/s generated a 0.88 m storm surge at the port of 

Tauranga. 



Chapter 2 – Research Context 

 23 

 
Figure 2.4: Displays the storm surge generated by ex-tropical cyclone Bola in March of 1988. The 
figure displays the amount of inverse barometric set up created by the low pressure of Bola (0.27m) 
Source: Bell et al. (2000). 

 

 

Bell et al. also considers the effect of the El Nino Southern Oscillation (ENSO) with periods 

of somewhat more serve storm surges and elevated sea levels. Difficulties remain in 

determining the realised rate of sea level rise and changes in storm surge nature both globally 

and in New Zealand. Inter-annual and decadal fluxes in sea level caused by global 

teleconnections such as ENSO which can alter sea levels between 50-150 mm make estimating 

MSL difficult (Easterling et al, 2000; Black et al, 2016).  From the New Zealand standpoint, 

data sets have a small temporal span and are often located on wharves which are subject to 

subsidence and require constant upkeep. 

 

de Lange and Gibb (2000) examined the sea level record of New Zealand’s longest open water 

tidal gauge at Moturiki Island. A threshold of 0.1 m was defined to remove small fluctuations 

in observed sea level created by insignificant changes in pressure, wind or long waves such as 
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bound waves. A total of 954 surges were observed above the threshold as mentioned above 

over a 38-year period. In doing so, de Lange and Gibb were able to find inter-decadal fluxes in 

storm surge nature for the Tauranga area. Concluding that La Nina periods produce more 

significant storm surge intensity as a result of the processes associated with La Nina, namely 

elevated sea levels. Furthermore, de Lange and Gibb examine the three key components of 

some of New Zealand’s largest storm surges. The central barometric pressure of a storm must 

be below 980 hPa. Winds must remain relatively constant above 50 knots (90 km hr-1), and be 

onshore which affects wave propagation and can create trapped waves against the coast, 

thereby enhancing storm surge (Goring, 1995; Ierodiaconou et al, 2016),  to produce the largest 

storm surge in New Zealand (de Lange and Gibb, 2000).  

 

de Lange and Gibb like Bell et al. accept that ENSO and the Interdecadal Pacific Oscillation 

(IPO) change the nature of storm surge even though the correlation not statistically significant 

at the 95% confidence level. Additionally, both studies used intermittent data sets that had a 

small temporal span, especially given that the IPO operates over several decades at times. 

Consequently, their conclusions are difficult to validate. Although both studies acknowledge 

the drawbacks to their findings.    

 

Storm surge in southern New Zealand can reach over one meter in height (Henshaw (2004). 

Despite Bell et al. (2000) and Heath (1979) arguing the storm surge maxima to be one meter 

in New Zealand (Figure 2.5). A storm surge of 0.83-1.48 m at Mason Bay was modelled using 

the Frisby and Goldberg (1981) model using data from the Dog Island open water tidal gauge 

and observations of the debris line left by the storm surge. Figure 2.6 displays the surge in 

action against the Mason Bay foredune. Low pressure of 976.6 hPa was recorded at South West 

Cape on Steward Island during the storm. Such low pressure was calculated to create a 0.43 m 

storm surge alone, excluding the other oceanographic processes such as wave set up.   A storm 

surge of this magnitude would be considered a “50-year return event” on the New Zealand 

coast (Figure 2.5).  
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Figure 2.5: Return period for storm surge in New Zealand based on the 1953 Moturiki Datum. Note 
the maximum storm surge is said to be limited to 1.147 m on a 100-year return period. Source: Bell et 
al, 2000. 

 

 
Figure 2.6: Picture taken by a Department of Conservation Ranger at Mason Bay on 18th September 
2003. Source: E. Ganley, Department of Conservation ranger. 

 

In Southern New Zealand, two reports to the Otago Regional Council (ORC) were conducted 

by the National Institute of Water and Atmospheric Research (NIWA). NIWA (2005) focuses 

on analysis the extreme sea levels observed on the Otago coastline. NIWA (2008) models storm 
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surge inundation of communities around the Otago coastline. Further south in the Southland 

region, there is little documentation on storm surge. DTec (2007) examined the impact of 

extreme sea levels on estuarine discharge volumes, and NIWA (2018) climate change impact 

report to Environment Southland, has a section discussing extreme sea levels. The following 

section will discuss the contributions of the reports as mentioned above to the understanding 

of storm surge in southern New Zealand. 

 

The NIWA (2005) report to the ORC predicted the maximum total water elevation (storm surge 

plus tide) to be 1.9 m on the Otago Harbour at Dunedin and 1.7-1.8 m on the open coast. One 

of the significant issues with this report is that the Green Island open water sea level recorder 

had only been in operation for two years when this report commenced. The Tairoa Head data 

set is longer (5-Years), thus, was used instead. The application of the revised joint probability 

method from Pugh and Vassie (1978) and Tawn and Vassie (1989) overcomes the short data 

set. However, a 5-year period is too concise to form predictions.  

 

Tairoa Head has a north-east facing aspect so is sheltered from the strong South West winds 

that affect most of the Otago coastline. Therefore, the results generated for the Otago coastline 

could be skewed for the south facing coastline in particular, especially considering winds 

contribute a significant proportion to storm surge (Gillibrand et al, 2011). Given the use of 

short data records and the variable nature of storm surge, it is difficult to validate the 

conclusions of this report. 

 

NIWA (2008) modelling report looked at the extreme water levels in the Otago region and 

superimposing those levels on coastal Otago communities to examine the extent of coastal 

inundation for those regions. The report suggests that the 100-year return period for the total 

water level of 1.94 m above MSL in South Dunedin. The report follows a similar empirical set 

up to the 2005 NIWA report for calculating the relative components of storm surge taking the 

sea level measurements from Dunedin Harbour and Tairoa Head. Subsequently, there is scope 

for more research into extreme water levels and the storm surge component based off observed 

data sets. A key strength of this investigation is the use of the widely applied methods from 

Stockdon et al. (2006) for calculating wave set up and wave runup values. 
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The DTec (2007) report to ES addresses an issue surrounding the impact of storm surge on the 

New River estuary in Invercargill. The report suggests that the maximum total water elevation 

above MSL is 1.73 m on a 100-year return period. However, the 6-year data set from Dog 

Island was used, which could be considered too short for analysing total water elevation. DTec 

(2007) also notes important points regarding the timing of peak storm surge and the inverse 

barometric effect. There is a time lag from when the pressure changes to the response of the 

sea to said pressure change. DTec, suggests that this varies between 2-12 hours. Such a process 

is essential in southern New Zealand regarding the timing of wind speeds and significant wave 

heights to the pressure – sea level lag.  

 

Section 7 of the NIWA (2018) Southland Climate Change Impact Assessment report discusses 

extreme sea levels in the Southland region. The section of the report is more concerned with 

the implications of sea level rise for the Southland region rather than the nature of storm surge. 

However, when discussing the impact of climate change on storm surge frequency, the report 

suggests in combination with changes in the wave climate, the frequency of more significant 

events is expected to increase with climate change in conjunction with rising sea levels 

regionally.  

 

Although all of the reports from NIWA and the 2007 DTec report contain some research into 

storm surge and its impacts in southern New Zealand they all fail to explicitly address the 

question regarding what the nature of storm surge is, in southern New Zealand. Additionally, 

except for NIWA (2018), all of these reports were based on short sea level records and 

neglected the importance of observed data sets from the open coast. Furthermore, there are no 

published, peer-reviewed, scientific studies examining the nature of storm surge in southern 

New Zealand. Consequently, there is a significant gap in the existing understanding of storm 

surge in New Zealand.  

 

2.3.1 Storm Surge Frequency 

 

Cyclonic activity is vital to understand since cyclones produce storm surges at the coast through 

the inverse barometric MSLP/sea level effect and wind stress (Goring, 1995, McInnes and 

Hubbert, 2001; Panigrahi et al., 2012; Pineau-Guillou et al, 2012; Anthony, 2013). At the 

global and hemispherical scale, both tropical cyclones and mid-latitude storms are expected to 
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remain constant in response to global warming according to Webster et al. (2005); Knutson et 

al. (2010); May et al. (2013); and Walsh et al. (2016).  

 

Xia et al. (2016) modelled cyclone frequencies in the southern hemisphere on a quasi-

millennial scale (Figure 2.7), concluding that the number of winter cyclones has remained 

constant over the last 991 years. The conditions for cyclone formation both tropical and extra-

tropical occur on the same frequencies. Nevertheless, there are three caveats associated with 

the Xia et al. model. The ECHO-G model applied to the last millennia could overestimate 

external forcing’s (solar and volcanic) and underestimate the oceanic-atmospheric interactions. 

Thus, there is uncertainty around the change in cyclone tracks over the 991-year period. 

Secondly, the spatial extent of the model is over the entire southern hemisphere. Consequently, 

the spatial and temporal resolution is coarse, reducing model accuracy. Lastly, ECHO-G is 

only a single model used to demonstrate cyclone track changes over the last millennia. More 

analysis is required to generate a more specific understanding.  

 
Figure 2.7 Displays the average cyclone track for the ten regions of cyclogenesis in the mid to lower 
latitudes of the Southern Hemisphere. Number 10 is the main cyclone track that affects New Zealand. 
Blue lines signal 1000-1099 AD and the Red, 1900-1990. Source: Xia et al. (2016) 
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In contrast to the consensus of the articles mentioned above, Lambert and Fyfe (2006) propose 

a decrease in cyclonic activity in the southern hemisphere as a response to climate change. 

Lambert and Fyfe cite tropospheric warming as the cause. Tropospheric warming resultant 

from climate change will be more rapid in polar regions, ultimately relating to a decrease in 

the Equator to Pole atmospheric thickness gradient. The Sutcliffe-Petterssen development 

equation is how cyclone development is derived, which illustrates the importance of 

tropospheric thickness toward cyclonic development. The reduced atmospheric thickness 

expected due to warming should theoretically cause to a decrease in extra-tropical cyclone 

formation.  

 

There is an expected increase in surface and near-surface temperatures, evaporation and 

elevated levels of atmospheric humidity. In turn, this should result in increased release of latent 

heat, which would increase cyclone development (May et al, 2013). These two processes are 

conflicting so the influence on cyclonic development is yet to be determined. Lambert and 

Fyfe’s conclusion centres around a Canadian CO2 model assuming a substantial increase in 

CO2 concentrations in the atmosphere.  The simulation returned a global reduction in cyclone 

frequency and an increase in intensity. However, the different meteorological processes in 

operation and the opposing view to the consensus, indicate Lambert and Fyfe’s conclusions 

are irrelevant. Also, Lambert and Fyfe’s research used the 2006 IPCC RPC’s which are now 

obsolete since the updated IPCC (2014) report.    

 

Regionally, there will be changes in the cyclone frequencies (IPCC, 2014). Recognition of 

cyclone formation and development to the south of New Zealand dates back further than 

Taljaard (1967). Taljaard (1967) notes that cyclogenesis is more frequent in the Tasman Sea 

region than other regions of the southern hemisphere (Sinclair, 1995; Carelton and Song, 1997).  

Additionally, Taljaard indicates cyclogenesis is more frequent in winter between 25 – 45 

degrees latitude.  

 

Keable et al. (2002) examined cyclone formation in the southern hemisphere at the 500 hPa 

level. One of the key points to draw on for the New Zealand region is that cyclogenesis occurs 

regularly in all seasons, particularly below 40 degrees south which aligns with Taljaard 

(1967)’s conclusions. Nonetheless, during the winter months, these cyclones are slower 

moving (which can extend the duration of storm surge events). Furthermore, the Southern Alps 

act as a blocking agent, resulting in deeper cyclone formation in the Tasman Sea.  
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Leslie et al. (2005) demonstrated a positive trend in ‘meteorological bombs’ developing in the 

Tasman Sea. Meteorological bombs are where the central pressure of cyclones drops more than 

20 hPa in a 24-hour period. Also, Leslie et al. suggest that regionally, New Zealand, especially 

the South Island, will experience increased frequency of meteorological bombs. Pezza et al. 

(2016) reiterates what Leslie et al. discussed, that intense mesoscale cyclones, such as 

metrological bombs and polar lows, often form near the southern New Zealand coastline and 

can have destructive impacts.  

 

In summation, frequent cyclogenesis and activity through the development of cyclones occurs 

both in the Tasman Sea and off the southern coast of New Zealand. Climate change will affect 

the regional frequencies of cyclonic activity. How climate change will alter cyclone 

frequencies that impact the New Zealand mainland is still under-researched. There is scope to 

examine cyclone frequency changes in response to climate change with Xia et al. (2016) 

concluding there has been no change in cyclone frequency over the past millennia. However, 

Xia et al.  does not comment on the expected rapid climate change expected in the next 100 

years.  

 

2.3.2 Storm Surge Magnitude 

 

Storm surge magnitude in New Zealand smaller in comparison to tropical counterparts such as 

the Bay of Bengal and Gulf of Mexico where storm surges of 6-9m result from intense tropical 

cyclones such as Hurricane Katrina (Bell et al, 2000; de Lange and Gibb, 2000; Bertin et al, 

2012). The reason for this is the amount of energy available in cyclone development (Sturman 

and Tapper, 2006). In the tropics, SST is significantly warmer (Hansen et al, 2016). Thus, there 

is more energy available for convection. More convection creates lower central MSLP’s and 

stronger winds. As a result, tropical cyclones are more intense than extra-tropical cyclones 

which primarily affect New Zealand.  

 

Distinctive areas of New Zealand are readily affected by storm surge. The entirety of New 

Zealand is affected by cyclones that form in the Tasman Sea moving west to east due to 

predominantly westerly flow (Sinclair, 1995). The Northern and central regions tend to be 

largely affected by ex-tropical cycles and cyclones that form in the tropics. For example, the 

Wahine (1968) storm was the ex-Tropical cyclone, Giselle. Contrastingly, Southern New 
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Zealand is primarily affected by extra-tropical cyclones that form  south of Tasmania and Polar 

lows that arrive from polar region (Leslie et al, 2005; Pezza et al, 2016)  The magnitude of 

storm surge in New Zealand is said to be limited to one meter (excluding tidal component) 

(Bell et al, 2000). On the contrary, Henshaw, (2004) provided evidence that storm surge can 

exceed one meter as shown at Mason Bay. Thereby, highlighting how localised storm surge 

events are due to the climatic variables (e.g. coincidence of spring tide, extreme low barometric 

pressure and onshore wind direction) involved.  

 

A possible reason for such a large storm surge described by Henshaw (2004) in New Zealand 

is the latitude of Mason Bay. Mason Bay is situated on the West coast of Stewart Island residing 

at a latitude of 47ºS. Such a low latitude exposes Mason Bay to intense cyclone central 

pressures and strong onshore winds (large fetch effect), observed to the south west of New 

Zealand (Frederiksen and Frederiksen, 1993; Sinclair, 1995; Carleton and Song, 1997; Qi et 

al, 2006; Sturman and Tapper, 2006). Mentioned above, Pezza et al. (2016) discuss the impact 

of polar lows that affect southern New Zealand where the low-pressure system is jettisoned 

northward from the polar region. Additionally, Gorman (2003) noted that southern New 

Zealand has the largest wave climate in New Zealand, thus, a large significant wave heights 

and wave runup.  Based on the magnitudes illustrated in Table 1, approximation of one-meter 

storm surge being the upper limit of storm surge in New Zealand is realistic with only one 

exception Mason Bay 18/09/03 (0.89 – 1.43 m). However, without significant records to base 

an approximation on, there is no certainty as to the maximum storm surge expected in New 

Zealand. 

 

In summation, around New Zealand, storm surge is generated by differing meteorological 

patterns but the same meteorological processes. Although not yet quantified, this may impact 

the magnitude expected regionally in New Zealand. Significant wave height (the wave climate) 

gets smaller moving from south to north (Gorman, 2003). Thus, the relative contributions of 

individual components to surge vary spatially. Lastly, climate change will alter storm surge 

magnitude, most likely increasing magnitude due to more intense regional cyclonic activity. 

However, no study has examined storm surge response to climate change in New Zealand to 

date. 

 



Chapter 2 – Research Context 

 

 32 

2.3.3 Storm Surge Coincidence with Spring Tides 

 

The coincidence of spring tides with storm surge results in extreme sea levels at the coastline 

(Haigh et al, 2016). For the New Zealand coastline, the coincidence of storm surge with spring 

tide could be considered the single largest contributor to extreme sea levels at the coastline. 

The spring tidal range in New Zealand reaches 3.5 m at Onehunga, Port Taranaki, Nelson, 

Westport and Auckland. The smallest tidal range is 2 m in Gisborne, Napier, Wellington and 

Picton (Land Information New Zealand). Thus, for a tidal range of 3 m, if a 0.5 m surge was 

to occur during spring high tide the elevation above MSL would be 2 m. If the 0.5 m surge 

occurred at spring low tide the water elevation above MSL would be -1.0 m. 

 

Literature that explicitly examines the coincidence of spring tides and storm surges is non-

existent in the New Zealand setting. However, international literature highlights the importance 

of the coincidence of spring tides with significant storm surge events (Uncles, 2010; Gönnert 

and Sossidi, 2011a, b; Haigh et al, 2016). NIWA (2005) and NIWA (2018) examine the return 

level on the Otago and the Southland coastlines respectively. NIWA (2018) stated that the 

impact of storm surges will increase given the rising sea levels and that the coincidence of 

storm surge with spring tide will produce extreme water levels on the open coast and in the 

estuarine setting also, in Southland. NIWA (2005) examine the return levels for extreme water 

levels (surge plus spring tide) on the Otago coastline, but used sea level data from within a 

harbour not on the open coast so the outputs could easily be discounted.  

 

2.3.4 Mid-latitude Storm Surge Globally. 

 

Globally, storm surge studies in mid-latitude (30-60o N, S) locations have significance to the 

New Zealand setting as the findings are transferrable. Studies have taken place in several 

different mid-latitude regions including; Canada (Danard, 2003; Bernatchez et al, 2011), South 

Africa (Mather and Stretch, 2012), South East Australia (McInnes et al, 2007; Wainwright et 

al, 2014; McInnes et al, 2016) and European countries bordering the North Sea (Wemelsfelder, 

1953; Vasseur and Hequette, 2000; Pye and Blott, 2008; Maspataud et al, 2009; Olbert and 

Harnett, 2010; Araújo et al, 2011; Bertin et al, 2012; Fatorić and Chelleri, 2012; Vousdoukas 

et al, 2012a; Arens et al, 2013; Balouin et al, 2013; Masselink et al, 2016; de Winter and 

Russink et al, 2017; Bresson et al, 2018). Examining the results discussed in these studies, 
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conclusions can be drawn as to storm surge magnitude and frequency in temperate locations. 

Storm surge magnitude and frequency varies depending on the spatial location and the nature 

of the storm. For example, countries bordering the North Sea have experienced storm surge 

magnitudes up to 4 m, because of the shallow bathymetry and wind funnelling that occurs (van 

Slobbe et al, 2013). The processes that drive storm surge in these locations are comparable to 

the New Zealand setting, hence why they have been discussed. Furthermore, this highlights the 

amount of research undertaken in the Northern Hemisphere compared to the Southern 

Hemisphere (Xia et al, 2016). Thereby, further justifying the need for more research in 

countries like New Zealand and in the Southern Hemisphere. 

 

2.3.5 Summary 

 

New Zealand’s location and surrounding oceanographic and meteorological characteristics 

lends itself to great variability. As a result, difficulties emerge when determining the nature of 

storm surge in New Zealand, particularly around magnitude as this can be very localised and 

circumstantial. Moreover, the porous and short data sets create a further issue as to statistically 

validating return periods. One of the key points mentioned in this section is the lack of research 

into storm surge in New Zealand. In stark contrast there is a plethora of research into storm 

surge impacts on countries boarding the North Sea. With New Zealand having a dense coastal 

population, there is an inherent need for more research into storm surge on the New Zealand 

coastline. 

 

Although New Zealand can realistically only expect a maximum storm surge of approximately 

one-meter, severe damage can still result (Heath, 1979; Lane et al, 2009). The majority of the 

research has looked at the north-east coast of the North Island, where coastal development 

concentrated through the 20th century, and is prone to ex-tropical cyclones. In contrast, the 

south-east coast is more prone to cyclogenesis generated from south of New Zealand. 

Therefore, southern New Zealand requires more research.  In New Zealand’s case, lack of open 

water tidal gauge records restricts abilities to predict frequency of storm surge. New Zealand’s 

oldest open water tide gauge is at Moturiki Island (1973). Historical data is important to 

improve the accuracy of frequency predictions (Chaumillon et al, 2017).  
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2.4 Beach Response to Surge 
 
70% of beaches are said to be eroding (Bird, 1985). Beach erosion can be perceived as being 

undesirable, principally by the public and stakeholders (French, 2006; de la Vega-Leinert and 

Nicholls, 2008). Conversely, studies such as Shepard et al. (2007); Arens et al. (2013); Walker 

et al. (2013) and Nordstrom et al. (2016) portray erosion as an important process for 

maintaining dynamism of the beach/dune territory. The interplay between accretion and 

erosional cycles is vital forming a natural buffer against hazards such as storm surge (Ahlhorn, 

2017). 

 

How the beach and dune system respond to storm impacts like storm surge is a key question 

for coastal management. Globally, there has been an interest in storm surge impacts and the 

response of the beach beginning with Bagnold, (1940) and Caldwell, (1949). Historically, 

studies such as Edelman, (1968); Van de Graaff (1977) and Vellinga (1982) have examined 

the initial morphological response to surge (Komar et al, 1991). The aforementioned studies 

have followed the model proposed in Bruun (1962), where the dune and upper beach is eroded 

during the elevated sea level caused by the storm surge, erodes the upper beach/dune and is 

deposited in the nearshore (Komar et al, 1991). More recently, the scope has shifted to now 

focus on recovery of the beach/dune system post storm e.g. Vousdoukas et al. (2012); Houser 

et al. (2015); Nichol et al. (2016) Burvingt et al. (2017).   

 

Storm surge can result in episodic erosion on the coast (Bell et al, 2000; Church et al, 2009; 

Wainwright, 2014; Jiménez et al, 2017). Episodic erosion of beaches occurs when the wave 

action induced via storm waves causes sediment to be entrained and deposited elsewhere (i.e. 

the nearshore, alongshore or continental shelf). Consequently, changing beach morphology 

(Church et al, 2009; Nordstrom and Jackson, 2013; Cooper and Pile, 2014), and causing dunes 

to be scarped and/or upper beach erosion (Hilton et al, 2005; Hesp and Martinez, 2007). The 

degree of beach erosion is relative to wave conditions, storm surge height, level of inundation, 

and the beach conditions before the storm (Mendoza and Jiménez, 2006; de Winter et al, 2012).  

 

Beach erosion is heightened when a negative sediment budget occurs (Bernatchez et al, 2011). 

When there is a negative sediment budget for a given location, the beach fails to return to pre-

storm conditions (Fatorić and Chelleri, 2012). As a result, chronic erosion occurs and the beach 
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retreats (Hinkel et al, 2014). Often there is an erosion-accretion cycle that operates on the beach 

system. Erosion tends to be more episodic, while accretion occurs over time. For example, if a 

storm surge erodes a coastline over a period of hours/days, it may take several months/years 

for the sediment to return to the beach and dunes (Pye and Blott, 2008; Maspatuad et al, 2009; 

Houser et al, 2015).  

 

Several key components form the beach response to storm surge including; surge level, 

nearshore morphology, vegetation, aeolian sedimentation, storm clustering and erosive 

beach/dune behaviour. These components will be examined in the following section examining 

the role each plays in the beach response to surge. In the global sense there is an abundance of 

research, particularly in Europe and Northern America. To the best of the authors knowledge, 

no study has looked at beach response to storm surge in New Zealand, hence the justification 

for this research. Sections 2.4.1 - 2.4.3 deal with the erosive processes occurring during storm 

surge conditions. On the contrary, sections 2.4.4 - 2.4.7 examine the interplay between primary 

beach/dune recovery processes. Section 2.4.8 forms an overview of how the beach responds to 

erosive events, incorporating the processes discussed.  

 

2.4.1 Erosion/Accretion as a Consequence of Storm Surge 

 

Coastal retreat occurs when wave action accompanying with storms entrains, transports and 

deposits sediment elsewhere (Church et al, 2009; Nordstrom and Jackson, 2013; Cooper and 

Pile, 2014). Often strong under tow currents generated by increased wave energy, cause the 

sediment transport offshore (Vellinga, 1982; Aagaard et al, 2012; Suanez et al, 2012). 

Undertow currents act in the lower levels of the water column (Short, 1999), which is where 

the most sediment transport occurs - close to the bed - (Komar, 1998). Therefore, under storm 

conditions net sediment transport in the cross shore is offshore (Vellinga, 1982; Aagaard et al, 

2012).  Anthropogenic influences can enhance the erosion of a beach (Pilkey and Wright, 1988; 

Cooper and Pile, 2014). Examples include erecting seawalls, which as debated in Pilkey and 

Wright (1988), enhance erosion by creating the ‘coastal squeeze’. Increased development and 

occupancy of coastal zones increases the susceptibility of an area to coastal hazards because 

natural beach dynamics are suppressed, as there is no accommodation space (Ledoux et al, 

2005; Doody, 2013).   
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There is a consensus that high energy storm events erode the upper beach/foredune and the 

deposited sediments in the nearshore (Edelman, 1969; Vellinga, 1982; Dissanayake et al, 2015; 

Houser et al, 2015; Splinter et al, 2018).  Conversely, Anthony (2013) and Hesp and Smyth 

(2016), suggests storm surge associated with high energy wave action are important for dune 

accretion. The rationale was that storm waves entrain and deposit sediment from the beach 

features such as berms and nearshore bars to the upper beach and dune system, but this is likley 

based on specific beach states, (Davidson-Arnott, 2005; Brooks et al, 2017). Lee et al. (1998) 

conducted a 10-year study on profile change at Duck, New Jersey, USA. The results of the 

study found that storm events caused the upper beach to accrete. Therefore, the processes at 

play in the situation are entirely site specific.  

 

An important factor controlling, but not determining the beach response, over medium to 

longer term time scales, is the sediment budget. A positive sediment budget will allow the 

beach to compensate for sea level rise and increased storminess, whereas a negative sediment 

budget will see heightened erosion (Komar, 1998; Davidson-Arnott, 2005; Church et al, 2009; 

Hinkel et al, 2013; Jiménez et al, 2017). The importance of this can be seen in cases where 

human influence creates a long-term negative sediment budget. For example, damming of 

rivers for production of energy and irrigation, impedes sediment transport, thereby reducing 

sediment supply to the coast (Nicholls and Cazenave, 2010; Fatorić and Chelleri, 2012).  

 

2.4.2 Beach Dune Response  

 

Maspatuad et al. (2009), measured the short to medium recovery of a shoreline on the French 

Coast. Maspatuad et al. found that storm events play a large role in the evolution of a coastline. 

They observed that in terms of the recovery of a beach, multi barred surf zones recovered 

rapidly or even maintained morphology during the storm. Other beach states were much slower 

to regain sediment lost in the storm, with some scarped dune toes not accreting during the 

study. More frequent storm surge events, which provide for less recovery time, can be a strong 

influence on the overall sediment budget (Naylor et al, 2017).  

 

Anthony (2013), like Maspatuad et al. highlight a seasonal aspect to impact of storm surge, 

suggesting there is increased storm surge events during the autumn and winter months. It has 

also been suggested that bathymetric and topographic setting play a large role in shoreline 
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recovery (Brooks et al, 2017). Bathymetry and topography can reduce the wave energy and 

create accretion (Anthony, 2013; Hesp and Smyth, 2016) thus, spatial characteristics of a 

littoral cell is a large factor in the ability of a shoreline to recover (Hawke and McConchie, 

2006; Brooks et al, 2017). 

 

Houser et al. (2015) looked at the ability of beaches and dunes to recover following storm 

events such as storm surge on a barrier island in the Gulf of Mexico. Frequency and magnitude 

were stated as being the primary reason for determining the ability of a beach to recover. Thus, 

there is increasing relevance with frequency and magnitude of storm surge expected to escalate 

(Danard, 2003; McInnes et al, 2007; Pye and Blott, 2008). Houser et al. discusses relevance of 

spatial characteristics, including dune height relative to the size of the storm surge, and the 

sediment budgets of a given location being important as to the ability of a beach to recover. A 

beach with a negative sediment budget me not be able to recover at all. Vegetation was also 

stated as being a large control on dune stability and capacity to recover from storm impacts 

(Hesp, 2002) or even build up the coastal barrier (Hesp and Hilton, 2013). Houser et al. also 

used an empirical growth model, correlating it with observed dune growth after the last 

disturbance. The equation was altered and applied by Morton et al. (1994) and Preistas and 

Fagherazzi (2010) (Equation 2.7). Overall, the model was found to be reasonably rigid, closely 

modelling growth to observations of the Santa Rosa barrier. 

 

𝑁Z = 	
E[\

(E][\)^_`a[\
                                              (2.7) 

 
Where, Nt = dune height at time (t); No is the initial height of the dune; e is the base 

of the natural logarithm; K is the upper limit of growth.  

 

2.4.3 Storm Clustering 

 

Storm clustering has been studied in-depth because of the enhanced impact at the coast of 

several storms as opposed to a single event (Ferreira, 2005; Aagaard et al, 2012). Figure 2.8 

below demonstrates the impact of storm clusters an example of the impact of storm clustering 

is the well documented 2013/2014 winter storms in Europe. Several studies including 

Masselink et al. (2016); Scott et al. (2016); Burvingt et al. (2017) Castelle et al. (2017) 

examined the 2013/2014 winter storms. During the 2013/2014 Winter, 22 large storm 



Chapter 2 – Research Context 

 

 38 

surge/wave events occurred resulting in significant erosion of many beaches particularity in 

southern England (Splinter et al, 2018). Depending on the type of beach (length and exposure) 

there has been some recovery or none at all (Burvingt et al, 2017). The previous example 

illustrates the enhanced impact storm clusters has on the coastline. 

 

 
Figure 2.8: Demonstrates the impact of storm clustering on the cross-shore profiles with (b) exhibiting 
more beach/dune erosion than (a) after three successive storms. Source: Ferriera, 2005. 

 

 

Storm clusters are said to have greater impact – particularity in the erosive sense – due to the 

lack of time for beaches/dunes to recover and return to their equilibrium state (Vousdoukas et 

al, 2012; Karunarathna et al, 2014; Dissanayake et al, 2015; Nichol et al, 2016). Erosive events 

at the coast are typically episodic (Dissanayake et al, 2015). Contrastingly, accretion is slow 
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processes (Hicks et al, 2002; Anthony, 2013; Davidson et al, 2017). Thus, post storm, for the 

beach to return to what is considered the equilibrium profile, there is a long-time frame for this 

to occur (Morton et al, 1995; Ferreira, 2005). In the New Zealand sense, southern New Zealand 

is the most likely to experience storm wave clusters due to regional exposure to polar lows and 

south pacific lows being 2000 km from the nearest land mass (Gorman, 2003; Godoi et al, 

2017). 

 

 

In the New Zealand sense, there has been little work completed on beach response to storm 

surge events, despite calls for such investigation by Gibb, (1979). An important point to 

mention with respect to New Zealand here is the expected increase in cyclone frequency and 

intensity (Sinclair, 1995; Reason and Murray, 2001; Bengtsson et al, 2009). Regarding storm 

clustering, if storms were to occur more frequently, the beach has less time to recover. 

Consequently, a great impact is possible on the New Zealand coastlines. In sum, storm clusters 

will enhance beach/dune erosion because of the lack of recovery time between storm erosion 

events.   

 

2.4.4 Vegetation 

 

Vegetation alters the morphology of a dune system (Hesp, 2002). Vegetation plays a vital role 

in both preventing storm related erosion and rebuilding dune systems post storm (Silva et al, 

2016). There has been a significant amount of research completed on the impact of storm wave 

attenuation over marshlands (e.g. Möller et al, 2014; Marsooli et al, 2017; Paquier et al, 2017) 

and mangroves (e.g. Barbier et al, 2008; Barbier, 2015). Only Silva et al. (2016) has completed 

in situ measurements of the impacts of vegetation has on preventing erosion and wave 

attenuation on beaches. Silva et al. compared the effect different vegetation densities have on 

increasing extreme water levels in a wave flume. Higher vegetation density was found to reduce 

dune erosion significantly compared to bare dune to low vegetation cover. Additionally, the 

steeper dune morphology experienced more erosion in comparison to the flatter dune profile, 

due to more energy dissipation and less slumping associated with flatter dune profiles. This 

claim is backed up by Berbier et al. (2008), who notes that the exponentially positive 

relationship between dune vegetation cover and significant wave height prevented from 

breaching the foredune Figure 2.9.  
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Figure 2.9: The exponential relationship between vegetation coverage and significant wave heights 
blocked from overtopping the foredune. Source: Barbier et al. (2008). 
 

 

Vegetation plays a significant role in the dune recover process. Vegetation traps sediment, and 

retards air flow allowing for sediment deposition to occur, thereby rebuilding the dune (Arens 

et al, 2013). Vegetation also allows dunes to exceed the angle of repose by consolidating 

sediments (Komar, 1998). Rozé and Lemauviel (2004), followed a restoration project on the 

French coast. Vegetation was deliberately planted to increase the size and complexity of the 

dune system. Cheplick (2016) highlighted the importance of the type of vegetation. Staten 

Island was hit by two large storms completely inundating the coastline in 2012 and 2013. As a 

result, the vegetation that possessed rhizomes such as that of the Ammophila family, were more 

resistant to storm conditions and recovered quickly.  

 

 

In New Zealand there are several types of sand binding grasses that inhabit the New Zealand 

coastline. Ammophila arenaria is an exotic species deliberately introduced from Europe 

(Konlechner and Hilton, 2009), producing large steep foredunes that prograde the coastal 

barrier, often outcompeting indigenous species (Hilton et al, 2005; Hilton et al, 2006). 

Indigenous species include Spinifex sericeus and Ficinia spiralis both of which create smaller 
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flatter, discontinuous dune morphologies (Hesp, 2002), and are often outcompeted by 

Ammophila arenaria especially in the southern New Zealand climate (Hart et al, 2012). 

Considering Ammophila arenaria’s ability to prograde the coastal barrier, foredunes become 

prone to scarping and subsequent embryotic dune formation (Hesp, 1988; Hilton et al, 2005), 

(see Figure 2.10). The significance of vegetation on the dune morphology is linked to the 

behaviour of the dune system during storm surge and the ability of a beach to return to pre 

storm state (Hesp, 1988; Houser et al, 2015). Inundation is more likely with respect to the 

indigenous species because of the shallower dune profile. This is discussed in Houser et al. 

(2015) where dune recovery and dune height are linked to the type of vegetation.  

 

 
Figure 2.10: Surat Bay illustrating scarping often observed on Ammophila Arenaria dominated 
foredunes. Photo: Dave Borrie. 

 

2.4.5 Aeolian Dune Recovery 

 

In order for a foredune to recover from a storm surge erosion, aeolian processes in combination 

with vegetation succession must occur (Sherman and Bauer, 1993). Aeolian transportation 
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occurs when wind exerts a bed shear force on dry beach. The fetch distance is important, and 

the angle of flow as shown in Bauer and Davidson-Arnott (2002). Accordingly, sediment 

accumulation in the dune depends on the available fetch and wind speeds, and on the 

availability of dry sediment in the backshore (Short and Hesp, 1982; Sherman and Bauer, 

1993). There is a vast body of research examining the processes that drive aeolian transport but 

there is little that examines the time frames around dune recovery (Sherman and Bauer, 1993; 

Castelle et al, 2017).  

 

Weymer et al. (2015) explains the post storm progression following sediment deposition in the 

nearshore during a high energy storm conditions. Nearshore sediments then migrate shoreward 

and amalgamate to the sub aerial beach where aeolian processes transport sediment to the stoss 

face of the foredune (Aagaard et al, 2004). Weymer et al. also notes the alongshore variations 

in beach recovery occur due to the location of nearshore bars. Nearshore bars migrate onshore 

during low energy conditions (Short, 1999), thereby, acting as a sediment source for aeolian 

transport to the dune. Hence, why variations in alongshore beach recovery occur.  One of the 

issues discussed in Castelle et al. (2017) is vertical scarping. Vertical scarping prevents aeolian 

sediment from reaching the foredune acting as a barrier. A sand ramp must develop to create 

an access ramp for sediment to reach the dune as demonstrated in Castelle et al. Smyth and 

Hesp (2015) illustrate, using artificially constructed dunes, aeolian dynamics over three 

differing types of foredune ridge. Smyth and Hesp demonstrate that two ridge dunes with gentle 

sloping stoss faces allowed for the most sediment deposition in the lee of the dunes or ridges. 

 

2.4.6 Nearshore Morphodynamics 

 

Nearshore dynamics are an integral element not only for beach recovery processes, but also in 

storm wave attenuation (Houser, 2009). This section will interpret literature that includes 

nearshore morphodynamic processes. There is a distinct lack of research looking into the role 

nearshore morphology has on beach recovery and storm erosion (Houser et al, 2008; Guisado-

Pintado et al, 2014). In terms of the specific New Zealand literature, Hicks et al. (2002) is the 

only study that discusses volumetric beach change. Hicks et al. preformed a six-week study 

that tracked beach change at Mangawhai Beach, on the west coast of the upper North Island, a 

different setting to southern New Zealand. 
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Nearshore morphology has been shown to reduce the wave energy. In particular, nearshore 

bars cause waves to break further from shore, reducing wave energy available to erode the 

upper beach/foredune (Houser, 2009). Short and Wright (1984), define the six beach states. A 

given nearshore morphology such as dissipative will typically have offshore bars causing storm 

waves to break further from shore than a reflective beach (Masselink et al, 2006; Houser, 

2009). Therefore, reflective beach states are typically more at risk of severe storm related 

erosion (Cohn and Ruggiero, 2016). One of the issues raised by Masselink et al. (2006) and 

more so in Cohn and Ruggiero (2016), is that on a dissipative beach, the tidal phase modifies 

wave attenuation on nearshore bars. At low tide, shoaling wave oscillation is more likely to 

come in contact with bed forms like bars than at high tide. Therefore, not only is the water level 

elevated by the tidal phase, but also wave energy at the foreshore is higher.  Cohn and Ruggiero 

quantified this factor, stating a 30% decrease in wave runup levels during low tide when storm 

wave broke on the offshore bar, in comparison to high tide.  

 

Beach recovery on the whole has been poorly studied in comparison to storm erosion processes 

(Morton et al, 1994; Houser, 2009; Phillips et al, 2017). Common post storm cross-shore 

profiles translate to the dissipative end of the Short and Wright (1984) Continuum. A process 

captured in the Bruun (1962) conceptual model and subsequent shoreline response models 

(Davison-Arnott, 2005). This process is illustrated in Hicks et al. (2002) and Morton et al. 

(1994), while Houser’s (2009) synthesis discusses said process. Few studies have examined 

reflective beach post storm recovery, only Backstrom et al, 2008, (Vousdoukas et al, 2012). 

Whether or not it is because reflective beaches recover quickly or that reflective beaches only 

occur in low energy settings, has not been discussed by any literature to date.   

 

Phillips et al. (2017) conceptualises the nearshore morphological response in question, 

depicted in Figure 2.11. Phillips et al. describes and illustrates the four-stage process of the 

nearshore bar migration shoreward, before amalgamating to the lower beach. The importance 

of this process is evident when linked to section 2.3.5. As the bar welds to the lower beach, it 

becomes available for aeolian transport (Short and Hesp, 1982; Phillips et al, 2017), the key 

process that feeds dune/upper beach recovery (Weymer et al, 2015). 
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Figure 2.11: Conceptual model displaying the key progressions of nearshore bar onshore migration 
following a storm event. As the process is completed, aeolian transport feeds dune system to continue the 
beach recovery process. Source: Phillips et al. (2017). 
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2.4.7 Alongshore Variations 

 

Storm erosion and post storm recovery are not uniform alongshore. Therefore, it is vital to 

consider alongshore processes that are operating in the coastal setting. Masselink et al. (2006) 

Houser et al. (2008); Aagaard et al. (2012); Balouin et al. (2013); Tătui et al. 2014 and Burvingt 

et al. (2017) all acknowledge nearshore sediment transport alongshore occurs during storm 

events, and the impact this can create concerning alongshore beach recovery disparities. In 

particular the location of rip currents and nearshore bars can generate erosion hotspots 

alongsore. Dynamically, this process is not well understood. However, the inconsistencies in 

alongshore profiles generated by surf zone dynamics are noted (Guisado-Pintado et al, 2014). 

Differences in nearshore sediment availability will alter the rate of beach/dune recovery (Tătui 

et al, 2014). Furthermore, during storm conditions, nearshore bars, may even migrate offshore 

as demonstrated in Shand et al. (1999), driven by the strong rip currents present during storm 

events (Masselink et al, 2006). Consequently, drawing attention to the importance of the 

sediment budget operating within a given littoral cell.  

 

 

There are several coastal components discussed within the literature detailing the reasons for 

alongshore variations in coastal response. Lee et al. (1998) demonstrates the impact of 

alongshore profile variability over a ten-year field study. Aagaard et al. (2012) studied the 

changes in beach morphology alongshore on a reflective beach and found that storm conditions 

were required to drive alongshore sediment transport vectors. The alongshore variability 

component is driven by the differences in rip current position (Short and Hesp, 1982; Thornton 

et al, 2007; Houser et al, 2015), fluctuations in dune height alongshore (Splinter et al, 2018) 

and disparities in vegetation density (Hesp, 2002), changes in alongshore wave heights (Bowen 

et al. 1968) and alongshore currents (Kamphuis, 1991). The changes in erosion alongshore 

were demonstrated in Splinter et al. (2018) stating all of the aforementioned components can 

affect alongshore variations in erosion and also demonstrating the impacts of alongshore 

variations using XBeach.  
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2.4.8 Synthesis 

 

Beach response to storm surge conditions is driven by a several interconnected coastal 

processes operating across various temporal and spatial domains (Sherman and Bauer, 1993). 

This synthesis will follow the process of beach response progression beginning from the role 

of antecedent beach conditions in shaping storm wave beach response. Preceding this, the 

dynamics of the beach recovery will be discussed with reference to the system as whole.  

 

The morphology of beach system has been shown to affect what storm erosion will occur, 

whilst also impacting the process of beach recovery. Short and Hesp (1982) do not explicitly 

link storm erosion, the authors discuss the whole beach system, with respect to the oceanic and 

climatological energy fluxes. The wave climate emerges as a vital component in determining 

beach state. Larger modal wave climates produce dissipative beaches and low modal wave 

climates produce reflective beaches, with intermediate beaches in between the two. Beach state 

was discussed above to impact storm wave attenuation (Masselink et al, 2006; Cohn and 

Ruggiero, 2016), whilst dune morphology and vegetation cover effect the amount of 

dune/beach erosion (Barbier, 2015; Silva et al, 2016).  

 

Using an example, the following will demonstrate the interconnected mechanisms operating 

across the coastal domain. A dissipative morphology will see higher modal energy conditions. 

In doing so it possesses an offshore bar which will result in wave breaking far from the 

shoreline, allowing for greater energy dissipation across the typically wide surf zone (Short 

and Wright, 1984). In the event of an extreme water level generated by storm surge, the dune 

system is typically more developed and well vegetated due to greater aeolian sedimentation 

provided due to a wide supra tidal region and sediment supply (Short and Hesp, 1982). In 

respect to beach/dune recovery the erosion deposits in the nearshore migrate shoreward before 

welding to the beach (Phillips et al, 2017). Then, aeolian processes feed the upper beach/dune 

with wind-blown sediments (Sherman and Bauer, 1993).   

 

Post storm recovery follows a similar sequence for most beach states. Following the consensus 

that nearshore sediments eroded from the upper beach/dunes are deposited in the nearshore, 

sediment transport follows similar process. Phillips et al. (2017), (Figure 2.11), demonstrates 

the nearshore processes by conceptualising nearshore bar migration processes as the bar 
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amalgamates to the nearshore. Once deposited in the nearshore, aeolian processes take over 

where providing onshore winds (or as shown in Lynch et al. (2009) even offshore winds), 

exceed the required threshold for sediment transport given the conditions (Bauer and Davidson-

Arnott, 2002). Vegetation then plays a vital role in trapping sediments and allowing the dune 

to return to its pre storm state (Hesp, 2002; Weymer et al, 2015). The linkages across the 

mentioned mechanisms is what drives the beach/dune recovery. Short and Hesp (1982), 

Sherman and Bauer (1993) and Houser (2009) all note the linkages that create the beach system 

and the relevant roles each mechanism plays in coastal morphologies. Therefore, 

demonstrating the importance of all aspects of beach dune interaction, and will be considered 

throughout this research.  

 

2.5 Modelling Beach Response with Respect to Climate Change 
 

The preceding section will discuss the implications on beach change and the nature of storm 

surge with respect to climate change. This will incorporate long-term sea-level rise 

implications to answer research question 3: “How likely is a storm event going to exceed the 

threshold that would produce a ‘damaging’ impact on the coast, where damaging equals 

spatially continuous dune erosion and infrastructure damage? How will this probability change 

in response to climate change?”. The first section will look at sea level rise projections. The 

second section will examine modelled beach response to sea level rise and the last section will 

discuss the expected changes in the nature of storm surge in response to climate change.   

 

 

2.5.1 Sea Level Rise Projections and Implications  

 

Eustatic sea level rise has significant impact on extreme sea levels and storm surges. As eustatic 

sea level rises, a given storm surge is superimposed upon a higher base level (Haigh et al, 

2010). Therefore, rising sea level, will result in an increase in the reach of waves horizontally 

and vertically exerted on the coast. (Danard et al, 2003; Pye and Blott, 2008; Mather and 

Stretch, 2012; Nordstrom and Jackson, 2013; Allis et al, 2015). According to the IPCC AR5 

report, sea level rise is expected to be between 0.52 m and 0.98 m by 2100 (Figure 2.12). Return 

periods for storm surges will increase resultant of increased sea level (Bell et al, 2000). 
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There is a correlation between greenhouse gases such as Carbon Dioxide (CO2) and Methane 

(CH4) and increasing surface temperatures of the earth is shown in Hansen et al. (2006; 2016). 

The greenhouse gas effect is the fundamental reason behind accelerated sea level rise (Barnett 

and Adger, 2003; Church et al, 2009). There are three primary processes that cause sea level 

rise which are driven by a single mechanism. Thermal expansion, glacial and river inputs, and 

polar ice sheet melt are the three processes (Alley et al, 2005). Ultimately increased global 

temperatures are the driving mechanism behind these processes (Hansen, 2006). 

 
Figure 2.12: Sea level rise projections based on representative concentrations pathways (RCP’s) 2.6, 
emissions remain under 500 ppm for CO2 (blue) and 8.5 where emissions reach between 700-1500 ppm 
for CO2 (red). Source: IPCC AR5 report. 
 

Sea level rise predictions vary across the literature from between 0.25 and 1.0 m by the year 

2100, with the IPCC expecting 0.52 - 0.98 m (Habel et al, 2017). It should be noted that the 

acceleration in polar ice sheet melt is not taken in-to consideration with estimations. Ice shelf 

dynamics are poorly understood to date. In particular, the behaviour of the Antarctic ice sheet 
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in response to climate warming. Therefore, the relative contributions to sea level rise may vary 

depending on global warming, as argued by Rahmstorf, (2007), Pollard and DeConto, (2009) 

and Pritchard et al. (2012). Thus, more than one meter is possible (Alley et al, 2005; Nicholls 

and Cazenave, 2010; Doody, 2013). Nerem et al. (2018), examined the acceleration of sea level 

rise over the satellite alimentary era (1993 onwards), (Figure 2.13), and discovered an 

exponential increase of 0.084mm/yr2. Extrapolating 0.084mm/yr2, expected sea level rise 

would be between 535 – 773 mm by 2100.  

 

 
Figure 2.13: Displays the slight exponential increase in sea level rise since the satellite alimentary era 
(1993). Also includes the variations in ENSO and the eruption of Mount Pinatubo eruption in 1991 
which greatly affected greenhouse gas concentrations. Source: Narem et al. (2018).   
 

2.5.2 Modelling Beach Response to Sea Level Rise 

 

The Bruun Rule was first developed, modelled conceptually and empirically derived in (Brunn, 

1962), and again in Brunn (1988) (see Equation (2.8) and Figure 2.14). The Brunn Rule is a 

common approach used to predict the shoreline retreat. It is worthy to note; no study has been 
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able to verify the Bruun rule with a field verification (Komar et al, 1991; Cooper and Pilkey, 

2004; Wainwright et al, 2014; Anderson et al, 2015). The Bruun Rule has many assumptions 

(including: a wave climate that is always able to erode the coast; sediment is only deposited in 

the nearshore; erosion and sea level rise portray a linear relationship; the sediment budget is 

assumed to be constant) and is a 2-D model applied in a multi-dimensional setting (Komar et 

al, 1991; Cooper and Pilkey 2004; Davidson-Arnott, 2005). Despite such findings, it is still 

used as a prediction method. Additionally, Sherman and Bauer (1993) highlights that the Bruun 

rule cannot be used to predict storm erosion over short time scales. Reason being, it lacks the 

diverse inputs to model processes such as dune slumping and avalanching.  

 

 

𝑅 = 𝑆 d e
faI

g = (𝑆)	1/𝑡𝑎𝑛∅                                               (2.8) 

 

Where: R = rate of shoreline retreat; S = sea level rise, L = length of beach, B= berm 

height; h = depth of closure; tan∅ = angle of the beach. 

 

 
Figure 2.14: Conceptual model developed in Brunn, (1962). Displays the modelled relationship 
between sea level rise and coastal retreat. Source: Davidson-Arnott, (2005), (Fig. 1). 

 

Davidson-Arnott, (2005) developed the RD-A model. The RD-A model presents fewer 

assumptions compared to the Brunn model (allows for all wave climates, inclusion of aeolian 

activity). Anderson et al. (2015) and Romine et al. (2013) employ the RD-A conceptual model 
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(Figure 2.15) to forecast the rate of shoreline retreat in combination with historical data is a 

more reliable approach. The RD-A model has more scientific backing as transgression in 

response to sea level rise is more widely accepted (Anderson et al, 2015; Houser et al, 2015; 

Hesp and Smyth, 2016). Over 100 years of data was culminated into generating shoreline 

retreat rates. In doing so, Anderson et al. would have been able to capture any short - medium 

term cyclic variations in erosion/accretion periods and tidal cycles such as the IPO, which 

would affect erosion rates (de Lange and Gibb, 2000; Stephens and Bell, 2015). The relevance 

of shoreline retreat models such as the RD-A model and Bruun model is that shoreline retreat 

due to sea level rise will enhance the coastal squeeze on populated coastlines. Thus, there is 

requirement to predict shoreline retreat in response to rising seas.  

 

 
Figure 2.15: The RD-A model displaying the transgression of the beach/dune system landward in 
comparison to the Brunn model (figure 2.14). Source: Davidson-Arnott, (2005). 
 

2.5.3 Storm Surge Response to Climate Change 

 

The nature of storm surge will likely change in the response to climate change (Bell et al, 

2000). The Green House Gas (GHG) effect is warming SST (Knutson et al, 2010) due to the 

Earth’s energy imbalance of 0.5-1 Wm-2 (Sturman and Tapper, 2006; Hansen et al, 2016) 

(Figure 2.16). Altered regional patterns of baroclinic instability will result (Sinclair, 1995; 

Reason and Murray, 2001; Bengtsson et al, 2009). Reason and Murray explain that there may 

be an increase in winter cyclones between 30-50o S due to enhanced SST brought on by climate 

change, as shown in Figure 2.8 from Hansen et al. 2016. Additionally, if the polar ice caps 
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were to melt, SSTs, particularly in the lower latitudes, are likely to see cooling due to the ice 

melt (Hansen et al, 2016). 

 

There is also an expected increase in surface and near-surface temperatures, evaporation and 

elevated levels of atmospheric humidity. In turn, this should result in increased release of latent 

heat, which would increase cyclone development (May et al, 2013). These two processes are 

conflicting so how they will influence cyclonic development is yet to be determined. Lambert 

and Fyfe’s conclusion centres around a Canadian CO2 model assuming a substantial increase 

in CO2 concentrations in the atmosphere.  The simulation returned a global reduction in cyclone 

frequency and an increase in intensity. However, the different meteorological processes in 

operation and the opposing view to the consensus, indicate Lambert and Fyfe’s conclusions 

are irrelevant. Also, Lambert and Fyfe’s research used 2006 IPCC RPC’s which are now 

obsolete since the updated IPCC (2014) report.    

 

 
Figure 2.16: Modelled Surface air temperature (oC), with the top row based on IPCC A1B scenario. 
Source: Hansen et al. (2016). 
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Leslie et al. (2005) demonstrated a positive trend in ‘meteorological bombs’ developing in the 

Tasman Sea. Meteorological bombs are where the central pressure of cyclones drops more than 

20 hPa in a 24-hour period. Also, Leslie et al. suggest that regionally, New Zealand, 

particularly the South Island, will experience increased frequency of meteorological bombs. 

Pezza et al. (2016) reiterate what Leslie et al. discussed, that intense mesoscale cyclones, such 

as metrological bombs and polar lows, often form near the southern New Zealand coastline 

and can have destructive impacts.  

 

There is debate around whether coastal storms and therefore storm surges will increase in 

frequency as a direct result of climate change on a global scale. Pye and Blott (2008); 

Bengtsson et al. (2009) and Jiménez et al. (2017) suggest an increase in the frequency of surges 

in response to increased cyclonic activity. Therefore storminess will increase, thus so will 

storm surge incidence and magnitude.A theme emerging from the literature discussed in this 

section is that there is significant scope to increase the understanding of cyclonic activity over 

the New Zealand region. The principal reason being it will directly impact the nature of storm 

surge in the future (May et al, 2013).  

 

2.5.4 Synthesis 

 

Section 2.5 has explored the implications of climate change on storm surge. The first process 

discussed is sea level rise. The IPCC 2014 AR5 report has indicated global sea level will rise 

between 0.52 m and 0.98 m by 2100. Storm surge is superimposed on eustatic sea level. 

Therefore, a rise in eustatic sea level as a result of climate change will enhance the impact of 

storm surge on the coast. The Bruun model and RD-A model are attempts to model coastline 

response to rising sea level is displayed in Figures 2.14 and 2.15. Lastly, current literature 

suggests an increase in storminess due to climate change and altered regional circulation 

patterns. Storm surge magnitude and frequency is expected to increase as a result.    

 

2.6 Summary  
 

Chapter two has constructed an overview of the literature relevant to the three main topics for 

this study. Additionally, key concepts and descriptions have been included to give a full 
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overview of storm surge and extreme water levels. The first section (2.2) directly outlines the 

processes involved in creating storm surge and extreme sea levels at the coast, including some 

of the empirical equations used to define each component of storm surge and extreme water 

levels. Section 2.3 discussed the main literature on storm surge in New Zealand and the 

synoptic scale processes operating around southern New Zealand and how they may change 

with a warming climate. Section 2.4 covered, in-depth, the beach response to storms both 

initially with the erosive processes, such as scarping. Then, the processes responsible for beach 

recovery, before discussing the recovery process as a whole. Lastly, section 2.5 looked into 

predicted sea level rise, the methods used to model beach response long term to sea level rise.  

 

The underlying issue specifically for New Zealand is there is both a lack of research coupled 

with short term and incomplete data records. There is little research in New Zealand in the 

beach behaviour during and subsequent beach recovery following a storm surge. Considering 

New Zealand’s dense and expanding coastal populations and development (Lawrence et al, 

2018), understanding the nature of storm surges in southern New Zealand is of great 

importance. This research will provide insight in to the nature of storm surge in southern New 

Zealand  

 

To answer the first aim of this study; “Using historical data, define the nature (specifically 

frequency and magnitude) of storm surge in southern New Zealand?” A hindcast of using sea 

level recorders at Green Island and Dog Island with data dating back to 2002 and 1997 

respectively will be used to determine the nature of storm surge in southern New Zealand. This 

will target the lack of understanding within the New Zealand setting around the nature of storm 

surge.  

 

The second aim; “What is the expected beach response to a given level of storm surge in the 

successive six-month period?” will be answered by tracking the immediate beach response to 

given levels of surge and the subsequent recovery period. Here, the outcome will link all of the 

aspects of beach response discussed in section 2.4 to the field sites used in this study. Thereby, 

generating better understanding of beach behaviour in southern New Zealand.  
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Section 2.5 has discussed the implications of climate change on storm surge and beach 

response. Section 2.5 is linked to research question three: “How likely is a storm event going 

to exceed the threshold that would produce a ‘damaging’ impact on the coast, where damaging 

equals spatially continuous dune erosion and infrastructure damage? How will this probability 

change in response to climate change?”.   

 

Overall, the literature has suggested that climate change will increase the frequency and 

magnitude of storm surge. Additionally, sea level rise, a product of a warming climate, will 

increase the horizontal and vertical impact of storm surge events because surge events will be 

superimposed on a higher base level.  A consensus as to how the coastline will respond to a 

rise in sea level is yet to be found, however increased erosion is inevitable. This research will 

examine the impact of climate change will have on the coastline in southern New Zealand 

conceptually to answer the third research question mentioned above.



 

  

3                                    
 

 

 

 

3.  The Nature of Storm Surge 

in Southern New Zealand 
 

 

 

3.1 Introduction 
 

Chapter 3 is going to determine the frequency and magnitude of storm surge in southern New 

Zealand, answering research question one. In order to complete this aim, there are two 

objectives for this chapter. Firstly, using extreme value analysis, establish the return levels for 

storm surge of the data sets (courtesy of NIWA) for Dog Island, Jackson Bay and Green Island. 

Next, the same process will be applied for the total water level (TWL), (combination of surge 

and tide) otherwise known as the elevation of the water level above MSL.   

 

Storm surges and extreme water levels are not well understood in New Zealand. The 

installation of sea level recorders at Dog Island (1997), Jackson Bay (1998) and Green Island 

(2002) allows for analysis to be completed to answer research question one. Previous work by 

Bell et al. (2000) did not have the use of these southernmost records when determining return 
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periods for storm surge across all of New Zealand. Instead Bell et al. focus on the Northern 

region of New Zealand. Thus, there is scope for similar research to be conducted in southern 

New Zealand, as identified in Chapter 2. 

 

The physical processes that generate storm surges and extreme water levels vary spatially over 

New Zealand, as New Zealand stretches over 11.33 degrees latitude and is surrounding by 

oceanic bodies. Northern regions of New Zealand are affected more by decaying tropical 

cyclones. Conversely, southern regions of New Zealand experience strong mid-latitude and 

polar cyclones that form to the south and in the Tasman Sea. Hence, why there is a need to 

understand the nature of storm surge in southern New Zealand.  

 

Cyclones drive storm surge across all of New Zealand but are different depending on which 

region of New Zealand. Dog Island located in Foveaux Strait, between Stewart Island and the 

South Island; Jackson Bay is located south of Haast on the West Coast of the South Island; and 

Green Island, situated off of the Dunedin coastline are the three locations from which sea-level 

records were obtained from the National Institute of Water and Atmospheric research (NIWA), 

(Figure, 3.1). One of the critical components of storm surge is the inverse barometric response. 

Cyclonic events bring low pressure systems and are a significant contributor to storm surges. 

Thereby, forming a statistical correlation between Mean Sea Level Pressure (MSLP) and storm 

surge.  

 

The following sections of this chapter will cover the data acquisition, cleaning and processing 

procedures. Then the results will be displayed for Green Island, Dog Island and Jackson Bay, 

before discussing how these results help us to understand the nature of storm surge in southern 

New Zealand. 
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Figure 3.1: Location of the sea level recorders used to conduct Extreme Value Analysis. 
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3.2 Methods and Data Sources 
 

3.2.1 Data 

 

The data for the Green Island sea level recorder begins on the 4th of December 2002. Dog 

Island dates back further to the 2nd of February 1997, while Jackson Bay began operation on 

28th of May 1998. The data has two variables measured hourly; observed sea level and 

predicted sea level. Subtracting the predicted sea level from the observed gives the surge value, 

either positive or negative.  

 

The predicted tide is relative to MSL for the Green Island sea level recorder, whereas the 

observed water levels were relative to chart datum. 2.34 m was subtracted from the observed 

data set to make both data sets relative to 1958 Dunedin Vertical Datum (MSL for the Dunedin 

coastline). This creates the added issue of having to account for sea level rise between 1958 

and 2002. Examining the literature available on sea level rise in New Zealand Fadil et al. (2013) 

suggests that the New Zealand’s 20th Century sea level rise rate is 3.23 ± 0.27 mm/yr but 

calculated 1.46 ± 0.10 mm/yr for all of New Zealand from 1900 – 2011. A consensus of 1.7 

mm per year was found across four studies (Bell et al, 2000; Hannah, 2004; Hannah and Bell, 

2012; Bell et al, 2016) between 1900 and 2000 was used as the annual sea level rise rate for 

this study.  The National average was used instead of the Dunedin average obtained from the 

Port of Otago because of the porous nature of the Dunedin data set, noted in Hannah and Bell 

(2012). 

 

A sea level rise correction was then applied to the data set to account for sea level rise between 

2002 and October 2018. A linear sea level rise rate was applied to each hourly observation of 

1.940639 x 10-7 mm. It must be noted that although there is substantial evidence to suggest 

that current sea level rise rates are accelerating annually since 2000, (Fail et al, 2013; Nerem 

et al, 2018), for simplicity, the 1.7 mm/yr New Zealand average was adopted for the entire data 

set.  

 

The Dog Island sea level recorder is yet to be surveyed to a benchmark, despite commencing 

operation in February of 1997. In other words, the observed water level is not relative to any 

datum (NIWA, 2018). The average of the entire observed data set (1.97 m) was subtracted from 
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them to make the make it relative to mean sea level and match the predicted tide data set. The 

same method was applied to the Jackson Bay data set which also has not been surveyed. The 

average value for Jackson Bay was 1.87 m. To account for sea level rise, the process used for 

Green Island was mirrored, in the instances of Dog Island and Jackson Bay, the sea level rise 

value was adjusted to account for when the sea level recorders initially commenced operation.  

 

3.2.2 Methods 

 

The proceeding sections will examine the methods used to answer each individual objective. 

Namely, how Extreme Value Analysis (EVA) was conducted and the statistical process behind 

attaining the modelled outputs for both storm surge and for total water level.  

 

The tail of a given distribution is more often than not, the focus of environmental hazard studies 

as it details the extreme end of occurrences or extreme events (Nascimento et al, 2016). The 

open source software RStudio was used to conduct this research. Specifically, the ‘extRemes’ 

package was used to conduct extreme value analysis on storm surge and total water 

exceedances. ‘ExtRemes’ was developed for short term data sets, which in environmental 

science, is a common issue. The details of the package are described in Gilleland and Katz 

(2016). The model applied 16 years of data from the Green Island sea level recorder to assess 

the fit of the model to real data before return periods projections were made (Figure 3.2). Dog 

Island has 20 years and Jackson Bay, 19 years.  

 

A data frame (table containing all of the variables of each surge event examined in the EVA 

analysis) was produced detailing individual storm surge events instead of just hourly 

observations. The maximum recorded surge of each event was obtained. Surge events can be 

either negative or positive because of the inverse barometric effect. If MSLP is higher than the 

average for a region, the sea becomes depressed. In contrast if the pressure drops below the 

average for a region the sea is raised up. Positive surge is the focus of this research. Thus, the 

term surge will refer to positive surge only.  
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There are several different methods available for estimating the parameters of an extreme value 

distribution within the ‘extRemes’ package. The Bayesian method produced more “sensible” 

results compared to the Generalised Maximum Likelihood Estimation (GMLE) method, due to 

the Bayesian estimation makes fewer assumptions about the distributions of parameters. When 

parameter sampling distributions are normally distributed then GMLE will tend to work 

proficiently. When sampling distributions are not normally distributed, then the Bayesian 

estimation will produce representative results. Additionally, the Bayesian Estimation uses the 

Markov Chain Monte Carlo (MCMC) algorithm to generate posterior distributions for the 

estimated parameters. MCMC algorithms are sampling algorithms, that shift through the 

sampling variables distributions (tide and surge) based on the conditional probability of given 

levels of the variables and past variables (Salakhutdinov and Mnih, 2008). The Bayesian 

Estimation takes into account the ‘evidence’ provided by the 16-year Green Island sea level 

record to create a posterior distribution for the model parameters and return levels (Nascimento 

et al, 2016).  
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Figure 3.2: Diagnostic plots of the model output from fitting the extreme value distribution. See 
Gilleland (2018) for more details. The top left is Model probabilities against empirical probabilities. 
Top right is simulated from the top left bottom left is a diagnostic for determining whether or not 
the random variable, and the bottom right is a Z plot diagnostic for determining whether or not the 
random variable fits the model. 
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The type of distribution modelled is another component to be defined when fitting an extreme 

value distribution. There are two primary approaches to EVA: GEV (Generalised Extreme 

Value) and GP (Generalised Pareto). With GEV, the data is taken as the maximum of long 

blocks of data (e.g. annual maximum). For GP, the data is taken as excesses over a given 

threshold. GP was selected to run all EVA for this course of research. The GP continuous 

distribution is commonly applied to model the tail (extremes) of other distributions (Picklands, 

1975). GP is specified by three parameters; location, scale, and shape. GP was used for both 

the storm surge and total water level return estimations. Additionally, the value of the binomial 

process is not used because an environmental extreme with a known predictable component 

(tidal oscillation) is known. 

 

With GP models, two components are required to obtain the recurrence intervals: the threshold 

and the rate of exceeding the threshold. To obtain the rate of exceeding the threshold, the 

average number of surge events per year is required as input into the model. A high threshold 

was chosen to run EVA on the storm surge records. The threshold chosen was exponetial(−1) 

or 0.368 m. The benefit of the selected high threshold is that events above the threshold are 

more likely to be independent of each other which is an important underlying assumption to 

overcome in the model. The same threshold was used for all sites examined (Green Island, Dog 

Island and Jackson Bay). 

 

The selection of the threshold is somewhat subjective. If the threshold is too low, then the 

parameter estimates may be biased due to a lack of independence between observations. If the 

threshold is too high, then the model parameter estimates will have a high variance resulting in 

wide confidence intervals for parameters and recurrence intervals. The threshold value was 

selected as a compromise between these considerations using the output from the 

"threshold.plot" and "extremealindex" functions as guidance.  

 

The time units consideration helps the model to determine how many storm surge events occur 

annually. This is important because it affects the return period values for example with more 

events specified in a year, there is more chance of a larger surge occurring more often and vice 

versa. There was 247.5 (on average) for Green Island (equating to 247.5 for the time units’ 
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function), 310.2 for Dog Island and 137.0 for Jackson Bay. However, due to the porosity of the 

Jackson Bay data set, the time units’ function was not applied because the value of 137.0 annual 

events is not representative of the number of annual surge events at Jackson Bay.  

 

To examine the total water level component, (given as the total water elevation above MSL 

which includes the tidal component plus storm surge component) GMLE was employed instead 

of Bayesian. In this instance GMLE worked well (i.e. gave “sensible” results) because the 

normal approximation used to generate confidence intervals was more valid for total water 

level in contrast to storm surge. GMLE is similar to the Bayesian Estimation, but differs as it 

applies a prior distribution function on the shape parameter to improve the fit of the model. 

Also, instead of using MCMC to form posterior distributions, GMLE uses normal 

approximation/profile-likelihood or parametric bootstrapping to obtain confidence intervals for 

the return periods. 

 

The other components of the EVA used for modelling storm surge where applied for total water 

level as well including the GP distribution function and thresholds. The time units however, 

differed because there are 730 high tides annually, therefore, more high-water level events 

above 0 m. Consequently, more events that occur in comparison to positive storm surge events.  

 

 3.3 Results 
 

3.3.1 Extreme Value Analysis Green Island 

 

Section 3.3.1 will initially discuss the observed data sets from Green Island, Jackson Bay and 

Dog Island sea level recorders. Subsequently, the modelled data from the EVA will be 

displayed. It is important to note now, that the modelled outputs should be interpreted with 

caution as the return frequency figures are based on only 16 years of water level data from 

Green Island, 20 from Jacksons Bay and 21 years from Dog Island. It would be preferable to 

have 50 years of continuous water level data, but that is not available in southern New Zealand 

at the open coast.  
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From the Green Island sea level recorder there were 136224 hourly observations (Figure 3.3). 

All positive storm surges were used to determine the nature of surge in southern New Zealand. 

The individual storm surge events were given at the point where surge exceeds 0 m above the 

predicted tide, to where the surge event crosses back below the 0 m threshold and becomes a 

negative surge. 3957 ‘surge events’ occurred between 2002 and 2018, an average of 247.5 

‘surge events’ annually. The maximum surge recorded was 0.67 m on the 24th of April 2009, 

shown in Figure 3.4). Although this occurrence was during a neap tidal phase, thus the total 

water elevation is not as noticeable (Figure 3.3). The probability of exceedance based on the 

observed data from Green Island (Figure 3.5). The tail of the probability of exceedance curve 

becomes distorted. The likely cause of this is the short length of the data set. A data set with a 

longer temporal span would likely produce a smoother curve. 

  

Figure 3.3: Water level observations from the Green Island sea level recorder, from December 2002 to 
July 2018. 
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Figure 3.4: Storm surge record for the Green Island sea level recorder. Surge is given as the observed 
water level minus the predicted tide. 

 

 
Figure 3.5: Probability of exceedance based on the observed data set from Green Island. The y axis is 
on a log scale. 
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Figure 3.6 displays the derived return period after applying EVA. The 100-year return surge 

height was 0.914 m. The 95% upper confidence interval aligns with the return level up to the 

15-year return period, then, it rises steeply. This may appear unrealistic, however, given the 

short data set from which EVA was conducted on, and the uncertainty around climate change, 

this may be a realistic confidence interval. Table 3.1 indicates that the 500-year upper 95% 

confidence interval would see a storm surge of 14 m. For perspective, Hurricane Katrina had 

an 8 m storm surge, thus a little unrealistic. The modelled return period for 500 years is only 

1.286 m, which is only 0.372 m greater than the 100-year return period.  

 

 

Figure 3.6: Surge Return Level Predictions based off observations from the Green Island sea level 
recorder and fitted with generalised extreme value analysis model, using the Bayesian method. The 
blue line is the 70% confidence level. The red lines are the 95% confidence level.    
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Table 3-1: Green Island storm surge return periods for defined return periods including the upper and 
lower confidence intervals for 95% confidence. 

Return Period Lower CI (m) Return Level (m) Upper CI (m) 

2-year level 0.471 0.513 0.568 

5-year level 0.527 0.590 0.735 

10-year level 0.563 0.651 0.934 

20-year level 0.595 0.718 1.248 

50-year level 0.626 0.819 2.037 

100-year level 0.644 0.914 3.236 

200-year level 0.657 1.037 5.664 

500-year level 0.667 1.286 14.146 

 

 

Storm surge is superimposed on the tidal oscillation. The spring tide maximum is around 1.11 

m at Ocean Beach. The maximum estimated surge and tide together would see a total water 

level elevation of approximately 2.23 m if they were to coincide. Although the likelihood of 

both these events occurring at the same time is low, the upper confidence interval for the total 

water level return period shown in Table 3.2 suggests it could be up to 2.72 m on a 500-year 

return period. The confidence intervals in Figure 3.7 for the total water level return are much 

narrower than the storm surge confidence interval for two reasons. Firstly, the threshold set for 

total water level events was every high tide within the tidal cycle where the water level 

exceeded MSL (mid-tide). Therefore, there were 10896 high tides within the 16-year data set 

as opposed to 3957 positive storm surge events. More substantial data inputs typically lead to 

narrower confidence intervals. Secondly, the tidal component is predictable based on the 18.6-

year tidal cycle, which would help reduce the error.  

 

The 100-year return event is 1.940 m and 2.184 for the 500-year return event (Table 3.2). It is 

crucial to point out here, that the Green Island sea level recorder, is two kilometres from the 

shoreline. Thus, the actual water elevation at the coastline will be more significant, because of 

processes such as enhanced wave set-up and wave run-up which contributes approximately 

30% to the extreme water level reaching the coastline.      
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Table 3-2: Green Island total water level return period table for defined return periods including the 
upper and lower confidence intervals for 95% confidence 

Return Period Lower CI (m) Return Level (m) Upper CI (m) 

2-year level 1.389 1.454 1.522 

5-year level 1.457 1.556 1.662 

10-year level 1.518 1.637 1.766 

20-year level 1.560 1.723 1.903 

50-year level 1.621 1.843 2.097 

100-year level 1.665 1.940 2.260 

200-year level 1.703 2.042 2.447 

500-year level 1.753 2.184 2.721 
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Figure 3.7: Total Water Level return periods. Note, this is based on elevation above current mean sea 
level. The total is fitted with generalised extreme value analysis model, using the GMLE method. This data 
set is based off of the observed water level from the Green Island sea level recorder. The blue, red and 
green line represent the 90, 95 and 99% confidence intervals respectively. 
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3.3.2 Extreme Value Analysis Dog Island 

 

Dog Island experiences a slightly larger tidal range than Green Island. The largest predicted 

tide is 1.435 m and the most significant low predicted low is -1.610 m (Figure 3.8). 

Additionally, the most significant storm surge recorded was 0.737 m, 0.067 m larger than the 

largest recorded surge at Green Island (Figure 3.9). Therefore, the magnitude of surge will be 

similar to that of Green Island.   

 

The 100-year return level produced by the EVA Bayesian estimation, suggests a higher return 

level than at Green Island, of 0.950 m. Also, the confidence interval at both the 70% and 95% 

are narrower than those for Green Island (Figure 3.6). This can be put down to the longer data 

set available for Dog Island, (Table 3.3). Interestingly, the ten-year estimated return level is 

0.695 m which is already more substantial than the most significant recorded surge at Green 

Island. Thereby, illustrating that the southern tip of New Zealand where the Dog Island sea 

level recorder is located experiences a marginally larger surge climate than the south-east coast 

of the South Island where the Green Island sea level recorder is located. 

 

Figure 3.10 displays the probability of exceedance based off of the observations of the Dog 

Island sea level recorder. Similar to the Green Island probability of exceedance (Figure 3.5), 

the tail of the exceedance curve becomes distorted. The reason for the distortion of the tail is 

the extreme events that have occurred, i.e. there is a gap in the observed data between the most 

extreme storm surges and the next most extreme storm surge. A data set with a longer temporal 

span would alleviate the tail distortion to produce a smoother curve because the gaps in the 

data set are likely to be filled in with events. 

 

The total water level return levels would be expected to be higher for Dog Island in comparison 

to the Green Island sea level recorder. The rationale being, larger tidal range in combination 

with a larger surge climate as shown in Table 3.4 (in comparison to Table 3.2). Thus, there are 

subtle differences across southern New Zealand regarding the expected surge and total water 

level maximums.   
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Figure 3.9: Storm surge record for the Dog Island sea level recorder. Surge is given as the observed 
water level minus the predicted tide. 

Figure 3.8: Dog Island sea level record from February 1997 to July 19th 2018. The Dog Island sea 
level record experiences a large tidal range than Green Island varying between -1.61 m to 1.435 m 
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Figure 3.11: Probability of exceedance based on the observed data set from Dog Island. The y axis is 
on a log scale. 

Figure 3.10: Surge Return Level Predictions based off observations from the Dog Island sea level 
recorder and fitted with generalised extreme value analysis model, using the Bayesian method. The 
blue line is the 70% confidence level. The red lines are the 95% confidence level.    
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Table 3-3: Storm surge return levels for Dog Island including the upper and lower confidence intervals 
for 95% confidence. 

Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year level 0.535 0.566 0.607 

5-year level 0.586 0.638 0.740 

10-year level 0.622 0.695 0.914 

20-year level 0.652 0.758 1.207 

50-year level 0.685 0.857 1.977 

100-year level 0.703 0.950 3.400 

200-year level 0.717 1.071 6.620 

500-year level 0.731 1.310 22.976 

 

  

Figure 3.12: Total Water Level return periods. Note, this is based on elevation above current mean sea 
level, fitted with generalised extreme value analysis model, using the GMLE method. 



Chapter 3 – The Nature of Strom Surge in Southern New Zealand 

 

 73 

Table 3-4: Storm surge return periods for defined return periods at Dog Island including the upper and 
lower confidence intervals for 95% confidence. 

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year return level 1.550 1.591 1.634 

5-year return level 1.604 1.665 1.727 

10-year return level 1.640 1.722 1.808 

20-year return level 1.670 1.782 1.901 

50-year return level 1.697 1.863 2.046 

100-year return level 1.727 1.928 2.151 

200-year return level 1.751 1.994 2.272 

500-year return level 1.764 2.086 2.467 

 

3.3.3 Extreme Value Analysis Jackson Bay 

 

Jackson Bay was examined in addition to the Dog Island and Green Island data sets. The issue 

with the Jackson Bay data set (Figure 3.13) is the porosity of data. Notably the approximate 

four-year gap between 2012 and 2016. Also, there are three smaller gaps observed in Figure 

3.13 in 2001, 2004 and 2006. Ex-Tropical cyclone Fehi also distorts the data set because of it’s 

extreme magnitude. Ex-Tropical Cyclone Fehi is evident in the Jackson Bay data set, shown 

as the highest water level reached in the entire data set and producing a surge of 2.06 m. 

However, this surge occurred at low tide, so the total water level reached was lower than the 

mean high-water spring level. During the Fehi event, the highest total water level recorded at 

Jackson Bay was recorded of 2.08 m, six hours after the peak surge.    

 

The exclusion of Ex-Tropical Cyclone Fehi generated a more representative indication of the 

magnitude and frequency of surge at Jackson Bay. Ex-Tropical Cyclone Fehi which as 

previously mentioned, generated a peak surge of 2.06 m (Figures 3.14, 3.15). Consequently, 

the probability of exceedance curve is extremely distorted compared to when Ex-Tropical 

Cyclone Fehi was excluded, where the extreme event skews the probability of exceedance 

curve (Figure 3.15). The porosity of the Jackson Bay data set (Figure 3.13) is another reason 

for the distortion of the probability of exceedance curves for Jackson Bay.   
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Figure 3.13: Jackson Bay Water Level Plot. The most prominent feature of this timeseries plot is the 
gaps where the tide gauge was not in operation. Most notably between 2012 and 2016. However, there 
are also three small gaps in the data set in 2001, 2004 and 2006. Ex-Cyclone Fehi is depicted by the 
highest peak in 2018. 

 

Figure 3.14: Probability of exceedance based on the observed data set from Jackson Bay. The y axis is 
on a log scale. 
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Figure 3.15: Probability of exceedance based on the observed data set from Jackson Bay. The y axis is 
on a log scale. 

 

The modelled data set produced was more extreme than that of Dog Island and Green Island. 

Moreover, the upper 95% confidence level estimates were 1050 m on the 100-year return level 

(Table 3.09). The 100-year return level estimate returned a value of 4.951 m. Hurricane Katrina 

produced a storm surge of approximately 8 m for perspective, with MSLP reaching as low as 

902 hPa.     

 

The total water level output (Figure 3.13 and Table 3.10) is more realistic, but still high in 

comparison to Dog Island and Green Island projections. The inclusion of Ex-Cyclone Fehi 

does not affect the total water level model as much as in the storm surge modelling. The 

rationale being that the total water level includes a tidal component that is constant and 

predictable over time. Also, the most significant surge generated by Ex-Cyclone Fehi occurred 

at low tide, thus not having a more substantial impact on the TWL model. The 100-year return 

level for total water level (Table 3.10) is higher than that of Green Island (Table 3.2), and Dog 

Island (Table 3.6) projected to be 2.37 m. 
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Figure 3.16: Storm Surge return level plot for Jackson’s Bay. This modelled output included Ex-
Cyclone Fehi which occurred on February 1, 2018, producing a surge of 2.06 m.  

 

Table 3-5 Jackson Bay storm surge return intervals including Ex-Cyclone Fehi in 2018. 

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year level 0.622 0.775 1.19E+00 

5-year level 0.734 1.047 2.45E+00 

10-year level 0.830 1.369 5.36E+00 

20-year level 0.935 1.871 1.56E+01 

50-year level 1.092 3.094 1.19E+02 

100-year level 1.221 4.951 1.05E+03 

200-year level 1.361 8.787 1.88E+04 

500-year level 1.577 23.307 4.64E+06 
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Figure 3.17: Total water level return plot modelled from the Jackson Bay sea level recorder. This output 
includes Ex-Cyclone Fehi.   

 

Table 3-6: Total water level return levels for Jackson Bay extracted from Figure 3.17. 

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year return level 1.586 1.642 1.700 

5-year return level 1.698 1.789 1.885 

10-year return level 1.781 1.909 2.047 

20-year return level 1.861 2.038 2.231 

50-year return level 1.975 2.221 2.496 

100-year return level 2.063 2.370 2.722 

200-year return level 2.146 2.529 2.980 

500-year return level 2.258 2.756 3.363 
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Excluding Ex-Cyclone Fehi helped to reduce the modelled return levels to align closer with 

predictions from Dog Island and Green Island (Figure 3.18). The 100-year return level for 

Jackson Bay without Ex-Cyclone Fehi was 1.331 m (Table 3.7) in contrast to the inclusion of 

Fehi 4.951 m. In comparison to the other sites, the modelled 100-year return level for Jackson 

Bay was 0.417 m greater than Green Island and 0.381 m larger than Dog Island. The total water 

level model has many similarities to the total water level output that included cyclone Fehi. 

Table 3.7: Storm Surge return levels from Figure 3.18 with the exclusion of Ex-Cyclone Fehi.  

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year level 0.561 0.631 0.804 

5-year level 0.610 0.729 1.190 

10-year level 0.643 0.819 1.770 

20-year level 0.672 0.927 2.924 

50-year level 0.702 1.120 7.459 

100-year level 0.720 1.331 17.167 

200-year level 0.734 1.644 49.566 

500-year level 0.748 2.392 397.870 

 
Figure 3.18: Storm surge return levels from the Jackson Bay sea level recorder with the Ex-Cyclone 
Fehi event removed. Therefore, the predictions are lower than if Fehi is included. 
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Figure 3.19: Total water level return levels for Jackson Bay excluded the Ex-Cyclone Fehi event. The 
total water level is similar to Figure 3.17 because the tidal component is consistent across both models. 

 

Table 3-7: Total water level return levels extracted from Figure 3.19. 

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year return level 1.564 1.630 1.699 

5-year return level 1.671 1.774 1.883 

10-year return level 1.767 1.891 2.024 

20-year return level 1.844 2.016 2.205 

50-year return level 1.954 2.194 2.464 

100-year return level 2.038 2.339 2.685 

200-year return level 2.118 2.494 2.937 

500-year return level 2.225 2.714 3.311 
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The results presented in this section, in part, answer the question of the nature of storm surge 

in southern New Zealand. Adopting the 100-year return event as an indication of the nature of 

storm surge, we could expect a storm surge of 0.914 m with a five-year return surge being 

0.590 m. Thus, the maximum surge we can expect in southern NZ is 0.914 m with our current 

understanding. Furthermore, this section has only highlighted that maximum surge level, which 

does not complete our understanding of the nature of storm surge in southern New Zealand.  

 

3.4 Discussion 
 

Chapter 3 has answered the first research question; by using historical data to define the 

frequency and magnitude of storm surge in southern New Zealand. The proceeding section will 

form a discussion on the contribution of this research concerning storm surge in New Zealand 

and the implications of the findings. 

 

The 100-year return period is commonly used when dealing with hazard planning (e.g. NZCPS, 

2010). Based on that approach, the 100-year return levels for southern New Zealand vary 

slightly between, 0.91 m and 0.95 m (Tables 3.1 and 3.5). The method employed to examine 

the return levels is a new statistical package, shown to be effective at forming mathematical 

models when working with short environmental data sets (Gilleland and Katz, 2016). Bernier 

et al. (2007) is another study that illustrates the potential to model storm surge return 

frequencies off of short data sets with acceptable accuracy. Therefore, the results from the 

current chapter are valid despite being modelled off a short data set. 

 

The 5, 20 and 50-year return levels for southern New Zealand are approximately 0.638, 0.758 

and 0.857 m respectively (Table 3.5). Based on the results displayed in section 3.3, storm surge 

appears to be uniform across southern New Zealand, with the frequency and magnitude for 

both Dog Island and Green Island seem to be similar. The uniform magnitude of surge over 

southern and south east New Zealand is likely the result of macro – synoptic scale physical 

processes that generate storm surge.  For example, pressure fields tend to be similar over large 

regions (Goring, 1995), as does the regional winds, practically on the open water. Thus, 
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producing uniform surge over southern New Zealand. Jackson Bay is a slightly different case 

as it is impacted by ex-tropical cyclones such as Ex-Tropical Cyclone Fehi. 

 

It is important to note the data used to conduct this research is from the open coastline. Despite 

the uniform nature of storm surge in southern New Zealand on the open coast, there will be 

variations in the local nature of storm surge at a given section of coastline. At the local scale, 

the surge generated at a section of coastline could differ from the surge generated 100 km down 

the coastline or even the next littoral cell. The reason for this is the wave set-up and run up 

components of surge vary depending on the nearshore morphology of a local coastline 

(Sherman and Bauer, 1993; Aagaard, 2014). Wave run-up and set up can be determined in part 

depending on the type of beach (Dissipative to reflective (Wright and Short, 1984)), the 

positioning nearshore bars (Cohn and Ruggiero, 2016) and the slope of the shoreface (Stockdon 

et al, 2006). 

 

The results of this study align with the little research currently exisitng on storm surge in New 

Zealand. Bell et al. (2000) suggested the New Zealand wide, maximum surge to be one meter. 

Interestingly Bell et al. only used one open water tide gauge to base this claim, however, it 

does appear to confirm the results presented in this study. In addition to the Bell et al. (2000) 

study, a 2008 NIWA report commissioned by the Otago Regional Council (ORC) modelled 

extreme water levels (tide + surge) along the Otago coastline. The 100-year return level was 

1.94 m the same as the 100-year return total water level in this study (Table 3.2), although the 

report did not define the magnitude of surge explicitly. Therefore, the one-meter surge 

maximum claim by Bell et al. is reinforced further following the outcomes of this research.   

 

Data from the Jackson Bay sea level recorder must be considered also. The large gaps within 

the data set are a significant issue, especially when modelling. The surge and total water level 

return levels modelled from the Jackson Bay data are more substantial than Green Island and 

Dog Island but this aligns with Goring (1995) and DTec (2007) who suggest the barometric 

response factor and westerly flow is higher on the western side of New Zealand, which could 

generate larger storm surges. Ex-Cyclone Fehi exhibits this, where the Ex-Tropical Cyclone 

migrated from the Tasman Sea breaking landfall just North of Jackson Bay. The 2.06 m surge 
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recorded during Fehi could have been a result of coastally trapped waves propagating from far 

offshore arriving with Fehi, raising the level of the sea at the coast as Fehi approached the 

coastline (Goring, 1995; Ierodiaconou et al, 2016). The exclusion of Fehi (Figure 3.14) helped 

to reduce the surge return level predictions closer to that of Dog and Green Island, but is still 

exceeding the one-meter New Zealand maxima suggested by Bell et al. (2000) at 1.331 m. 

Although the reliability of the Jackson Bay data set is poor, in combination with Henshaw’s 

(2004) findings at Mason Bay, there is enough evidence to suggest the maximum possible surge 

in New Zealand is larger than one meter. Thus, Bell et al,’s claim are incorrect. 

 

The total water level return levels were similar to Dog Island because both Dog Island and 

Jackson Bay have a large tidal range compared to Green Island. However, due to the porosity 

and small temporal span (Bernier et al, 2007; Bresson et al, 2018) and the occurrence of Ex-

Tropical Cyclone Fehi within a short data set the modelled outputs are deemed to be irrelevant 

regarding the nature of storm surge in southern New Zealand.    

 

Significant difficulties exist when finding variations in the frequency and magnitude of storm 

surge through time. For example, there are oceanographic teleconnections that alter storm surge 

intensities over variable temporal scales including the IPO and ENSO (Bell et al, 2000; de 

Lange and Gibb, 2001; Ministry for the Environment, 2017). Changes to the mid-latitude 

prevailing westerly flow occur as a result of fluctuations in oceanographic teleconnections. 

How the mid-latitude westerly belt responds to climate change over the New Zealand region is 

still unknown, but it will likely increase (Ministry for the Environment, 2017). Figure 3.20 

demonstrates the lack of correlation between the Southern Oscillation Index (SOI) and surge 

intensity. The strongest correlation is at a 10-month lag of -0.16. Not significant enough to 

claim any influence of SOI on storm surge intensity in southern New Zealand. The IPO was 

not examined in this study due to time constraints. 

 

Downscaling from global climate models (GCM’s) to regional climate models (RCM’s) to 

examine future wind and pressure fields is important to explore regional patterns which differ 

from global averages (Ranasinghe, 2016). Sterl et al. (2009) and Weisse et al. (2014) 

downscaled GCM’s over the countries bordering the North Sea. Both discovered that there 
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would be a large seasonal and decadal-scale fluctuations in the nature of storm surge, but there 

is not enough evidence to indicate any detectable change in the frequency and magnitude of 

storm surge and extreme water levels.  

Figure 3.20: The top timeseries SOI and storm surge intensity correlation displayed as months from 
the start of the Green Island sea level recorder. The bottom plot is the lagged cross correlation between 
the SOI and storm surge intensity. The strongest correlation is at a 10-month lag period reaching a 
negative correlation of -0.16. Thus, there is no evidence of SOI impacting the nature of storm surge in 
southern New Zealand.    
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Colberg and McInnes (2012) applied GCM downscaling to southern Australia. This example 

is the closest representation for the New Zealand setting geographically. Similar to Sterl et al. 

and Weisse et al., there was no evidence to suggest a significant change in the nature of storm 

surge in response to the strengthening of the mid-latitude westerly circulation and winds during 

the austral winter and weakening through the austral summer. Instead, all three downscaling 

examples cited rising sea level as the process to affect storm surge the most. Therefore, Tables 

3.4, 3.5, 3.8 and 3.9 are the more than likely the most accurate representation of the nature of 

storm surge in 2050 and 2100 for the New Zealand setting, based on current understanding. 

Nonetheless, a downscaling study that incorporates offshore wind and wave changes is 

required for the New Zealand setting because of New Zealand’s isolated location, 2000 km 

from any substantial continental mass. The Ministry for the Environment (2017) report details 

a 5 km gridded regional downscaling model, but only focuses on the land-based changes not 

the oceanic changes. 

 

To summarise the preceding discussion on climate change impacts on storm surge in the New 

Zealand region. The literature suggests that there will be changes to the magnitude and 

frequency of storm surge in New Zealand on a variety of temporal and spatial scales. 

Nevertheless, there is no quantitative analysis to explain how climate change will alter the 

nature of storm surges in New Zealand.  

 

Future research in New Zealand should look into the impacts of climate change on the intensity 

of storm surge in not just southern New Zealand but all of New Zealand. More explicitly, based 

under the pre-defined climate change scenarios, how will mid-latitude cyclones and wind 

speeds change and what impact will this have on the nature of storm surge such as the Colberg 

and McInnes (2012) study. The extreme value analysis applied to the determine storm surge 

return levels in this chapter appears to be a robust method of modelling extreme sea levels, as 

the results align with other New Zealand literature on storm surge including Bell et al. (2000); 

de Lange and Gibb, (2001) and NIWA (2008).   
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3.5 Summary 
 

This section will summarise the key findings of this chapter, whilst reiterating the knowledge 

gaps and the implications of the results. The research question this chapter set out to answer 

was: Using historical data, define the frequency and magnitude of storm surge in southern New 

Zealand? On a 100-year return interval, it could be expected that a storm surge of 0.91 to 0.95 

m would occur in southern New Zealand. Chapter 3 has answered the aforementioned question 

and discussed the validity of the results produced. It can be concluded that despite the short 

temporal nature of the data sets available, Dog Island and Green Island have produced reliable 

results on the frequency and magnitude of storm surge in southern New Zealand.  

 

The primary assumption is that the three sea level recording sites are representative of all of 

southern New Zealand’s storm surges (on the open coast). Additionally, when using statistical 

modelling for future environmental projections, there are always disclaimers given that 

verification of environmental models is near impossible (Oreskes et al, 1994). Lastly, even 

though the extRemes package (Gilleland and Katz, 2016) is designed for short environmental 

data sets, it is more desirable when forming long-range projections to have long complete data 

sets excess of 50 years. This issue is exemplified in the Jackson Bay data which had a 

significant event (Ex-Tropical Cyclone Fehi) in the short and porous 20-year data set that 

resulted in unrealistic storm surge return intervals (Table 3.9), compared to when Fehi was 

removed (Table 3.11).  

 

Two primary implications for coastal management in southern New Zealand have been 

highlighted in this chapter. Understanding the return levels of storm surge and sea level rise 

effects will help to build risk matrices (Castillo et al, 2012; Torresan et al, 2012), and contribute 

to defining/creating set back lines, thus aid in future planning of low-lying coastal areas 

(Ferreira et al, 2005; van Slobbe et al, 2013). Lastly, on a more global scale, the method used 

to determine storm surge return intervals could be easily applied to other settings that have 

short sea level records. 
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The next chapter will use Ocean Beach as a case study to explore the response of the beach to 

storm surge events. Occurrences where the substantial beach erosion resulted from storm 

events are examined. Understanding the return periods for storm surges on the open coastline 

will help to determine the drivers of substantial erosion at Ocean Beach. Thereby linking 

chapters 3 and 4 together.  



 

  

4 
 

4. Beach Response to Surge 
 

 

 

4.1 Introduction 
 

Chapter 4 shifts focus from the return levels of storm surge described in Chapter 3, to the 

morphological response of the beach to storm events. The results of this chapter are 

observational and qualitative, in contrast to the quantitative statistical modelling and analysis 

of Chapter 3.  The aim of this chapter is to answer research question two; What geophysical 

processes generate significant morphological change at the Ocean Beach coastline? Three 

objectives have been outlined to help answer the researched question posed. Firstly, to identify 

the significant erosion events that have occurred at Ocean Beach in the past. Next, identify 

where and what oceanographic and meteorological processes are at play during the identified 

significant events, and identify the predominant cause(s) of significant erosion at Ocean Beach. 

Lastly, to examine how Ocean Beach has responded to the identified significant storm events? 

 

Chapter 4 follows the same structure as Chapter 3, beginning with methods and following with 

results, discussion and conclusions. The methods and data acquisition section details how 

significant events where identified, how individual events were examined, and how the 
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meteorological and oceanographic data was collated. The results section presents a comparison 

between years where significant erosion events occurred and years where no significant erosion 

occurred. Additionally, the results section displays the historic vegetation line transgression 

and fluctuations through time, as well as beach recovery following the significant events. 

Historic beach profiles are also displayed in the results section, along with photographs to 

visually quantify the erosion the resulted from the identified storm events.  

 

The discussion section (section 4.4) will examine and discuss all of the findings presented in 

the results section, to identify what process(es) are coinciding to produce ‘significant’ erosion. 

A section of the discussion will cover the recovery of Ocean Beach following ‘significant’ 

erosion events and cover the main intervention of the local authority (DCC), following the 

identified events. Lastly, a summary of the key points is provided in section 4.5. 

 

4.2 Data and Methods 
 

Ocean Beach was selected as the field site to examine the response of the beach to extreme 

events. The primary reason is that Ocean Beach has been well documented, in terms of the 

profile data and photographs available. Additionally, the location of the Green Island sea level 

recorder and Musselborough automatic weather station provide extensive meteorological and 

oceanographic data sets.   

 

The proceeding section will cover the sources of the data and the validity of each source applied 

in Chapter 4, to define the response of Ocean Beach to storm events. Further to this, the 

methods section will encompass; the ‘significant’ event identification process; the choice of 

less energetic years; how storm surge intensity was calculated, and thresholds will be defined. 

The sampling of pressure transducer data from at the coastline will be discussed also. 

Following this, the analytical process behind defining the primary driver of significant erosion 

at Ocean Beach will be outlined. Lastly, how the vegetation line transgression was determined 

from historical imagery will be demonstrated. 

 

 



Chapter 4 – Beach Response to Surge 

 

 89 

4.2.1 Data Acquisition  
 

There is a total of seven data sources applied and examined in this chapter. NIWA and 

MetOcean Solutions Ltd. provide the sources for meteorological and oceanographic data. As 

mentioned previously, NIWA provided the sea level and predicted tide data for the three open 

water sea level gauges, utilised in Chapter 3. For Chapter 4, only the Green Island sea level 

gauge is examined. Additionally, the Musselborough automatic weather station (see site 

description in Chapter 1) was utilised for wind speed and direction, and MSLP is monitored by 

NIWA and is available data through the CliFlo portal.  

 

MetOcean Solutions Ltd. provided offshore significant wave height modelled data. The 

location of the model is 20 km to the South East of Ocean Beach. The location was selected 

because it is on the edge of the continental shelf producing the best indication of wave energy 

arriving at the Ocean Beach coastline. The site selection can be justified as the dominant swell 

direction, relative to the Ocean Beach coastline, arrives from the south east (Dyer, 1994; 

Goring, 1995). Thus, the selected site is representative of the offshore wave energy arriving at 

the Ocean Beach coastline. The location of the Simulating Waves Nearshore model (SWAN) 

model and respective errors associated with the model are detailed in Appendix B.  

 

The Dunedin City Council (DCC), Otago Regional Council (ORC), and Associate Professor 

Mike Hilton, provided profile data and photographs. Sporadically, the local authorities (DCC 

and ORC) have had field campaigns tracking the profile changes at several locations along 

Ocean Beach. Reports to the DCC, primarily by DTec (2007), have profile data covering the 

length of Ocean Beach. Additionally, the University of Otago, School of Geography has 

undertaken various field campaigns for other research projects that involved profiling along 

the St Kilda end of Ocean Beach. Mike Hilton provided a collection of photographs dating 

back to the first ‘significant’ erosion event defined in Chapter 4 (2007) and several more up to 

the present time.  

 

Retrolens and Google Earth were the sources of the historical aerial images of Ocean Beach. 

Retrolens has a collation of historical aerial images over New Zealand. The first historical 

imagery of Ocean Beach dates back to 1942 up to the year 2000. From the year 2000 onwards, 

Google Earth provided the remaining aerial images examined in this chapter.  
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4.2.2 Methods 

 

4.2.2.1 Event Classification 

 

Identification of years where significant erosion at Ocean Beach occurred were determined by 

two main criteria. Firstly, intervention by the DCC had to of occurred following the event(s). 

Secondly, media coverage of the events must have been documented. To achieve the 

aforementioned criteria, reports to the DCC following remedial works were examined. Reports 

included DTec (2013); Hilton (2016) and Adam et al. (2018). DTec (2007) details the 2007 

storm sequence that resulted in the Ocean Beach emergency being declared. Hilton (2016) also 

notes erosion of the St Kilda foredune also occurred in 2009, and Hilton (2016) also mentions, 

the 2015 erosion adjacent to the St. Clair sea wall following 2015 winter storms. The resulting 

damage cost near $1,000,000 (NZD) in remedial works to construct the current geotextile 

tubing structure (Adam et al, 2018). Additionally, the 2007, 2009 and 2015 erosion events are 

documented in the local news agencies data base, the Otago Daily Times (ODT).  

 

The results of the current chapter are going to examine the 2007, 2009 and 2015 erosion events, 

by examining the storm surge, significant wave heights, wind and MSLP data. The time period 

selected was from April 1st to September 30th, because this time period encompasses the winter 

period when the majority of damaging events occur. Additionally, this time period denotes an 

increase in offshore significant wave heights (Hilton, 2010; MetOcean, 2010), which increase 

the susceptibility of the beach/foredune to erosion (Short and Hesp, 1982; Sherman and Bauer, 

1993). Herein, the term winter period will refer to the dates mentioned above, and the term 

summer period will be referencing October 1st to March 31st.  

 

To identify years to compare to years where significant erosion occurred a similar criterion was 

defined. This was, no remedial works as a result of storm events were known to be undertaken 

and media coverage by the ODT regarding erosion at Ocean Beach was non-existent or 

minimal during the selected years. A complete data set of sea level, wind and MSLP records 

was set as a requirement (i.e. no gaps greater than a 6 hours). A complete data set alleviates the 

issues of any significant events not being captured, as a porous data set could be misleading, 

through absence of evidence. Consequently, the years of 2006 and 2012 presented the most 

complete data set with little media coverage of erosion events at Ocean Beach.  
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4.2.2.2 Defining Storm Surge Intensity 

 

To examine storm surge intensity, a threshold of 0.2 m was set. Events were said to have begun 

when the surge crossed 0.2 m and finished when the surge dropped below 0.2 m for more than 

a 24-hour period. Storm surge intensity is defined as the culmination of every hourly surge 

record, in a given event that is above the threshold (Zhang et al, 2000; Haigh et al, 2010b). The 

threshold is justified, as it removes noise and insignificant short-term fluctuations in sea level 

that might have been captured by the open water tidal gauges (de Lange and Gibb, 2000). 

Critically, the threshold would help protect against violation of the assumption of independent 

events as discussed in Section 2.4 of the extRemes manual (Gilliend and Katz, 2016). The 

process was the same for assessing the duration outcome variable. It is important to mention 

that storm surge intensity is a dimensionless index, accordingly, storm surge intensity is a 

product of magnitude and duration of a given storm surge event.   

 

4.2.2.3 Pressure Transducer Data 

 

A pressure transducer (PT) was deployed intermittently on the rock platform at Lawyers Head 

in 2018, to measure the water level at the coastline. This was done as it described the wave 

setup at the coastline, benefiting the research as this is a process not captured by offshore sea 

level gauges. A process not captured by offshore sea level gauges.  The PT was set to record 

at one hertz, for a five-minute sampling interval over a six-minute tidal averaging period, from 

May 1st to June 16th, 2018. The data is compared to the predicted tide level at Green Island and 

Mean High Water Springs (MHWS) level at Ocean Beach. The PT is at 0.3 m elevation relative 

to MSL.  

 

4.2.2.4 Analytical Methods: Profiles, Site Pictures and Interpretation 

 

There are several beach profiles existing along the respective sections of Ocean Beach. 

However, the datums and coordinate system applied in the profile surveys is unknown. 

Therefore, the profiles cannot be compared directly to each other or scaled appropriately. They 

can, however, be interpreted to display changes in the beach profile, as a result of winter storms. 

Additionally, historical images are displayed, following the severe erosion events are employed 
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to generate understanding of the erosion volumes. Interpreting photographs is demonstrated to 

be an adequate substitute for empirical environmental observations (Shuttleworth, 1980; 

Stewart et al, 1984). The discontinuity across beach profile survey’s presents an issue if 

interpreting them empirically, this research did not adopt such approach. Instead applying the 

historical beach profiles and photographs to interpret morphological changes in the Ocean 

Beach dunes as a result of winter storms. Where possible the scale of the photograph will be 

provided.  

 

4.2.2.5 Aerial Photograph and Satellite Imagery Interpretation  

 

Vegetation line transgression at Ocean Beach was tracked using historical aerial imagery 

attained from Retrolens and Google Earth. The georeferencing ArcGIS toolbox was applied to 

the 1942, 1967 and 1982 historical images from Retrolens, and the 2006, 2009, 2014, 2015 and 

2019 Google Earth satellite images. The process involves selecting multiple common points to 

georeference in the images until the Root Mean Squared Error (RMSE) for every georeferenced 

point is below 2 m. Thus, the results must be interpreted with caution. The vegetation line was 

chosen because it is easy to define in the imagery, in comparison to the foredune toe or high-

water mark. The use of historic aerial imagery and satellite imagery is a justified technique for 

assessing coastal change (Aiello et al, 2013; Hagenaars et al, 2018).            

    

 

4.3 Results 
 

4.3.1 2007 Storm Sequence 

 

The 2007 storm sequence at Ocean Beach led to the ‘beach emergency’ declared by local 

authorities, in early July of 2007. Five major storm surge events occurred during the period 

April to October 2007. Of these, all but one surge event that produced storm surge intensities 

over 30. The total cost of the 2007 storm sequence exceeded $1,000,000 (Adam et al, 2018), 

and is the most substantial erosion event at Ocean Beach since the Green Island sea level record 

began.   
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Storm surge events during the 2007 winter are displayed in Figure 4.1. The largest surge of 

0.476 m occurred during the mid-June storm event and produced the largest significant offshore 

wave heights, reaching 8.433 m (Figure 4.2). The surge was created by the coincidence of low 

pressure and high onshore winds, illustrated in Figures 4.3 and 4.4. However, this event did 

not coincide with spring high tides, thus the highest total water level reached was only 1.033 

m above MSL. It could also be speculated that the large significant offshore wave heights might 

have contributed to a large amount of wave runup at the coastline, observed in Figure 4.8. For 

perspective, in comparison the TWL return results calculated in Chapter 3, a TWL of 1.033 m 

is an annual occurrence given that MHWS at Ocean Beach is 1.11 m above MSL (Land 

Information New Zealand).  

 

There is no obvious process that contributed to the significant erosion of the beach and 

foredune, the coincidence of several processes is the cause of the most significant storm of the 

2007 winter. Clustering of storm events could also explain the severe erosion that occurred at 

Ocean Beach during the winter of 2007. Three storm events (Figure 4.5) occurred between the 

16th of May and the 7th of July. The impact of an event such as three storms in quick succession 

is displayed in Figures 4.6 - 4.8, which show the large volumes of sand removed from the 

foredune and upper beach and widespread scarping.  

 

The antecedent nearshore conditions were not tracked during the 2007 storm sequence but 

played a vital role in the significant erosion that occurred through the 2007 winter. Four storms 

in a small-time frame might have caused the morphology of the beach and nearshore to lower. 

Consequently, storm wave runup reaches the dune toe consistently, to cause the dune to be 

severely scarped and eroded (Figures 4.6, 4.8). 
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Figure 4.1: The predicted tide (green), the observed water level (blue) and the storm surge (red) for 
the 2007 winter period (calculated as observed water level minus predicted tide), defined as April 1st 
to September 30th at the Green Island sea level recorder. 

Figure 4.2: Significant wave heights and wave periods for the 2007 winter. The peaks in wave height 
correspond with the storm surge events, see Figure 4.1. Source: MetOcean Solutions. 
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Figure 4.4: Pressure record for the 2007 winter period. Note the large cyclonic event (storm) that 
occurred in late June correlating the largest surge of the winter. 

  

Figure 4.3: Wind record for the 2007 winter. The strong wind events tend to occur when storm events 
(Figure 4.1) occur such as the large event at the end of June. Black is wind speed and the red dots are 
the wind directions.  
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Figure 4.5 Plot of storm surge intensity and the maximum total water level reached during the 2007 
storm sequence. The clustering impact seen here is the proximity of all six storms. 

 

 
Figure 4.6: Dune erosion taken from Moana Rua road looking east towards Lawyers Head. Picture 
taken on the 7th of July 2007. Photo: Mike Hilton. 
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Figure 4.7: St. Clair foredune taken on the 7th of July 2007. Notice the rubble and concrete exposed as 
a result of this 2007 storm sequence. Photo: Mike Hilton. 

 
Figure 4.8: The dune erosion and wave runup meeting the dune toe at the St Kilda foredune, July 7th, 
2007. Photo: Mike Hilton. 
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4.3.2 2009 Storm Sequence  

 

Severe erosion of the foredune at Ocean Beach occurred because of storm clustering in 2009 

also. Similar to the events of the 2007 storm sequence, several storm surge events (Figure 4.9) 

during the winter months, in combination with periods of large significant wave heights (Figure 

4.10), resulted in severe erosion by August of 2009. This section will discuss the five largest 

storm events that occurred during the 2009 winter storm sequence.  

 

The 2009 storm sequence included the largest storm surge ever recorded at the Green Island 

sea level recorder, 0.67 m on the 24th of April (Figure 4.9) and this was also the first major 

storm of the 2009 winter.  A subsequent surge, during mid-May, was created by low pressure 

(Figure 4.11), strong onshore winds (Figure 4.12) and large significant wave heights (Figure 

4.10), occurring at the same time; and thus, there was no stand out contributing factor to this 

large surge. However, the surge event on the 24th of April coincided with a neap tidal cycle, 

generating a TWL of only 1.26 m. 

 

The Highest total water level recorded during this period was 1.35 m above MSL on the fourth 

major storm surge event of 2009 but was not the largest surge event (Figure 4.9). This is 

important to note as this example illustrates the impact of the tidal phase on the observed water 

levels at the coast. The surge created by this event was 0.30 m, 0.37 m below the large surge 

on the 24th of April. However, this particular storm (peaked on 23/07/09) occurred during a 

high spring tidal phase, so the total water reached was higher that the April 2009 event. There 

were two surge events that occurred close together in July of 2009, that reached storm surge 

intensities of 10.4 and 12.9 respectively (Figure 4.12). Despite the surge intensities being the 

two lowest of the major 2009 storms, they produced the highest (1.35 m) and third highest 

(1.13 m) observed water levels, again because the events occurred during a spring tidal 

sequence. Further iterating the importance of what tidal phase a storm event coincides with and 

how this influences the surge.  

 

The Infrastructure implemented following the 2007 storm sequence was exposed and damaged 

further by the 2009 storm sequence (Figure 4.17), where the reno mattresses, constructed after 

the 2007 storms, became exposed as the beach lowered significantly. In addition to the reno 

mattresses beach nourishment occurred, sand fences were installed, and geotextile tubing was 
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constructed adjacent to the St Clair sea wall. The beach profiles depicted in Figures 4.14, 4.15 

and 4.16 demonstrate how the beach lowered and how the foredune was progressively scarped 

as a result of the 2009 storm sequence. The erosion that occurred at the St Clair end of the 

beach as a result of both the 2007 and the 2009 storm sequences is illustrated in Figure 4.16. 

 

Several fundamental processes caused severe erosion of the Ocean Beach foredune in 2009. 

Firstly, at the start of the winter, there was a large storm surge event that might have worked 

to lower the beach. Subsequent surge events (Figure 4.13) prevented substantial dune recovery. 

Following this, two closely spaced surge events that resulted in the severe scarping observed 

in Figure 4.14 – 4.17, coincided with the spring tidal sequence to produce the highest water 

levels recorded in 2009.  

 

 

 

 
Figure 4.9: Surge record for the 2009 winter. The key storm event here is the large surge that occurred 
at the end April lowering the beach pre winter. The highest total water level is observed in late July 
where a small surge coincided with spring tides. 
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Figure 4.10 Wave record for the 2009 winter period. The largest wave heights coincided with the 
highest total water level seen in Figure 4.9. Source: MetOcean Solutions. 

 
Figure 4.11: MSLP record for the 2009 winter period. Two short events at the end of August 
corresponding to the two events observed in the surge record (Figure 4.9).  
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Figure 4.12: Wind record for the 2009 winter period. Strong winds observed in May correspond to the 
surge event observed in Figure 4.9. 

 

 
Figure 4.13: Plot of storm surge intensity and the maximum total water level reached during the 2009 
storm sequence. The key clustering impact seen here is the proximity of storm’s 3 and 4 in July. 
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Figure 4.14: Beach profile data from 2009 winter. The result of the July surge event coinciding with 
spring high tides is illustrated by the four-meter scarp cut. This profile is known as section 17 (see sight 
description) and is from the St Kilda end of the beach. Elevation is not relative to MSL as surveys were 
undertaken with a total station and have not been adjusted. 

 
Figure 4.15: Profile known as section 12, located next to the St Kilda surf lifesaving club. Similar 
process as Figure 4.13 where the July surge event lowered the beach and scarped the foredune. 
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Figure 4.16: Profile data from Moana Rua road down near the St Clair section of the beach. This data 
illustrates the erosion that has occurred near St Clair as a result of the 2009 storm sequence 

 
Figure 4.17: Erosion observed near Moana Rua Road during the July storm event of 2009. The reno 
mattresses put in place after the 2007 storm sequence have been exposed. Also note the collision regime 
in action (Sallenger, 2000) Photo: Mike Hilton.     
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4.3.3 2015 Storm Sequence 

 

The 2015 storm sequence at Ocean Beach resulted in infrastructure damage at the St Clair end 

of the beach, including dune retreat adjacent to the sea wall (ODT, 13/08/15). The water level 

and surge records for the 2015 winter show many surge events exceeded the predicted tide 

(Figure 4.18). Many of the large surge events occurred during spring tidal sequences and were 

accompanied by significant offshore wave heights that readily exceeded five meters (Figure 

4.19). MSLP did not drop below the 980 hPa threshold. Nevertheless, there were still many 

low-pressure cyclones throughout the winter period (Figure 4.20). Accordingly, the highest 

wind speeds were produced by the low-pressure systems and assisted in generating the 

predominant storm surge events of 2015.      

 

There were six significant storms during the 2015 winter period. Five of these storms occurred 

between mid-April and mid-June (Figure 4.22). The third storm of the winter produced the 

second most intense storm surge event recorded by the Green Island sea level recorder (69.57). 

This lasted 325 hours and was followed three days later by another intensive surge event, 

registering 32.24 on the storm surge intensity index. The beach response to the five closely 

spaced storm events of 2015 with all dune sections scarped (Figures 4.23 – 4.25) and the beach 

lowered in front of the St Clair sea wall (Figure 4.26).      

 

Erosion was prevalent along the entire coastline, with the St Clair geotextile tubes and sea wall 

suffering extensive damage. The geotextile tubes adjacent to the St Clair sea wall were 

destroyed and had to be replaced at a cost of $1,000,000 (Adam et al, 2018). Scarping further 

along the beach also revealed the reno mattresses that were previously exposed during the 2009 

winter events after being constructed following the 2007 winter events, (Figures 4.27 – 4.29). 

Thus, indicating how far the beach lowered during the 2015 winter storm sequence.    

 

The duration and clustering of the 2015 storms appear to be the primary components of the 

2015 storm sequence. The five closely spaced storm events (Figure 4.22) lasted more than 90 

hours each and all three coincided with spring tides (Figure 4.18). In addition, Figure 4.18 

displays the length of some of the storm events with the total water level exceeding the 

predicted tide for a large part of the 2015 winter.   
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Figure 4.18: Timeseries of the 2015 winter storm surge (red), observed water level (blue) and the 
predicted tide (green). Note the amount of surges coinciding with spring tides. 

 

 
Figure 4.19: Simulated wave data representative for offshore wave conditions at Ocean Beach. Data 
courtesy of MetOcean Solutions Ltd. 
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Figure 4.20: Wind record for the 2015 winter period. 180 degrees is directly onshore at Ocean Beach. 
Black is the wind speed and the red dots are the wind speeds 

 

Figure 4.21: MSLP pressure record for the 2015 winter. Values below the red line show the departure 
from the New Zealand average (1014 hPa) thereby generating the inverse barometric effect. 
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Figure 4.22: Time series of the major storms of the 2015 winter. The key feature of this plot is the close 
temporal storm occurrence between mid-April and mid-June with five occurring within this period. 

 
Figure 4.23: Profile 17 from the St Kilda end of the beach. See Appendix 4.A for the exact location. The 
key focus of the plot is light blue July 15 profile in contrast to the December 2014 profile (purple), 
illustrating a small drop in the beach level as a result of the 2015 storm profile sequence. Profile 
courtesy of the DCC. 
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Figure 4.24: Profile 12 near the St Kilda surf lifesaving club. See Appendix 4.A for the exact location. 
The key focus of the plot is light blue July 15 profile in contrast to the December 2014 profile (purple), 
illustrating a drop in the beach level and foredune scarping as a result of the 2015 storm sequence. 
Profile courtesy of the DCC. 

 
Figure 4.25: Profile 4 near Moana Rua Rd. See Appendix 4.A for the exact location. The key focus of 
the plot is light blue July 15 profile in contrast to the December 2014 profile (purple), illustrating severe 
erosion as a result of the 2015 storm sequence. Profile courtesy of the DCC. 
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Figure 4.26: Profile 3 off the eastern end of the St Clair sea wall. See Appendix 4.A for the exact 
location. The key focus of the plot is light blue July 15 profile in contrast to the December 2014 profile 
(purple), illustrating a large drop in the beach level in front of the sea wall which contributed to the 
sea wall being undermined as a result of the 2015 storm sequence. Profile courtesy of the DCC. 

 

Figure 4.27: Figure 4.27: Dune erosion at Moana Rua Rd slightly east of St Clair.. For scale the RTK 
pole (Left of the GPS) in the photo is 2 m tall. July 2015. Photo: Mike Hilton.  
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Figure 4.28: Dune erosion and geotextile tube damage at the St Clair end of Ocean Beach. July 2015. 
Photo: Mike Hilton. 

 
Figure 4.29: Dune erosion and geotextile tube damage at the St Clair end of Ocean Beach. For scale 
the RTK pole in the photo is 2 m high. July 2015. Photo: Mike Hilton. 
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4.3.4 2006 Comparison Sequence 

 

The preceding sections examined storm years where storm sequences resulted in severe erosion 

of the Ocean Beach. This section will examine what is considered a ‘normal’ sequence of 

events for the winter period at Ocean Beach. In other words, years where significant erosion 

did not result from the winter storms. The ‘normal’ sequence will be used to compare against 

years of significant erosion in the proceeding sections. 

 

One of the first observations to note when comparing the 2006 winter period to the 2007, 2009 

and 2015 winter period, is the duration that water levels were elevated above the predicted tides 

during storm events (Figure 4.30). The wave, MSLP, and wind records, appears similar to the 

storm years of 2007, 2009 and 2015 (Figures 4.31 – 3.33) but the duration of storm surge events 

was short in comparison to 2007, 2009 and 2015. There were still strong winds present, but it 

appears as though many potentially damaging storm events spanned short time frames, 

reducing any impact on the Ocean Beach coastline and the overall storm surge intensity. The 

maximum storm intensity was 20.99 during a mid-April storm. 

 

Profile data in Figure 4.16 indicates the state of the St Kilda section of Ocean Beach in 2005. 

There is no information available as to the state of the beach in 2006. However, the location of 

the vegetation line of 2006, was the most seaward since historical aerial images began (1942) 

(Figure 4.42 and 4.43). Therefore, there is some evidence to suggest the beach state had vast 

amounts of sand on the upper beach held by the vegetation which would likely have been acting 

as a buffer against any storm impact. 

 

Further comparisons to the years where storm sequences eroded Ocean Beach are illustrated 

by the lack of clustering in Figure 4.34 compared to 4.22 for example. Additionally, the 

duration of storm events indicated in Figure 4.30 is shorter than years of the severe beach and 

dune erosion. The intensity of the largest storm event of 2006 was 20.99, much lower than the 

highest storm surge intensities of 2007 (113.73), 2009 (40.53) and 2015 (69.57). This 

demonstrates that erosion years produced at least one highly intense storm event, given that 

erosion years generated a storm surge event with an intensity of double that of the largest 

produced in 2006. Furthermore, all six storm events had a higher storm surge intensity in 2015 

in comparison to the highest storm surge intensity of 2006.  
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To summarise the difference between the years where damaging events occurred and the 

‘quiet’ year of 2006, the storm events were present during the 2006 winter, but events were 

spaced out over long timeframes compared to years where damaging events occurred, allowing 

for the beach to recover. Additionally, the events that did occur, appeared to move quickly over 

the region with the maximum storm surge intensity reached only 20.98 in a storm which lasted 

98 hours. Compared to the longest events of 2007 (457 hours), 2009 (199 hours) and 2015 (325 

hours), the duration of the longest storm in 2006 was relatively short.  

 

 

 
Figure 4.30: Timeseries of the 2006 winter storm surge (red), observed water level (blue) and the 
predicted tide (green). The predominant difference between the 2006 sequence in comparison to the 
storm years is the duration of the storm surge events is shorter here. 
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Figure 4.31: Simulated wave data representative for offshore wave conditions at Ocean Beach for the 
2006 winter period. Data courtesy of MetOcean Solutions ltd. 

 
Figure 4.32: Figure 4.32: MSLP pressure record for the 2006 winter. Values below the red line show 
the departure from the New Zealand average (1014 hPa) thereby generating the inverse barometric 
effect. 
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Figure 4.33: Wind record for the 2006 winter period. 180 degrees is directly onshore at Ocean Beach. 

 
Figure 4.34: Timeseries of the three major storms of the 2006 sequence. There are only three major 
storms and even then, the largest SSI was 20.99. Secondly, there is no cluster of storms in close 
proximity, a stark comparison to the years where erosion was experienced.  
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4.3.5 2012 Comparison Sequence 

 

The 2012 winter period was similar to the 2006 winter period, however, the storm events that 

did occurring during 2012 registered higher storm surge intensities (Figure 4.39). The storm 

surge record for 2012 winter is displayed in Figure 4.35. It appears similar to the other years 

examined in this chapter, but the maximum surge height reached was 0.37 m, with the surge 

only crossing 0.30 m on two other occasions (which are displayed in Figure 4.39). In contrast 

to 2007, there were six storm surge events that were larger than 0.30 m, 2009 had five events 

over this threshold and 2015 also had six surge events over 0.30 m. Thus, demonstrating that 

there was less storm energy during the 2012 winter period in comparison to stormy years such 

as 2007. 

 

The 2012 winter period had lowest offshore significant wave heights of any year examined in 

this results section. The MSLP record produced the fewest number of cyclonic events with the 

980 hPa threshold crossed only once. There was only one other storm where the MSLP dropped 

below the 990 hPa threshold (Figure 4.37). The wind record (Figure 4.38) displays a strong 

onshore wind event, reaching wind speeds excess of 12 ms-1, that correlated with large offshore 

significant wave heights of greater than eight meters. However, during this event, the MSLP 

stayed around 1000 hPa and the maximum surge occurred during a neap tidal phase, reducing 

any impact on the coastline. 

 

The intervals between storm events for 2012 is similar to that of 2006, with three months 

between some significant storm events (e.g. June 6th, 2012 to September 5th, 2012). There is 

no distinct cluster of storm events, over a short time frame of a 1-2 months, in comparison to 

the years where substantial erosion occurred. The clustering of storm events appears to be one 

of the main drivers of significant morphological change at the coastline and is not present in 

the 2012 winter sequence, in contrast to years where significant erosion of the beach/dune did 

occur (2007, 2009 and 2015) 
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Figure 4.35: Timeseries of the 2012 winter storm surge (red), observed water level (blue) and the 
predicted tide (green). The major difference between the 2006 sequence in comparison to 2007, 2009 
and 2015 is the duration and intensity of the storm surge events is shorter and smaller in 2012.  

 
Figure 4.36: Simulated wave data representative for offshore wave conditions at Ocean Beach for the 
2012 winter period. Data courtesy of MetOcean Solutions ltd. 
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Figure 4.37: MSLP pressure record for the 2012 winter. Values below the red line show the departure 
from the New Zealand average (1014 hPa) thereby generating the inverse barometric effect. 

 
Figure 4.38: Wind record for the 2012 winter period. 180 degrees is directly onshore at Ocean Beach. 
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Figure 4.39: Timeseries of the three major storms of the 2012 sequence. Similar to the 2006 storm 
sequence, there is no storm clustering like there was in the years where severe erosion occurred. 
Although the three storms that did occur produced more intensive storms. 

 

4.3.6: Summary of Years Examined 

 

A summary of the storm surge intensity for the years examined, is presented in Figure 4.40 and 

Table 4.1. The main feature of Figure 4.40 is that every year where significant erosion occurred 

(2007, 2009 and 2015), a storm event with a storm surge intensity above 40 occurred. 2007 the 

year the Ocean Beach ‘emergency’ was declared by the DCC, being the year that produced the 

most intense storm surge intensities. Table 4.1 mirrors Figure 4.40, producing a summation of 

the storm events during a given year. The major storms of 2007 (338.06) is nearly seven times 

greater than 2006 (49.11), the quietest year examined. 2009 (year of significant erosion) and 

2012 (quiet year) have a total storm surge intensity sum that is closer, 129.85 compared to 

95.12. However, the key difference between the two years is the number of events, with five 

occurring in 2009 and three occurring in 2012, which is displayed in Figure 4.40. The higher 

summation of storm surge intensity was also because of more large storm events, occurring 

during the winter period.  
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Figure 4.40: Timeseries plot of the storm surge intensities of the years examined. The primary feature 
is that all three years where significant erosion occurred had an event with a storm surge intensity 
greater than 40.   

 
Table 4-1: Summation of storm surge intensity for all events of for each year examined. 2006 and 2012 
where the years where significant erosion did not occur and consequently, have the lowest total sum of 
storm surge intensity. 

YEAR SUM SSI 

2006 49.11 

2007 338.06 

2009 129.85 

2012 95.12 

2015 216.77 
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4.3.7 Pressure Transducer data 

 

 

Deployment of the pressure transducer (PT) was between May 1st and 16th June (Figure 4.41). 

The PT was installed 0.300 m above MSL. The benefit of using a PT, that close to the shoreline, 

is that it captures wave setup at the coastline that is caused by the action of breaking waves. 

The most significant recording of the PT was on the 9th of May where during a neap tidal 

cycle, the observed water level at the coast reached 1.25 m above MSL, 0.75 m above the 

predicted tide at for that time — suggesting a storm surge in combination with substantial 

significant wave heights. The MHWS line and predicted tide series generate an indication of 

the amount of wave set up at the coastline.  

 

 

 
Figure 4.41: PT record from Lawyers Head rock platform from the 1st of May to the 16th of June 2018. 
MHWS is sourced from LINZ. The water level on the y – axis is relative to MSL. 
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4.3.8 Trends in Shoreline Position and Beach Recovery  

 

Ocean Beach has been subject to anthropogenic influences and intense storm sequences in the 

last 20 years. Figures 4.42 and 4.43 display how these processes have altered the seaward extent 

of the vegetation line. The shoreline in 1942 is several meters behind the current vegetation 

line in 2019. The vegetation line transgression in Figure 4.42 and 4.43 provides an approximate 

timeline of when significant storm years occurred, given the vegetation line retreat as a result 

of severe erosion events.  

 

Fluctuations in the vegetation line have occurred several times since 1942 with the most visible 

being the 1978 winter storms. When comparing the 1967 vegetation line in Figure 4.42 to the 

1982 vegetation line, there are several meters of retreat that most likely occurred because of 

the 1978 winter storm sequence. Photographic evidence of the 1978 winter event can be 

observed in Figure 4.45, where the entire St Kilda foredune was eroded during 1978.  

 

Vegetation line retreat/erosion, as a result of storm sequences in 2007, 2009 and 2015 as 

mentioned above, is also observed in Figures 4.42 and 4.43. The 2006 vegetation line, 

particularly at the St Kilda end of the beach (Figure 4.42), was the most seaward the vegetation 

line had advanced since 1942. The result of the 2007 and 2009 storm events saw a steep scarp 

cut into the Ocean Beach foredune (Figure 4.44). The 2015 vegetation line can display the 

subsequent recovery in Figure 4.42, and the photographs in Figure 4.44. In many places at the 

St Kilda end of the beach, the beach had recovered and stabilised by 2015.  

 

The St Clair end of the beach experienced the largest vegetation line retreat following the 2015 

storm sequence, this is possibly the result of the nearshore morphology at St Clair during the 

2015 storm sequence might have had large amounts of sediments stored offshore, exposing the 

infrastructure. Substantial erosion cuts to the East of the St Clair seawall and sections of Moana 

Rua road, were also eroded. The St Clair foredune has not recovered following the 2015 storm 

sequence, and in fact, the vegetation line has retreated further in some areas (Figure 4.43). The 

2007 and 2009 storm sequences resulted in some retreat of the shoreline, producing steep 

scarps in the foredune and required $1,000,000 of remedial intervention from the local council 

following the 2007 event (Adam et al, 2018). 
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Figure 4.42: The seaward extent of the vegetation of the St Kilda foredune. The largest vegetation 
seaward migration was between 1942 (blue line) and 1967 (green line). The 1982 (black line) displays 
the impact of the 1978 storm sequence in comparison to the 1967 vegetation line.  

 
Figure 4.43: The seaward extent of the vegetation of the St Clair foredune. The most notable retreat of 
the vegetation line occurred as a result of the 2015 storm sequence. There has been no subsequent 
recovery following the 2015 storm sequence. Also, of note is the extent of the vegetation line in 1967 
and even 2006 before the large storm sequence of 2007.  
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Figure 4.44: Displays the foredune evolution following the 2009 storm sequence to the start of 2019. 
The scarp cut by the 2009 storm sequence is observed in the 2019 picture. Photos: Mike Hilton. 
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Figure 4.45: Photo from Lawyers Head looking towards St Clair of John Wilson Ocean Drive in 1978 
following the winter storms. The foredune was eroded entirely as a result. Photo: Brian Coutts. 

 

4.4 Discussion 
 

The following discussion will first provide insight as to the primary drivers of severe erosion 

on the local scale. The discussion will then progress into the unpredictable small-scale 

processes operating at Ocean Beach (Splinter et al, 2018). Lastly, the processes behind beach 

recovery will be discussed.  

 

Southern New Zealand does not experience the extreme storm events experienced in tropical 

regions. For example, the 100-year return level for southern New Zealand is less than one 

meter, Hurricane Katrina produced a storm surge of between 8 – 12 m (Dietrich et al, 2010). 

The clustering of storm events appears to be an important in forcing short term shoreline 

change. Storm events in close succession has been demonstrated to be a primary driver of 

severe erosion in other mid-latitude regions (Ferriera, 2005; Aagaard et al, 2012; Kurunarathna 

et al, 2014; Dissanayake et al, 2015; Nichol et al, 2016; Burvingt et al, 2017). Consequently, 

clustering will be the focus of this discussion centred around the intensive storm sequences (or 

clusters) at Ocean Beach that have occurred in 2007, 2009 and 2015.  
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Multiple geographical reasons underline the importance of understanding severe erosion events 

at Ocean Beach. Many sections of the foredune are built on industrial waste that if exposed like 

in 2007 and 2009 erosion events, poses a risk to public safety. Ocean Beach was closed in 2007 

partly due to exposure of debris as the foredune was eroded (Figures 4.7, 4.8). Another 

complexity is that Ocean Beach is of high amenity value to the Dunedin community 

(Townsend, 1997; Hayward, 2008). Storm events resulting in scarping of the foredune (Figures 

4.6 - 4.8) limits beach access. In addition, the Ocean Beach dune system is the primary defence 

against inundation for the South Dunedin community (Townsend, 1997).  

 

4.4.1 The Cause of Severe Erosion at Ocean Beach  

 

There is no evidence to suggest that significant beach erosion at Ocean Beach is linked to a 

particular oceanographic or meteorological process. Despite low pressure events occurring 

below 980 hPa  (Figures 4.3, 4.11, 4.32 and 4.37), strong onshore winds above 12 ms-1 (Figures 

4.12, 4.21 and 4.33), and offshore wave heights over 8 m (Figures 4.2, 4.19, 4.31, 4.36), no 

single process appears to drive coastal erosion. Instead, clustering of several storm event across 

a short temporal span (days to weeks) was identified to be the cause of severe erosion at Ocean 

Beach.  

 

Storm clustering is the primary driver in the lead up to substantial erosion of the coastline at 

Ocean Beach as presented in the results section of this chapter. The impact of storm clustering 

is widely documented as a major driver of severe coastal erosion at the macro scale 

(Kurunarathna et al, 2014; Dissanayake et al, 2015). Notably, the 2013/2014 winter storm 

sequence in the United Kingdom and other coastal regions that boarder the North Sea resulting 

in mass beach and foredune erosion (Masselink et al, 2016; Burvingt et al, 2017; Castelle et 

al, 2017; Kurunarathna et al, 2018; Splinter et al, 2018). The 2013/2014 winter storms in the 

North Sea is the prime global example of the impact of storm clustering. A cluster of storm 

events over a short temporal span, creates a ‘set up’ effect where the beachface/dune toe is 

eroded sequentially by successive storm events. Consequently, wave runup is more likely to 

reach the dune toe inducing the collision regime and eroding the beach/dune (Sallenger, 2000; 

Backstrom et al, 2008).   



Chapter 4 – Beach Response to Surge 

 

 126 

Successive storm events lower the elevation of the beach face and expose the dune to 

wave/swash zone processes. Consequently, the foredune becomes vulnerable if a further storm 

event was to occur (Ferriera, 2005; Dissanayake et al, 2015). Figure 4.14 and 4.15 display the 

perfect example of the swash and collision regimes described in Sallenger (2000) working to 

lower the beach face by approximately two meters and scarping the foredune (up to four meters 

high). The collision regime is further exemplified in Figures 4.16 and 4.17 where wave 

collision with the foredune has caused the dune toe to erode, destabilising and collapsing the 

dune (Sallenger, 2000; Silva et al, 2016), (Figure 4.17 explicitly demonstrates this process, 

especially because of the lack of vegetation on the dune face). Therefore, clustering of storm 

surge events observed in Figures 4.5, 4.13 and 4.22 are the most likely cause of severe erosion 

at Ocean Beach, in contrast to years without erosion (Figures 4.34 and 4.39), where clustering 

was not observed.  

 

4.4.2 Coincidence with Spring High Tide 

 

Despite no standout oceanographic or meteorological process, the coincidence of several 

oceanographic and meteorological processes is likely to result in significant erosion of the 

beach and foredune. Strong onshore winds and large offshore significant wave heights are 

associated with low pressure systems (i.e. storm events), thus there is always a correlation 

between the three processes (Bell et al, 2000; Godoi et al, 2017). Other important components 

to consider include the direction of the low-pressure system, in relation to the orientation and 

morphology of a section of coastline. Ocean Beach is more exposed to storm events arriving 

from the south in comparison to storms arriving the north, as Ocean beach has a south facing 

aspect.  Storms form the south produce large offshore wave heights from the south-west 

accompanied by south westerly winds possibly generating coastally trapped waves (Goring, 

1995; Ierodiaconou et al, 2016).  This thereby, reiterates the localised nature of storms and 

storm surge events (Vitousek et al, 2017; Splinter et al, 2018).   

 

Coincidence with spring tidal sequences is also highlighted as an important factor in storm 

related erosion (Bell et al, 2000; Cooper et al, 2004; Bertin et al, 2012; Stephens and Bell, 

2015; Masselink et al, 2016). If a storm surge event occurs during a spring tidal phase the total 
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water level reached is higher by approximately 0.3-0.5 m, than if a given surge event coincided 

with a neap tidal phase at Ocean Beach (Figures 4.1, 4.9, 4.18, 4.30, 4.35). The largest surge 

(0.67 m) recorded at the Green Island sea level recorder exemplifies the role of the tide in the 

TWL reached.  The largest surge on the 24th of April 2009 coincided with a neap tidal phase 

(Figure 4.9). The resulting TWL was 1.28 m above MSL (Figure 4.14). If the surge had 

occurred during a spring high tide, given MHWS at Ocean Beach is 1.11 m, the TWL reached 

would be 1.79 m above MSL.  

 

4.4.3 Nearshore Morphologic Impacts on Erosion 

 

The antecedent beach and nearshore morphology likely have a vital role in determining beach 

response to storm events. Studies such as and Aagaard et al. (2012) and Balouin et al. (2013) 

document the role that nearshore morphology plays during storm events. In particular, coastal 

settings that are intermediate to dissipative by definition (Short and Wright, (1984), Figure 

4.46), contain bar and trough formations in the nearshore system. Ocean Beach is defined as 

an intermediate type beach (Hilton, 2010) and fluctuates between beach state B, C and D under 

the Wright and Short classification (Figure 4.46, 4.47). 

 

The location of the nearshore bar at the time the storm event occurs, can impact the wave run-

up and total water level elevation at the coast (Edelman, 1969; Sherman and Bauer, 1993). If 

the nearshore bar is located closer to the shoreline (beach type D, Figure 4.46, 4.47A)), 

typically, the wave will break closer to the shoreline. Therefore, there is less distance between 

where the wave breaks and shoreline. Consequently, less wave energy dissipation can occur, 

and more wave energy reaches the upper beach, increasing the potential for erosion of the upper 

beach/dune to occur (Aagaard et al, 2004; Weymer et al, 2015). If the offshore bar is located 

further away from the shoreline (beach type B, Figure 4.46) when a storm event transpires, the 

opposite effect occurs, with greater spatial distance for wave energy to dissipate, therefore, less 

erosion potential (Bird, 2010; Cohn and Ruggiero, 2016). The stage of the semi diurnal tide is 

another important factor to consider as demonstrated in Figure 4.46. 
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Figure 4.46: six major beach states defined by Wright and Short, (1984, Figure 2). 
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Figure 4.47: The nearshore morphologies observed at Ocean Beach that represent the beach types 
outlined by Short and Wright (1984), identified from Google Earth images. A) is a transverse bar and 
rip beach type (close to a ridge and runnel) on 23/12/14. B) is another transverse bar and rip type from 
16/01/15. C) is a rhythmic bar and beach type on 5/21/15. D) is a longshore bar and trough beach type 
from 17/11/17. Lastly, E) 16/07/09, two days before the third storm of the 2009 storm sequence and 
appears to be a high energy version of A). A key feature of E) is the proximity of the bar position to the 
shoreline leading up to the third storm of the 2009 sequence, the wave runup is nearly reaching the 
base of the foredune before the storm event has begun. 
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Under Wright and Short’s (1984) definition, the dissipative region of the surf zone is shorter 

(at mid - high tide) for beach type D. Contrastingly, the dissipative region is wider for beach 

type B, when the nearshore bar is located further from the shoreline. The available Google 

Earth imagery in Figure 4.47 is the best indicator of the nearshore setting, before and after 

events. The proximity of the nearshore bar to the shoreline is exemplified in Figure 4.47, E) 

where two days prior to the third storm of the 2009 sequence and moving into a spring tidal 

phase, the nearshore bar was close to the shoreline and wave runup reached the dune toe in 

some locations. Future research into the beach response to storm surge and storm events should 

incorporate beach state and/or higher resolution nearshore bathymetric data, to improve the 

understanding of beach response to storms, both in regards to the behaviour of the nearshore 

morphology (e.g. Aagaard et al. (2012) and Balouin et al. (2013)) in a general sense and in the 

specific case of Ocean Beach.  

 

Ranasinghe et al. (2004) studied beach states according to Wright and Short’s (1984) 

classifications at Palm Beach, Sydney, Australia. The conclusions of the four-year study state 

that Palm Beach fluctuates among the four intermediate states. The term beach ‘reset’ is 

discussed in Ranasinghe et al. (2004) where at any given time, a storm event ‘resets’ the beach 

state back to a longshore bar and trough state (high energy beach state) irrespective of the 

preceding beach state. As wave heights decrease the beach state cycles through sequentially to 

a low energy beach state of ridge – runnel. Ocean Beach is demonstrated to fluctuate through 

the intermediate beach states through time in Figure 4.47. However, higher spatial and temporal 

resolution data would be necessary to claim any patterns in beach state cycling at Ocean Beach, 

and to examine the beach ‘reset’ described by Ranasinghe et al. (2004). 

 

4.4.4 Wave Run-up and Infragravity Wave Energy Considerations  

 

Wave runup is a vital factor to consider with beach response to surge as it can add various 

percentages on to the total water elevation at the coastline (Cohn and Ruggiero, 2016). Figure 

4.41 displays the combined effect of wave set up at the coastline and infragravity waves. The 

realised water level at the coastline is higher relative to MSL than that recorded by the Green 

Island sea level recorder which is situated offshore (Figure 4.40). The significance of wave 
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setup at the coastline is a well-known phenomenon (Araújo et al, 2011; Balouin et al, 2013), 

but challenging to attain accurate numerical values for. In general, the higher the water level at 

the coastline, the more chance of significant erosion (Araújo et al, 2011), which is why it is an 

important consideration. Wave runup before the third storm in the 2009 storm sequence (July 

18 - 20) was already reaching the dune toe in some locations along Ocean Beach because of 

the positioning of the nearshore bar close to the shoreline. Also, it is likely that beach lowering 

occurred from the previous two storm events (Figure 4.47). 

 

An important component of wave runup is infragravity wave energy otherwise known as the 

‘surf beat’ (Short, 1999) which has not been considered in the results section of this chapter. 

Nevertheless, it is essential to discuss the role infragravity wave energy plays in wave run-up 

at the coastline. The combined effect of wave set up and infragravity waves is displayed in 

Figure 4.41. To distinguish infragravity waves, sea level recordings must be run through a low 

pass filter, something beyond the scope of this chapter. However, Infragravity wave energy 

adds further complexity to storm events, because infragravity waves are enhanced in the 

nearshore and periodically increase total water level at the coastline (Short and Hesp, 1982), 

consequently, increasing erosion potential (Harter and Figlus, 2017).  

 

4.4.5 Discrete Erosion Impacts on Ocean Beach  

 

Ocean Beach is not uniformly affected by storm sequences, due to past and contemporary 

anthropogenic interventions (Hilton, 2016). Ocean Beach can be sub-divided into four primary 

sections; sea wall, geotextile tubing, St Clair foredune and the John Wilson Ocean Drive dike 

accompanied by the St Kilda foredune. All of these sections have undergone some 

anthropogenic influence. The impact storm events have on these structures (sea wall, geotextile 

tubes etc.), and in particular storm sequences where the beach narrowed in front of said 

structures, commonly requires remedial works at a substantial cost to local authorities. 

 

The engineered structures at the St Clair end of Ocean Beach generate a different beach 

response in comparison to the foredune dominated St Kilda end of Ocean Beach. For example, 

the St Clair sea wall results in a concentration of wave energy at the eastern end of the structure 
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(Hilton, 2016) through edge effects associated with sea walls (Pilkey and Wright 1988; 

Comfort and Single 1997). Hilton (2016) notes the presence of a offshore trough in front of the 

seawall that may have exacerbated erosion. Subsequently, the 2015 storm sequence saw the 

vegetation line retreat several meters (Figure 4.42). The same storm sequence saw little 

observable change is the vegetation line at the St Kilda end of the beach where dunes act to 

dissipate wave energy (Cooper et al, 2004). Therefore, it is difficult to generalise storm impact 

for Ocean Beach as a whole, thus it must be looked at on small spatial scales to predict/assess 

storm impact. A form of scientific thinking that resonates at many other sandy coastlines, both 

anthropogenically altered and natural. 

 

 

Figure 4.48: Image of the beach scarp being cut on the 16th of April 2018 demonstrating the collision 
regime. The rip current is evident on the far side of the scarp. Photo: Mike Hilton. 

 

An example of small-scale processes (less the 200 m longshore) operating at Ocean Beach is 

localised scarping a process that can occur during storm events. A scarp was cut into the St 

Kilda foredune during April of 2018, with the morphology of the scarp being two meters high 

and approximately 50 m long (Figure 4.48). The scarp cut appeared to be linked to the position 



Chapter 4 – Beach Response to Surge 

 

 133 

of nearshore rip current (de Winter et al, 2015; Castelle et al, 2015) as the scarp was positioned 

adjacent to the location of the rip current.   

 

The St Clair end of the beach has not yet returned to its 2006 morphology (Figure 4.43). The 

likely reasons for this are due to the influence that hard engineering structures particularly due 

to edge effects from the instalment of the St Clair sea wall, constructed in 2004 (Pilkey and 

Wright 1988; Comfort and Single 1997). Additionally, there is the overriding importance of 

the sediment budget (Sherman and Bauer, 1993; Aagaard, 2014; Ranashinghe, 2016), as 

negative sediment budget will hinder beach recovery at St Clair. The nature of the longshore 

sediment transport at Ocean Beach (Figure 4.49) could compromise the recovery of the St Clair 

end of the beach, as the dominant swell, wind, and sediment transport direction is toward the 

St Kilda end of the beach.  

 

 
Figure 4.49: Model of the dominant sediment transport pathways at Ocean Beach and average wave 
nearshore wave heights. Source: MetOcean (2010).   

 

4.4.6 Beach Recovery  

 

The dynamic beach envelope of change is exhibited at Ocean Beach. Fluctuations in the beach 

profile, through episodic high energy periods (storms) and low energy periods, create the 

dynamic beach envelope (Guisado-Pintado et al, 2014; Burvingt et al, 2017). The ‘dynamic’ 

component stems from the fluid nature of the beach profile, as wave and wind energy 
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redistributes sediment within the littoral cell, at varying intensities through space and time 

(Defeo et al, 2009; Arens et al, 2013).  Figures 4.23 – 4.26 provide some insight into the short 

to medium timeframes of beach profile fluctuations. Anthropogenically suppressed and 

enhanced dynamism is present at Ocean Beach, with remedial works that included sediment 

redistribution and planting of Ammophila arenaria on several occasions (Townsend, 1997; 

Hilton, 2016). The remedial action has caused the beach envelope to change through time 

(Silva et al, 2016). The result is the St Kilda foredune prograding seaward. In contrast, the St 

Clair end of the beach has required hard engineering structures to prevent the dynamic envelope 

migrating landwards toward residential and commercial property, supressing natural 

dynamism (Nordstrom et al, 2016; Scarelli et al, 2017). The sea wall also promotes 

intensification of wave energy at the base of the sea wall (Comfort and Single, 1997), 

enhancing the contestation between land and sea. Examining beach envelope changes (Figures 

4.23 – 4.26) temporally suggest that given enough space to operate, the Ocean Beach’s 

dynamic envelope would likely stabilise, without considering sea level rise (Davidson-Arnott, 

2005).  

 

Ocean Beach has recovered, and in parts prograded, since the 2007 and 2009 storm sequences.  

Particularly at the St Kilda end of the beach where the foredune has developed and returned to 

its pre-2007 storm sequence morphology, and in some places prograded (Figures 4.41 and 

4.44). The likely reason is the dominance of Ammophila arenaria at Ocean Beach and the 

perceived direction of the longshore sediment transport (Figure 4.49). The dune system at 

Ocean Beach is densely covered with Ammophila Arenaria (marram grass) after mass plantings 

in the 1950s and 1980s (Hilton, 2010). The result is a dune system that recovers and, in some 

instances, prograded following dune scarping events (Figure 4.45). Ammophila arenaria is a 

robust, invasive dune grass and Ammophila arenaria’s behaviour is well understood in 

southern New Zealand (Hart et al, 2012). Ammophila arenaria is adept at building large, steep 

foredunes and outcompetes native species such as Spinifex sericeus and Ficinia spiralis, which 

create flatter more rolling dune morphologies (Hilton et al, 2005; Hilton, 2006). Additionally, 

ammophila arenaria produces a dense coverage in comparison to the native dune builders 

(Hilton, 2006). The seeds can last 60 days in salt water, and the root systems can exceed two 

meters below the surface (Konlechner and Hilton, 2009). Consequently, as a result of this 

species, the St Kilda end of Ocean Beach has developed and returned to its pre-2007 storm 

sequence.  
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4.5 Summary 
 

This chapter has examined the possible causes of severe erosive events at Ocean Beach. It is 

important to note that the nature of storm surge is less intense in southern New Zealand in 

comparison to the regions that experience tropical cyclones where surge levels can exceed 8 

m. Consequently, severe erosion is unlikely to be caused by an isolated event. Conversely, a 

clustering of storm events over a short temporal span was illustrated to be the driving force 

behind the severe beach and dune erosion at Ocean Beach.  

 

Regarding the research question of this chapter: ‘What geophysical processes cause significant 

morphological change at the coastline?’, clustering of intense storm events alters the 

morphology of the coastline leading up to an event, resulting in dune erosion. Changes in the 

location of the nearshore bar and morphology and lowering of the upper beach face, exposed 

the foredune to wave action. Without sufficient time for the beach to recover before the 

proceeding storm event, the dune is left exposed and erosion/dune retreat results. In comparison 

to years examined, where there was little change in the beach morphology (2006, 2012), 

clustering is the outstanding process that differed from years (2007, 2009, 2015) that observed 

severe beach/dune erosion. Adjoining the process of storm clustering, years that produced 

severe erosion, showed that the combined storm surge intensity of those events was always 

higher than years where ‘significant’ erosion did not occur. Thus, the impact of storm surge 

and storm events on the coastline in southern New Zealand must be examined holistically, 

covering wide temporal spans (like the six-month periods examined in this chapter).  

 

Anthropogenic alteration of the beach has led to a multitude of complex processes operating at 

a small scale. Consequently, different areas of the beach respond differently to storm 

sequences. The 2007 and 2009 storm sequences had an enormous impact of the St Kilda 

foredune, whereas the 2015 storm sequence disrupted the geotextile tubing and caused the dune 

to retreat (Figure 4.43). Additionally, localised scarping is common along the foredune toe, 

based on the locations of the nearshore bars and rip currents.  

 

Chapter 4 has examined the causes of severe beach/dune erosion at Ocean Beach, concluding 

that the combined impact of storm event clustering, and high storm surge intensity, produces 

significant beach/dune erosion costing local authorities millions of dollars. Chapter 5 will build 
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on the understanding gained from both Chapter 3 and 4, with a forward-thinking approach. The 

premise for Chapter 5 is centred around examining how the components of storm surge and 

beach response will change as a result of climate change processes.  

 

 

 



 

  

5                                    
5. Storm Occurrence and Climate 

Change Impacts at Ocean Beach 
 

 

 

5.1 Introduction 
 

Chapter 3 examined the magnitude and frequency of storm surge in southern New Zealand 

through extreme value analysis. Chapter 4 used the case study of Ocean Beach to assess the 

processes driving erosion events. The aim of this chapter is to determine the likelihood of a 

storm event occurring that will result in erosion at Ocean Beach and to consider how storm 

surge processes at Ocean Beach will change in response to climate change? Climate change 

will impact the nature of storm events at the Ocean Beach coastline in response to an increase 

in the magnitude and frequency of storm surge globally (Brecht et al, 2012; Jiménez et al, 

2017). Chapter 5 will examine if changes in storm processes have been observed at Ocean 

Beach and what may occur in the future. 

 

Chapter 5 has three main objectives. The first is to assess the probability that spring high tide, 

storm surge and offshore significant wave heights coincide as they contribute to severe coastal 

erosion, an issue highlighted in Chapter 4.  The 90th, 95th and 98th percentiles of the distributions 

will be determined and employed as thresholds to examine the coincidence of extreme spring 
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high tides, storm surges and large offshore significant wave heights. In addition, the first 

objective will examine any trends in the three variables, i.e. has there been an increase in storm 

erosion processes occurring simultaneously.   

 

The second objective for Chapter 5 is to examine the cause of any trend identified in the 

coincidence analysis of objective one. Processes that contribute to storm surge will be 

examined. As an example, MSLP is a key driver of storm surge and will be discussed in detail. 

An increase in intense low-pressure systems would impact the nature of storm surge at the 

coastline. Additionally, examination of any trends in storm surge intensity and duration of 

surge events is examined as these processes could vary with climate change. Offshore 

significant wave heights will then be examined to identify trends in both seasonal and long 

term as this will impact the chance of coincidence play and important role in the morphology 

of Ocean Beach.  

 

The last objective examines possible changes in the nature of storm surge in the future and the 

potential impact on the coastline. To achieve this objective, IPCC, 2014, RCP 8.5 estimates for 

sea level rise projections will be added to the return levels for total water level determined in 

Chapter 3. Trends identified in storm surge intensity, coincidence with spring high tide and 

offshore significant wave heights will be examined, using an empirical algorithm, to estimate 

the impact of climate change on the nature of storm surge at Ocean Beach.  

 

5.2 Methods 
 

The following section will discuss the methods used to examine the coincidence of surge, 

spring tides and large offshore wave heights through the revised joint probability method 

(section 5.2.1). The correlation between MSLP and surge will be detailed in section 5.2.2. 

Section 5.2.3 will discuss how trend analysis of MSLP and storm surge intensity through 

GAMLSS (Generalised Additive Models for Location, Scale and Shape) package in RStudio. 

The last section validates the superimposition of sea level rise projections on the modelled 

TWL return levels for the Green Island and Dog Island sea level recorders. 

 

The data utilised in Chapter 5 has been used in previous chapters. Water levels from the Green 

Island and Dog Island tide gauges have been previously utilized in Chapter 3. The offshore 
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significant wave height data is from the MetOcean Solutions ltd. SWAN model (Appendix B), 

was applied in Chapter 4’s analysis. MSLP pressure data is from the Musselburgh automatic 

weather station.  

 

5.2.1 Determining Surge Concurrence with Spring High Tide  

 

To investigate the coincidence of spring high tide with storm surge and large offshore 

significant wave heights (i.e. all three occurring above a defined threshold for a given hourly 

observation) the empirical model was employed (Equation 5.2). If wave height and surge are 

independent, then the number of concurrent events should equal the proportion of waves above 

the threshold, times the proportion of surge over the threshold, times the proportion of tide over 

the threshold, times the total number of events. A lack of independence amongst the factors 

will result in the actual number of events being different from the number of events under the 

assumption of independence. The thresholds were determined by taking a given percentile of 

an individual data set. For example, applying the threshold of the 98th percentile refers to the 

level exceeded by only 2% of the values within the data set i.e. the tail of the data distribution. 

However, the empirical formula only works if all three variables are independent from each 

other, i.e. no correlation between variables. Comparing the observed number of occurrences 

with the empirically modelled number of occurrences suggested that the variables were not 

independent of each other.  

 

The justification for including wave heights in the coincidence with spring high tide and high 

storm surge is that offshore significant wave heights give an indication of the energy arriving 

at the shoreline (Short and Hesp, 1982; Haigh et al, 2016). Wave energy dissipation over the 

intermediate-dissipative nature of Ocean Beach’s nearshore (Hilton, 2016) will not be directly 

proportional to the offshore significant wave heights (Short and Wright, 1984).  However, 

understanding the potential wave energy arriving at the coastline is linked to the morphological 

response of the beach due to its ability to alter the nearshore morphology and erode the upper 

beach and foredune (Wright and Short, 1984; Sherman and Bauer, 1993).  

 

Applying the ‘sjtab’ function in RStudio generates the contingency tables to assess any 

correlation between the variables. The table output assesses the individual variables and 

examines the success or failure of a variable in crossing the defined threshold in a binary form 
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for each variable. The ‘sjtab’ function then produces an output that contains a j (phi) value. j 

is a measure of association between variables. If the j value is zero or close to zero, then there 

is no association between the variables, i.e. the variables are independent of each other. The 

closer the j value is to 1 or -1, the stronger the association (1 is a positive association, -1 is a 

negative association). Variables that exhibit no association (are independent) can (in theory) 

be empirically modelled using a simple probabilistic model. Variables that are associated 

cannot because they are correlated.  

 

5.2.2 GAMLSS – Negative Binomial Model Assessment of Event Coincidence  

 

To assess if there are any trends in the coincidence of extreme spring high tides, storm surges 

and large offshore significant wave heights, the GAMLSS R package (Stasinopoulos and 

Rigby, 2007) was applied. Conventional generalised linear models are restricted to a limited 

range of distributions. In contrast, GAMLSS models can be fitted to a much wider range of 

distributions including highly skewed and/or kurtotic continuous and discrete distributions. 

Conventional Generalised Linear models (GLM), model the mean only, while GAMLSS 

allows for modelling of the shape and scale, therefore facilitating investigation of how the 

mean, shape and scale(variance) of the distribution changes over time (Stasinopoulos et al, 

2017).  

 

The Negative Binomial distribution is a two-parameter distribution using the mean (µ) and 

dispersion (s) to describe the distribution. The Negative Binomial distribution is used to 

describe the distribution of rare events in a large data set. The Negative Binomial distribution 

was fitted to model the coincidence data in terms of a count of the number of coincidence 

events per year as opposed to the commonly applied Poisson distribution. This was done 

because the data was over-dispersed, i.e. s was higher than would be the case if the Poisson 

distribution fitted the data (Stasinopoulos and Rigby, 2007). Ismail and Jemain (2007) 

demonstrated that the negative binomial distribution is better at compensating for 

overdispersion of the data because it allows for larger standard error. Consequently, it will 

produce more representative results for estimating coincidence of spring high tide with storm 

surge and large offshore significant wave heights (Appendix C.2). The general equation of the 



Chapter 5 – Storm Occurrence and Climate Change Impacts at Ocean Beach 

 

 141 

Negative Binomial distribution (type-II parameterisation) from the GAMLSS package 

documentation is displayed in Equation 5.1.  

 

𝑃(𝑌 = 𝑦|𝜇, 𝜎) = 	𝛤(𝑦 + 𝜇/𝜎)	𝜎^𝑦	/	𝛤(𝜇/𝜎)𝛤(𝑦 + 1)	(1 + 𝜎)^{𝑦 + 𝜇/𝜎}           (5.1) 

 

Given y=0,1,2, ...Inf, μ>0 and σ>0, where μ is the mean of the distribution and σ is 

the dispersion of the distribution and the variance equals (1+s)µ. As mu increases the 

variance increases which is an important characteristic of both Negative binomial and 

Poisson distributions.  

 

The Akaike Information Criterion (AIC) was used for model selection where the model with 

the lowest AIC was selected as the preferred model to analyse the data and perform statistical 

tests (Bozdogan, 1987). In this case the negative binomial model was found to have a lower 

AIC than the Poisson model. 

 

5.2.3 MSLP Analysis 

 

The inverse barometric effect generates the majority of storm surges. Thus, analysing the long-

term pressure trends and correlation between pressure and surge is important to understand. 

Cross-correlation was utilised to explore the time lag between MSLP and storm surge. Cross-

correlation measures the correlation between two time-series at different lags. The cross-

correlation was run based on hourly MSLP from the Musselburgh weather station.  

 

The pressure analysis through time is examined from 1962 through to 2018. The 56-year data 

set produces the longest and most reliable data set available in this research. Pressure events 

below 990 hPa and 980 hPa were separated from the data. A pressure event below the defined 

threshold was said to have started when the threshold is crossed (e.g. below 980 hPa) to when 

it crosses back to the other side of the threshold for more than 12 hours instead of individual 

hourly observations counting as one event. This protects against the violation of the assumption 

of independent events. A similar process employed for determining storm surge events.  

 

The Negative Binomial distribution from the GAMLSS family was utilised again for the 

pressure record. The Negative Binomial produced the ‘best model fit’ in comparison to the 
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Poisson distribution based on the AIC value. The negative binomial seen in the quantile 

residual plot (Appendix C.12) illustrates that the majority of the residuals were between -2 and 

2, defining a good model fit (Winkelmann, 2008).  

 

5.2.4 GAMLSS, Generalised Inverse Gaussian Analysis of Storm Surge Intensity and 

Duration  

 

To examine storm surge intensity, a threshold of 0.2 m was defined, i.e. events were said to 

begin when the surge crossed 0.2 m and finished when the surge dropped below 0.2 m for more 

than a 24-hour period. Storm surge intensity is defined as the culmination of every surge 

recording in a given event that is above the threshold (Zhang et al, 2000; Haigh et al, 2010). 

The threshold is justified because it removes noise and insignificant short-term fluctuations in 

sea level that might have been captured by the open water tidal gauges (de Lange and Gibb, 

2000). In addition, the threshold would help protect against violation of the assumption of 

independent events as discussed in Section 2.4 of the exTremes manual. The same process was 

used for assessing the duration outcome variable, with the same individual events examined 

for trends in the duration of storm surge events.  

 

GAMLSS was applied again for assessing storm surge intensity and duration, however, a 

different model was used. GAMLSS models can also fit linear and non-linear trends over time 

which is useful because complex natural systems (such as the ocean) which often display these 

trends (Stasinopoulos et al, 2017). The Generalised inverse Gaussian (GIG) distribution model 

(see Jørgensen, (2012) for details on GIG). This was found to provide the best fit to the data 

based on the AIC value (Appendix C.4). Therefore, GIG was applied to assess trends in storm 

surge intensity and duration.  

 

The GIG models fitted assume that the residuals are independent and identically distributed 

(Stasinopoulos and Rigby, 2007). GIG model assumptions were investigated and found to be 

adequate. Furthermore, to investigate the independence of the residuals over time, the auto-

correlation of the residuals was calculated and was found to be statistically insignificant. As 
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such, it was deemed that no allowance for autocorrelation amongst residuals was required, 

simplifying the analysis of storm surge intensity and storm surge duration.  

 

5.2.5 Significant Wave Height Trend Analysis 

 

Offshore significant wave heights give an indication of the energy arriving at the shoreline 

(Short and Hesp, 1982; Haigh et al, 2016). The method employed to distinguish any trend in 

offshore significant wave heights is seasonal decomposition of time series by locally weighted 

smoothing (LOESS). A seasonal decomposition of the wave height time series was adopted 

using LOESS via the ‘stlplus’ R package. LOESS finds the trend (or curve) within a data set 

without assuming that the time series data must fit within any given distribution. (Cleveland et 

al, 1990). Offshore significant wave heights will never be zero but there is the potential for 

extreme waves to be generated. Thus, the distribution of the offshore significant wave height 

data is skewed heavily to the left with extreme occurrences producing a long tail. As a result 

of this, a natural log transformation was applied to the data to minimise the potential for the 

trend being overly influenced by occasional high readings. 

 

The seasonal decomposition component of the ‘stlplus’ package removes any seasonal pattern 

before defining the overall trend in the time series data. The data can be displayed on the same 

scale to obtain a descriptive representation of the trend, seasonal and “remainder” (i.e. 

unexplained) components of the original time series. The ‘stlplus’ package automates the 

generation of model parameters and is easy to implement for any time series data set (Cleveland 

et al, 1990). Consequently, the ‘stlplus’ package through LOESS analysis adequately modelled 

the trend in offshore significant wave height from 1979 to 2016.  

 
5.2.6 Sea Level Rise Superimposition  

 

Storm surge is superimposed on eustatic sea level. If sea levels rise, the horizontal and vertical 

reach of a given storm surge increases, provided there is no change in the position of the 

shoreline. Thereby, superimposing sea level rise projections on top of the total water level 

return levels (storm surge plus tidal component) calculated in Chapter 3 will give an indication 

of the elevation of storm surge events above MSL in the future. The IPCC global sea level rise 

projections were applied in this instance because the New Zealand sea level rise projections 
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align with global sea level rise (IPCC 2014; Hansen et al, 2016). Specifically, the Repetitive 

Concentration Pathway 8.5 (RCP 8.5) or the worst-case scenario values were utilised (0.32 and 

0.98 m for 2050 and 2100 (IPCC, 2014)).  Justification for applying RCP 8.5 is that the aim of 

this chapter is looking at the worst-case scenario. However, there is an increasing body of 

evidence suggesting that the 2014 IPCC predictions have underestimated the contributions of 

terrestrial glacial melt (Zemp et al, 2019) and the Antarctic ice sheet melt (Nerem et al, 2017). 

implying more sea level rise than expected. The main assumption using this method is that 

eustatic sea level will be uniform over southern New Zealand, and the nature of storm surge 

remains constant which is not the case. Nonetheless, it is still important to explore the possible 

TWL return in the future.  

 

5.3 Results 
 

This section comprises seven sub-sections. First the results of an empirically calculated 

probabilistic model for the coincidence of storm variables. Next a GAMLSS model using a 

Negative Binomial distribution is applied to model changes in the probability of coincidence 

of spring high tide, storm surge and offshore wave heights through time. Section 5.3.3. 

examines the relationship between pressure and storm surge given the importance of pressure 

in storm surge generation in New Zealand and trend analysis on low pressure events since 

1962. Then GAMLSS analysis of storm surge intensity and the duration of storm surge events 

is displayed in section 5.3.4, followed by seasonal decomposition analysis of the offshore 

significant wave heights in section 5.3.5. Sea level rise projections are then added to the total 

water level return predictions from Chapter 3.  

 

5.3.1 Spring Tide Concurrence with Storm Surge 

 

Equation 5.2 details a formula for the empirical probability of an event where spring high tides, 

high storm surge and large significant wave heights coincide, assuming the events and variables 

are independent of each other.  

 

																																																							𝑃(𝑍) = 	𝑃(𝑆𝑝S�%)𝑃(𝑆𝑆S�%)𝑃(𝐻𝑠S�%)𝑛                             (5.2) 
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Where: 𝑃(𝑍) is the number of coincidence events of spring tide coinciding with high 

surge and high significant wave heights based on the number of observations of the 

data set.	𝑃(𝑆𝑝S�%) is the probability of exceedance of tide over a certain percentile  

(e.g. events above the 95th percentile would read 𝑆𝑝S�%), 𝑆𝑆S�% is high storm surge 

and 𝐻𝑠S�% is significant wave heights, n is the total number of observations. Selection 

of the 10% exceedance, 5% exceedance and 2% exceedance gives equations 5.3 – 5.5 

below.  

 

 

𝑃(𝑍) = 	𝑃(0.02)𝑃(0.02)𝑃(0.02)123401 

																																																				= 	𝑃(𝑍) = 0.987208                                                          (5.3) 

 

 

𝑃(𝑍) = 	𝑃(0.05)𝑃(0.05)𝑃(0.05)123401 

																																																										= 𝑃(𝑍) = 15.425125                                                       (5.4) 

 

 

𝑃(𝑍) = 	𝑃(0.10)𝑃(0.10)𝑃(0.10)123401 

																																																									= 𝑃(𝑍) = 123.401		                                                          (5.5) 

 

 

The results suggest that there should be approximately one event where spring high tides, storm 

surge and wave heights exceed the r2% exceedance level simultaneously since 2002, however 

there have been six occurrences since 2002. At the r5% exceedance level the empirical model 

of Equation 5.4 suggests there would be approximately 15 events that occurred in the data set, 

however there were 64. Lastly, at the r10% exceedance level, Equation 5.5 suggests there would 

be approximately 123 events inside the data set, but there was 348. The results from the 

empirical model and observations do not agree, suggesting that all three variables are not all 

independent of each other. Consequently, some association is present between at least two and 

possibly all three of the variables. The respective percentile cut-offs values for each variable 

are given in Appendix C.1.   
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The following three tables (Tables 5.1 – 5.3) display the occurrence and correlation between 

the three variables at the r10% exceedance level (chosen because the r10% exceedance level 

produced a suitable number of coincidences compared to the r5% and r2% levels). Table 5.1 

returned a j value of 0.006 thus there is no significant relationship between spring high tide 

and storm surge. Given that surge is driven by meteorological processes and tides are a product 

of the gravitational influence of the Sun and the Moon, this result would be expected. The same 

result occurred for the correlation between spring tide and offshore significant wave heights 

(Table 5.2) with a j value even lower than that of surge and spring high tide 0f 0.002.  

 

Table 5.3 produced a different result. A j value of 0.112 was returned on the correlation 

between surge and wave heights. A j value of 0.112 indicates a weak positive correlation 

between the two variables. Therefore, storm surge and significant offshore wave heights are 

correlated and not independent of each other. Consequently, the correlation between the two 

variables could be the cause of the higher realised ‘coincidences’ in comparison to the 

empirically modelled predictions of Equations 5.3 – 5.5.   

 
Table 5-1; The occurrences based on the observational records for spring high tides and storm surge 
above the 98th percentile for occurrences. 1 refers to an event above the 98th percentile and 0 refers to 
below the 98th percentile. X2 is the chi-squared test value, df is the degrees of freedom j is the 
correlation value and the p-value describes the statistical significance of the relationship. The j value 
of 0.006 suggests no correlation between storm surge and spring tides, i.e. the two variables are 
independent of each other.   

 

Spring High Tide 
Surge 

Total 
0 1 

0 
117374 

98 % 

2411 

2 % 

119785 

100 % 

1 
2404 

98.6 % 

34 

1.4 % 

2438 

100 % 

Total 
119778 

98 % 

2445 

2 % 

122223 

100 % 

χ2=4.348 · df=1 · φ=0.006 · p=0.037 
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Table 5-2: The occurrences based on the observational records for spring high tides and wave heights 
above the 98th percentile for occurrences. 1 refers to an event above the 98th percentile and 0 refers to 
below the 98th percentile. X2 is the chi-squared test value, df is the degrees of freedom j is the 
correlation value and the p-value describes the statistical significance of the relationship. A j value of 
0.002 suggests no correlation between wave height and spring tides i.e. the two variables are 
independent of each other.   

Spring High Tide 
Wave Height 

Total 
0 1 

0 
118535 

98 % 

2410 

2 % 

120945 

100 % 

1 
2403 

97.8 % 

53 

2.2 % 

2456 

100 % 

Total 
120938 

98 % 

2463 

2 % 

123401 

100 % 

χ2=0.257 · df=1 · φ=0.002 · p=0.612 

 
Table 5-3: The occurrences based on the observational records for wave heights and storm surge above 
the 98h percentile for occurrences. 1 refers to an event above the 98th percentile and 0 refers to below 
the 98th percentile. X2 is the chi squared test value, df is the degrees of freedom j is the correlation 
value and the p value describes the statistical significance of the relationship. The 0.112 j value 
corresponds to a weak positive relationship between storm surge and wave heights. Thus, storm surge 
and wave heights are not independent of each other.  

Surge 
Wave Height 

Total 
0 1 

0 
115302 

98.2 % 

2072 

1.8 % 

117374 

100 % 

1 
2100 

87.1 % 

311 

12.9 % 

2411 

100 % 

Total 
117402 

98 % 

2383 

2 % 

119785 

100 % 

χ2=1496.288 · df=1 · φ=0.112 · p=0.000 
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Although storm surge and wave height are not independent of each other (Table 5.3), Table 5.1 

suggests that spring high tides and storm surge are independent of each other. The empirical 

probabilistic model of Equation 5.6 would give a representative indication of the chance of 

spring high tide and storm surge above a defined threshold coinciding. The 98th percentile is 

employed for this example. The observed data set produced 34 occurrences of spring high tide 

and storm surge occurring over the 98th percentile. However, there was only 14 storm events 

responsible for the 34 occurrences as some storm events produce multiple hourly observations. 

The same equation can be employed for spring tide and wave heights (Table 5.2) because said 

variables are also independent. Spring high tide and wave heights above the 98th percentile 

occurred 53 times. The coincidence of wave heights and spring tides occurring above the 

Equation 5.5 suggests 49 occurrences. Therefore, Equation 5.6 is an acceptable representation 

of the chance of either storm surge or wave heights coinciding with spring high tide for a given 

hourly observation.  

 

𝑃(𝑍) = 	𝑃(𝑆𝑝S�%)𝑃(𝑆𝑆S�%)𝑛 

= 	𝑃(𝑍) = 𝑃(0.02)𝑃(0.02)122223 

= 	𝑃(𝑍) = 48.8892                                                      (5.6) 

 

 

Based on the statistical output in Equation 5.5, there is a 0.0004% chance or 1:2500 that a given 

hourly observation will see spring tide and storm surge or spring tide and wave heights 

coinciding above the 98th percentile.  A 1:2500 chance equates to 1 in every 104 days. 

However, as storm surge and significant wave heights are correlated, the empirical model of 

Equation 5.2 cannot be applied. Instead the observational coincidences have to be used. Six 

times in the data set storm surge, spring high tide and offshore wave heights above the 98th 

percentile coincided. Thus, there is a 6:123401 or 1:20566 (4.862 x 10-5 %) of all three variables 

coinciding above the 98th percentile for a given hourly observation. Section 5.3.2 will explore 

the chance of coinciding and the relationship through time between all three variables. 

 

Section 5.3.1 has demonstrated the relationships between three key storm variables that if 

coincidence will produce damaging impacts to the coastline; storm surge spring high tide and 
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offshore significant wave heights.  Spring high tide is independent of both storm surge and 

offshore wave heights. In contrast, storm surge and offshore significant wave heights are 

related variables in that high wave heights are more likely to occur when high surge occurs. 

Given that spring high tide is independent from the other two variables, the chance of 

coincidence can be empirically modelled (Equation 5.6). Although the relationship is weak 

between surge and wave heights (j = 0.112), this relationship provides an explanation for the 

higher occurrence rate of coincidence for spring high tide, storm surge and wave heights, in 

comparison to the empirical probabilistic model (Equation 5.2).  

 

5.3.2 GAMLSS Negative Binomial Modelling - Coincidence Analysis 

 

A GAMLSS model based on the negative binomial distribution was utilised to analyse any 

change through time in the coincidence of spring high tide, storm surge and offshore wave 

heights. Figure 5.1 displays the GAMLSS model fit for the coincidence of all three variables 

above the 90th percentile. The 90th percentile was chosen as the threshold because the 98th 

percentile only produced six total events, which is not enough to provide reliable model 

estimates.  There were 348 occurrences at the 90th percentile and 64 at the 95th percentile which 

was also examined (Figure 5.2). Equation 5.7 below describes the relationship between the 

predicted mean of the number of coincidence events and time from the fitted model. 

 

log( 𝜇) = 	𝛽0 + (𝛽1)𝑡                                                    (5.7) 

 

Where: 𝜇 is the mean of the function for a given year, 𝛽0 is the intercept, 𝛽1 is the 

exponential growth function and 𝑡 is the deviance in years from the mean year of the 

data set (2009.5) (i.e. 2014 = 4.5, 2006 = -2.5).  

 

 

 

The equation of the line with the estimated parameter values from the fitted model is below 

where the ‘exp’ is the exponential function (the inverse of the natural log function) (Equation 

5.8). The model displayed in Figure 5.1 is statistically significant at the 95% confidence level 
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returning a p-value of 0.0346. Although 0.0346 does not indicate strong statistical significance 

at the 95% level, it is still significant and suggests and increase in the coincidence of all three 

variables since 2002. The parameter estimate of 0.06562 (𝛽1) suggests a per year ratio increase 

in the mean number of events of 1.066 (i.e. 6.6% increase per year). 

 

 

 

log( 𝜇) = 	3.17818 + (0.06562)𝑡 

= 	𝜇 = exp	(3.17818 + (0.06562)𝑡)                                       (5.8) 

 

Figure 5.1: The estimated trend in the mean number of events across years 2003 – 2016  from a GAMLSS 
Negative Binomial model fitted to the coincidence of spring high tide, storm surge and offshore wave 
heights above the 90th percentile. The trend over time is significant at the 95% confidence level returning 
a p-value of 0.035 with a ratio increase of 1.123 confidences per year suggesting an increase in the 
chance of all three variables coinciding. The dashed red lines represent the prediction interval based on 
the model estimate. The equation of the estimate is 5.8.  
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The fitted GAMLSS negative binomial model for the coincidence of spring high tide, storm 

surge and offshore wave heights above the 95th percentile is displayed in Figure 5.2. The p-

value of 0.0702 suggests the model is not statistically significant at the 95% confidence level. 

However, as mentioned previously, there was only 64 occurrences in the data set, so given a 

longer data set and that the p-value is not statistically significant by 0.02, this could change 

with more data. Equation 5.9 is the equation of the model representing the variables which 

coincide above the threshold of the 95th percentile.  

 

log( 𝜇) = 	1.411445 + (0.11573)𝑡 

= 𝜇 = exp	(	1.411445 + (0.11573)𝑡)                                      (5.9) 

Figure 5.2: Negative Binomial II model fitted to the coincidence of spring high tide, storm surge and 
offshore wave heights above the 95th percentile. The model is not significant at the 95% confidence level 
returning a p-value of 0.070. The equation of the line is presented is Equation 5.7 below. The dashed 
red lines represent the prediction interval based on the model estimate. The equation of the estimate is 
Equation 5.9. 
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As the trend over time for the coincidence of spring high tide, storm surge and offshore wave 

heights above the 90th percentile is statistically significant, the equation of the model can be 

applied to extrapolate and predict of coincidence events in the future. Figure 5.3 displays the 

extrapolated model below. Importantly, the prediction only extends to 2030 as there is only 14 

years of event data that the model is based on. Thus, only 14 additional years have been 

predicted. 

 

 

 

Figure 5.3: Negative Binomial II model fitted to the coincidence of spring high tide, storm surge and 
offshore wave heights above the 90th percentile and extrapolated out to 2030. The model is significant at 
the 95% confidence level returning a p-value of 0.029 suggesting an increase in the chance of all three 
variables coinciding of 1.060 events per year.  The dashed blue lines represent the prediction interval 
based on the model estimate. The equation of the estimate is Equation 5.10.  
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Based on the model presented in Figure 5.3, the year 2030 is predicted to have 80 occurrences 

where spring high tide, storm surge and offshore wave heights above the 90th percentile 

coincide. It is important to note that spring high tides are constant through time i.e. the chance 

of a spring high tide occurring is known. Thus, any increase in the coincidence spring high 

tide, storm surge and offshore wave heights is due to an increase in the magnitude of storm 

surge and offshore wave heights. 

 

log( 𝜇) = 	3.18310 + (0.05858)𝑡 

= 	𝜇 = exp	(3.18310 + (0.05858)𝑡)                                    (5.10) 

 

Section 5.2.2 has covered the application of a GAMLSS negative binomial model from the 

GAMLSS R package to examine the chance of three storm variables coinciding. To generate 

enough observational data the 90th percentile for each of the variables was selected as the 

threshold that had to be crossed by the variables for coincidence to occur. The model displayed 

in Figure 5.1 is statistically significant at the 95% confidence level suggesting an increase in 

the chance of all three variables coinciding. Figure 5.3 shows an extrapolation of 14 years based 

on the parameters estimated from the GAMLSS model to predict the chance of coincidence up 

to the year 2030, where, 80 events with spring high tide, storm surge and offshore wave heights 

are predicted to coincide.  

 

5.3.3 Pressure, Surge Correlation and Trend Analysis 

 

Pressure is the primary driver of storm surge, as low-pressure systems or cyclones not only 

raise the level of the sea but are usually accompanied by strong winds and increased significant 

wave heights at the coast. The following section will dissect the relationship between storm 

surge in southern New Zealand and MSLP. 
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The average pressure observed over the Dunedin region calculated from the 56-year pressure 

record is 1011.854 hPa. Applying the inverse barometric effect to this situation, MSLP below 

980 hPa would produce a 0.32 m surge. The sea surface does not respond instantaneously to 

changes in atmospheric pressure. The correlation coefficients for T – x hours as both the 

pressure and sea level are hourly observations (Figure 5.4).   T – 6 hours produced the strongest 

correlation of - 0.759. The relationship between pressure and surge as previously mentioned, 

is inverse, hence the negative correlation value. 
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Figure 5.4: Correlation lag between pressure and sea level. The figure reads chronologically with the 
top left being a 1-hour lag and the bottom right being a 9-hour lag. Thus, when running correlation 
analysis the strongest correlation with the data set was going to be T – x hours. In this case the strongest 
correlation was 0.759, at T – 6 hours. The red line is the correlation and the number in blue is the 
correlation strength. 
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A predictive linear model based on the correlation and lag between storm surge and MSLP for 

the Green Island sea level recorder is displayed in Figure 5.5. The model replicated the pattern 

of surge through time but under-predicted the magnitude of the peaks and troughs returning an 

r2 value of 0.63. Table 5.4 displays the quantiles of the actual surge data in comparison to the 

modelled data. The maximum observed surge is 0.67 m, while the maximum modelled surge 

was 0.42 m. the range of the modelled data set was -0.23 – 0.42 m and the actual data set is -

0.55 – 0.69 m. Illustrating the model’s inability to predict surges of magnitude. The model is 

not suitable for making surge predictions based entirely on pressure because of the low r2 value 

and lack of model skill in predicted larger magnitude surge events. The likely cause is that 

although MSLP is a primary driver of surge, there are many other processes that would need 

to be incorporated into the model to generate representative and reliable storm surge 

predictions.  

 

Table 5-4: Quantiles for the modelled surge based on the pressure-surge correlation 

Quantile Actual (m) Modelled (m) 

0% -0.55 -0.31 

10% -0.14 -0.10 

20% -0.09 -0.07 

30% -0.05 -0.04 

40% -0.02 -0.01 

50% 0.01 0.01 

60% 0.05 0.03 

70% 0.08 0.06 

80% 0.12 0.10 

90% 0.18 0.15 

100% 0.67 0.42 
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Figure 5.5: Predictive model based on the correlation between storm surge and MSLP (first 2000 
results). The Red line is the modelled surge, the black is the observed surge. In general, the model 
predicts the peaks and troughs of surge through time but under-predicts their magnitude. 

 

 

There was no statistically significant trend found at the 95% confidence level regarding an 

increasing frequency of pressure events below 990 hPa and 980 hPa. This is due to the 

confidence interval containing zero in both instances and the p-value for 980 hPa events was 

0.41. Despite this low statistical significance, the average number of 990 hPa events increased 

from 14.8 annual occurrences to 15.2. While at the 980 hPa threshold the average number of 

events increased from 3.1 to 3.6 annually between 1962 and 2018. Thereby demonstrating 

some increase in intensive MSLP events 
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Figure 5.6: The number of events where the MSLP over Dunedin dropped below 990 hPa. From the 
time the pressure dropped below 990 hPa to the time it became greater than 990 hPa was classed as a 
single event, not every individual hourly recording. 

 

Figure 5.7: The number of events where the MSLP over Dunedin dropped below 980 hPa. Form the 
time the pressure dropped below 980 hPa to the time it became greater than 980 hPa was classed as a 
single event. Fitted using the Negative Binomial distribution. 
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To summarise section 5.3.3, pressure and storm surge are highly correlated with a correlation 

coefficient of -0.58. The strongest auto-correlation lag between the response of the sea level to 

changes in MSLP was six hours, however, this value may vary through time and from site to 

site. Trend analysis of the 56-year pressure record for the Musselburgh weather station yielded 

no statistically significant trend in MSLP events below both 990 hPa and 980 hPa. Despite no 

statistical significance there does appear to be a slight upward trend in MSLP events at the 990 

and 980 hPa threshold.  

 

5.3.4 Storm Surge Intensity Trend Analysis  

 

There is a slight increase in storm surge intensity based on the 485 surge events above the 0.2 

m threshold at Green Island (Figure 5.8). Results from the Generalised Inverse Gaussian (GIG) 

model suggests at the 95% confidence level that storm surge intensity at the Green Island sea 

level recorder is increasing (p = 0.043). The model output produced a 2.880% increase in the 

average storm surge intensity annually with a confidence interval of 0.020% - 5.820%. Even 

the lower confidence interval suggested a 0.020% increase in surge intensity annually. This 

indicates a reasonable statistically significant increase in storm surge intensity off the Dunedin 

coastline.  

 

The duration of storm surge events measured at the Green Island sea level recorder appears to 

show an increasing trend in the mean duration (Figure 5.9). The prediction interval of the 

estimated trend (-1.420%, 4.310%) suggests an increase. However, there is not a statistically 

significant increase in the duration of storm surge events, recorded at Green Island, with the 

GIG model returning a p-value of 0.207 Lastly, the prediction intervals (blue dashed lines) on 

Figures 5.8 and 5.9 increase over time, most likely because the GIG distribution data becomes 

more variable as the mean increases (i.e. an increase in s). 

 

The Dog Island data set does not show a statistically significant increase in storm surge 

intensity (Figure 5.10); with a predicted annual intensity increase of 1.023%. In addition, the 

95% prediction interval contains 0 and is linear in comparison to the Green Island data set with 

a prediction confidence interval of -1.790% to 3.910%. Visually, the trends are also more linear 
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than the Green Island data set. Concerning the duration of surge events at Dog Island, there is 

no statistical significance either (Figure 5.11) with a predicted increase of 0.680%. 

Additionally, the prediction interval is -0.780% to 2.160%. Thus, overall there is no statistical 

evidence to indicate any trends in the intensity of storm surges recorded at Dog Island. Albeit 

there does appear to be a slight increase that is not statistically significant. A longer data set 

may reveal a long-term increasing trend. This process was not undertaken on the Jackson Bay 

data due to issues with data porosity.       

 

 

 
 

Figure 5.8: Time series of storm surge intensity for the Green Island sea level recorder from 2002 – 
July 2018. The solid red line represents the average intensity. The dotted red lines are the 95% 
confidence intervals. The blue dashed line is the prediction intervals of which 95% of observations are 
expected to occur. Intensity shows a slight positive trend over time, statistically significant at the 95% 
confidence level. 
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Figure 5.9: Time series of the duration of storm surge events from the Green Island sea level recorder. 
The solid red line represents the average duration. The dotted red lines are the 95% confidence 
intervals. The blue dashed line is the prediction intervals of which 95% of observations are expected to 
occur. Duration illustrates a slight positive trend over time but is not statistically significant at the 95% 
confidence level. 

 

Figure 5.10: Time series of storm surge intensity for the Dog Island sea level recorder from 1997 – 
July 2018. The solid red line represents the average intensity increasing by 1.01% annually. The dotted 
red lines are the 95% confidence intervals. The blue dashed line is the prediction intervals of which 
95% of observations are expected to occur. Intensity shows a slight positive trend over time, statistically 
significant at the 95% confidence level. 
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Figure 5.11: Time series of the duration of storm surge events from the Dog Island sea level recorder. 
The solid red line represents the average duration. The dotted red line are the 95% confidence intervals. 
The blue dashed line is the prediction intervals of which 95% of observations are expected to occur. 
Duration illustrates a slight positive trend over time but is not statistically significant at the 95% 
confidence level. 

 

 

In summary, section 5.3.4 demonstrates that at Green Island there has been an increase in storm 

surge intensity being just statistically significant at the 95% confidence level (p-value = 0.043). 

Conversely, there was no statistically significant increase in storm surge intensity at Dog Island 

or for duration of storm surge events at both Green Island and Dog Island. Therefore there is 

no conclusive statistical evidence to suggest that storm surge intensity in all southern New 

Zealand is increasing, instead, the results indicate that there may be an increase despite not 

being statistically significant.  
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5.3.5 Wave Climate Trend Analysis 

 

Overall there is no detectable long-term trend in the offshore significant wave heights (Figure 

5.13). There is a moderately strong seasonal trend identified using LOESS based on seasonal 

decomposition. The seasonal component, which arises through differences between winter and 

summer offshore significant wave heights, equates to about approximately 8% of the variance 

in the time series.  The link between the seasonal trend identified in Figure 5.13 and the findings 

of Chapter 4 is that all damaging storm events occurred during the winter period. The seasonal 

component shown in Figure 5.13 indicates that wave heights tend to be larger on average during 

the winter period.  

 

The general trend line for the time series in Figure 5.13 appears to be flat or linear. This is 

expressed by the fact that the trend component only accounts for 1.8% of the total variance in 

the time series. Therefore, after the seasonal component has been removed, there is no evidence 

from this analysis of any significant fluctuation in mean wave height over time.   

 

A key component of the offshore significant wave height trend line is for the period from 2003 

onwards, delineated by the red vertical line (Figure 5.14). The time frame from 2003 to 2016 

displays a strong positive trend in offshore significant wave heights during this period. The 

significance of this time frame is it aligns with that of the available sea level data from the 

Green Island sea level recorder. Additionally, the coincidence data is modelled from the 2003-

2016-time frame. The GAMLSS negative binomial assessment of the chance of offshore 

significant wave heights, spring high tide and storm surge coinciding produced an increasing 

trend (Figure 5.1). The short-term increase in wave heights is observed between 2003 – 2016 

could have been a contributing factor for the increase in the number of coincidence events over 

this period (Figure 5.13). Given there is no evidence of a long-term trend in mean wave height, 

the increase of coincidence observed during the 2003 – 2016-time frame may not continue into 

the future (Figure 5.3).  
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Figure 5.12: Trend analysis for significant offshore wave height for Ocean Beach. Y-axis is on the log 
scale and all plots are on the same x and y scale. Importantly, there is no trend in offshore significant 
wave heights since 1979. 
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Figure 5.13: Enhanced trend of the offshore significant wave height at Ocean Beach. The red line is at 
2003. The reason for examining the trend past 2003 to match up the trend with the Green Island sea 
level data analysis of Figures 5.1, 5.2, 5.9 and 5.10.   

 

Section 5.3.5 has produced insight into the offshore significant wave height trends since 1962. 

No statistically significant trend was identified in offshore significant wave heights, but short-

term fluctuations are common (Figure 5.13). Though no long-term increasing trend was 

discovered, there was a strong seasonal component to offshore significant wave heights 

(around 8% of the variation). The seasonal aspect to offshore significant wave heights presents 

a linkage with the timing of damaging storm clusters illustrated in Chapter 4, during the winter 

period.  

 

5.3.6 Sea Level Rise Projections and Superimposed Storm Surge Return Levels 

 

Tables 5.5 and 5.6 demonstrate the impact of sea level rise. The IPCC (2014) AR5 report sea 

level rise predictions were added to total water level return periods. For 2050, 0.32 m was 

added and 0.98 m for 2100 sea level rise predictions based on the RCP 8.5 scenario. Sea level 
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rise projections are applied to the Green Island TWL return estimates, assuming all other 

variables are held constant, i.e. regional wave climates, and cyclogenesis remains constant. 

Thus, the results could be considered slightly removed from reality and must be interpreted 

cautiously. Table 5.5 shows that we could expect a total water level on a 100-year event return 

to exceed 2.26 m, while for 2100 predictions, nearly three meters elevation above current MSL 

given the occurrence of the predicted 100-year total water level event. 

 

Table 5-5: Green Island total water level return period table for defined return periods. This time 
however, the total water level is superimposed on IPCC AR5 (2014), sea level rise projections for 2050 
(current sea level + 0.32 m).   

 

Return Period Lower CI (m) Return Level (m) Upper CI (m) 

2-year level 1.709 1.774 1.842 

5-year level 1.777 1.876 1.982 

10-year level 1.838 1.957 2.086 

20-year level 1.880 2.043 2.223 

50-year level 1.941 2.163 2.417 

100-year level 1.985 2.260 2.580 

200-year level 2.023 2.362 2.767 

500-year level 2.073 2.504 3.041 

 

Table 5-6: Green Island total water level return period table for defined return periods. This time 
however, the total water level is superimposed on IPCC AR5 (2014), sea level rise projections for 2100 
(current sea level + 0.98 m).   

Return Period Lower CI (m) Return Level (m) Upper CI (m) 

2-year level 2.369 2.434 2.502 

5-year level 2.437 2.536 2.642 

10-year level 2.498 2.617 2.746 

20-year level 2.540 2.703 2.883 

50-year level 2.601 2.823 3.077 

100-year level 2.645 2.920 3.240 

200-year level 2.683 3.022 3.427 

500-year level 2.733 3.164 3.701 
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Expected sea level rise projections were applied to the modelled return total water level at Dog 

Island (IPCC, 2014). This generates a picture based on the current MSL, of the water elevation 

could reach in relation to sea level rise when applied to current MSL. However, this assumes 

no change in the storm surge climate, which cannot be ruled out. Based on the 2050 sea level 

rise projection (+ 0.32 m from current sea level), the total water elevation brought on by a 100-

year return event would reach 2.248 m above current MSL (Table 5.7). Projected sea levels for 

the year 2100 (+ 0.98 m from current sea level) would produce a 100-year return water level 

of 2.908 m above current MSL (Table 5.8). 

Table 5-7: Dog Island total water level return period table for defined return periods for Dog Island. 
This time however, the total water level is superimposed on IPCC AR5 (2014), sea level rise projections 
for 2050 (current sea level + 0.32 m).   

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year return level 1.870 1.911 1.954 

5-year return level 1.924 1.985 2.047 

10-year return level 1.960 2.042 2.128 

20-year return level 1.990 2.102 2.221 

50-year return level 2.017 2.183 2.366 

100-year return level 2.047 2.248 2.471 

200-year return level 2.071 2.314 2.592 

500-year return level 2.084 2.406 2.787 

 

Table 5-8: Dog Island total water level return period table for defined return periods. This time 
however, the total water level is superimposed on IPCC AR5 (2014), sea level rise projections for 2100 
(current sea level + 0.98 m).   

Return Period Lower CI (m) Estimate (m) Upper CI (m) 

2-year return level 2.530 2.571 2.614 

5-year return level 2.584 2.645 2.707 

10-year return level 2.620 2.702 2.788 

20-year return level 2.650 2.762 2.881 

50-year return level 2.677 2.843 3.026 

100-year return level 2.707 2.908 3.131 

200-year return level 2.731 2.974 3.252 

500-year return level 2.744 3.066 3.447 
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Section 5.3.6 has examined the impact of sea level rise projections superimposed on total water 

levels (storm surge plus tidal phase) modelled in Chapter 3 for 2050 and 2100. In doing so the 

total water level 100-year return level would be 2.920 m above the current MSL over southern 

New Zealand. Although simplistic, this generates a picture of the likely extreme water levels 

with respect to one implication of climate change.  

 

5.4 Discussion 
 

The aim of Chapter 5 is to examine the probability of key coastal processes coinciding to 

produce extreme water levels at the coastline. Secondly, how climate change will impact the 

magnitude and/or frequency of storm events at the Ocean Beach coastline. The listed objectives 

of the discussion are; to assess the coincidence of Spring high tide, storm surge and offshore 

significant wave heights; and identify any trend in the concurrence of said variable. The last 

objective involves examining possible changes in the nature of storm surge and the processes 

behind surge generation in the future and the impact that might have on the coastline.  

 

5.4.1 Coincidence of Spring tide, storm surge and significant wave heights 

 

Coincidence of spring high tide and large surge events generates extreme sea levels at the coast 

as demonstrated in Figure 5.14 (Bell et al, 2000; Cooper et al, 2004; Bertin et al, 2012; 

Stephens and Bell, 2015; Masselink et al, 2016). A key driver of an erosive storm event in 

comparison to a non-erosive storm event is the horizontal and vertical extent reached by a storm 

surge (Sherman and Bauer, 1993). For example, higher water levels may result in a collision 

regime instead of a swash regime, thus more erosion (Sallenger, 2000). It was demonstrated 

that storm surge is independent of spring tide (Table 5.1). Surge is generated by meteorological 

processes (McInnes et al, 2014) whereas tides are generated by gravitational influences of the 

lunar bodies (Dean and Dalrymple, 2002). The simple probabilistic Equation 5.6 defines the 

probability of a surge event above a user defined threshold coinciding with a spring high tide. 

Applying Equation 5.6 to the chance of a 1 in 100-year storm surge event occurring at the same 

time as a spring high above the 98th percentile is around 1:17,340,000 for a given hourly 

observation.  
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The total water level elevation above MSL is greater when a moderate surge synchronises with 

spring high tide in comparison to when large surge occurs during a neap tidal phase (Cooper 

et al, 2004; Masselink et al, 2016). The impact realised at the coastline is much greater when 

the total water level elevation above MSL is greater vertical and horizontal extent up the beach 

face by swash action. Consequently, increasing the erosion potential (Sherman and Bauer, 

1993). Incorporating large offshore wave heights in the coincidence equation (Figure 5.1) 

indicates the wave energy arriving at the coastline is an important factor in beach/dune erosion 

(Short and Hesp, 1982; Short, 1999). Therefore, as the chance of coincidence of all three 

variables increases, the more likely erosion events like that of 2007, 2009 and 2015 will occur.  

 

 
Figure 5.14: The key features of this 2009 winter storm surge time series adapted from Chapter 4 is the 
occurrence of a surge event with a spring tide (a) and the coincidence with a very large surge during 
the neap tidal cycle (b). When the storm surge coinciding with spring high tide (a) the total water level 
reached is higher above MSL than when the large surge coincided with a neap tidal phase (b). 

 

The chance of offshore significant wave heights, high storm surge, and spring high tide above 

the 90th percentile occurring simultaneously has increased between 2003 and 2016 (Figure 5.1, 

Equation 5.8). Extrapolating out the equation of the model to 2030 suggests that the three listed 

variables will coincide more often in the future (Figure 5.3, Equation 5.10). Given that both 
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storm surge and wave heights are independent of tides (Tables 5.1 and 5.2), for an increase in 

coincidence to occur there must be an increase in the frequency or magnitude (or both) for 

storm surge and/or wave heights. Therefore, the increase in coincidence could indicate a 

change in the nature of storm surge or offshore wave heights because of a change in regional 

synoptic circulations (Easterling et al, 2000; Drost et al, 2007; Black et al, 2016 Vilibić and 

Šepić, 2017).    

 

5.4.2 MSLP and Storm Surge Implications 

 

Pressure is a crucial component in storm surge generation (Danard et al, 2003; Marcos et al, 

2009), especially in southern New Zealand (Keable et al, 2002; Leslie et al, 2005). MSLP is 

responsible for approximately 30% of the total surge elevation (Leslie et al, 2005). Low MSLP 

is the result of cyclonic activity generating the inverse barometric effect (Keable et al, 2002). 

Additionally, cyclonic activity produces strong winds and can add to the wind set up and wave 

generation components of storm surge, a relationship demonstrated by the association between 

storm surge and significant offshore wave heights in Table 5.3. Therefore, although the 

pressure does not contribute to 58 per cent of storm surges as the correlation suggests, it instead 

indicates the impact low-pressure systems have on storm surge in southern New Zealand.     

 

A predictive model was generated from the association factor of -0.58. The model (Figure 5.6) 

was able to mirror the pattern of storm surge through time but under-predicted the magnitude 

of events. The likely reason is because storm surge is a combination of several meteorological 

and oceanographic processes including wind set up, coastally trapped waves and wave set-up 

(Danard et al, 2003; NIWA, 2008), meaning a more complex model is required. Although the 

model was not skilled at predicted large-scale surge events, it does demonstrate the importance 

of MSLP and surge generation in southern New Zealand.  

 

MSLP field changes over New Zealand have been condensed, forming 12 synoptic scenarios 

by both Kidson (2000) and Jiang et al. (2011). Figure 5.15 displays the 12 synoptic situations 

and how often they occur. Intuitively, the important synoptic settings for storm surge generate  
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Figure 5.15: The 12 types of MSLP events that occur over New Zealand and how often they occur. 
Extracted from Jiang et al. (2013), (adapted from Jiang et al. (2011). The pressure scenarios that are 
most likely to generate storm surges in southern New Zealand is TWS and L which occur 7.3% and 
4.4% of the time respectively. 

 

in southern New Zealand are ‘TWS’ and ‘L’. ‘TWS’ is where low pressure systems sit off the 

South-East coast of New Zealand producing low MSLP and southerly winds. ‘L’ produces a 

low-pressure system that sits over the South Island generating south easterly winds (Jiang et 
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al, 2011; Jiang et al, 2013). Given wind and MSLP are key components in storm surge 

generation, ‘TWS’ and ‘L’ will intuitively be linked to storm surge events. How the synoptic 

patterns over New Zealand will respond to changes in the regional circulation and global 

climate change is unknown with little research currently for the New Zealand setting. An area 

of research in New Zealand that requires attention is examining the synoptic situations that 

generate varying levels of surge. Although the results of such a study would be specific to a 

given location in New Zealand, the methodology would be widely applicable on the global 

setting.  

 

5.4.3 Storm Surge Intensity Responses to Climate Change 

 

Storm surge intensity at Green Island produced a statistically significant increase of 2.88% 

annually (Figure 5.9). However, the p-value returned was 0.04, only just significant at the 95% 

confidence level. Given that there was no statistically significant increase in surge intensity at 

Dog Island (Figure 5.11) and both of the trends were linear it is reasonable to assume there is 

not enough evidence to claim that an increase in the intensity of storm surge in southern New 

Zealand has occurred. However, the Green Island and Dog Island data sets span 15 and 21 

years respectively.  

 

Globally, Webster et al. (2005); Knutson et al. (2010); May et al. (2013); Ranasinghe (2016); 

and Walsh et al. (2016), indicate that storm surge intensity will increase, however, there is still 

no consensus. Zhang et al. (2000) and Jiménez et al. (2017) suggest increases in surge 

frequency. Contrastingly, Lambert and Fyfe (2006) suggest a decrease in storm frequency. 

Bernier et al. (2007) claim that the magnitude of storm surges will increase due to increases in 

cyclonic activity and wind speeds, but the overall frequency of surge events to decrease A view 

shared by Lambert and Fyfe (2006), suggesting more intense storm events and fewer less 

energetic storm events resulting in an overall decrease in storm surge frequency. Subsequently, 

there is a general consensus that there will be an increase in storm surge intensity both 

regionally and globally, but there is no clear consensus on changes in the frequency of surge.   
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The increasing trend in storm surge intensity (Figure 5.8) could also partly explain the increase 

in the coincidence of spring high tides, offshore significant wave heights and storm surges 

above the 90th percentile threshold. The rationale being that an increase in storm surge intensity 

will mean that more events are occurring over the previously defined threshold. Thus, more 

chances for storm surge to coincide with spring high tide.   

 

The storm surge intensity index applied in this research simplifies a complex situation as it 

only considers the components of storm surge, while disregarding wind speed and wave 

conditions (Zhang et al, 2000; Haigh et al, 2010). Nevertheless, the method used is justified 

because the factors that produce intense storm surges are more than likely to be present, such 

as large significant wave heights (Olbert and Hartnett, 2010). For example, pressure was 

demonstrated to determine 58% of surges but only contribute to 30% of the actual storm surge 

height in New Zealand (Leslie et al, 2005).  

 

No statistical evidence was discovered to suggest an increase or decrease in the duration of 

positive storm surge events at Green Island and Dog Island, (Figures 5.10 and 5.12). Duration 

of surge events is an important factor in both storm surge intensity (Zhang et al, 2000; Haigh 

et al, 2010) but also the impact realised at the coastline in the form of erosion volume (Ferreira, 

2005; Karunarathna et al, 2014; Mickey et al, 2018). Again, the short temporal span of the 

Green Island and Dog Island water level data may be a limiting factor in determining and 

increasing trend in the duration of surge events. Accordingly, future research should focus on 

the temporal span of storm surge events in southern New Zealand, as the available data set gets 

longer. Despite no statistically significant trend in storm surge intensity in southern New 

Zealand, climate change may impact storm surge intensity in the future. A longer data set is 

required to claim with a high degree of confidence an increase in storm surge intensity.  

 

5.4.4 Offshore Wave Heights Response to Climate Change 

 

Offshore significant wave heights indicate the wave energy arriving at the coastline (Short and 

Hesp 1982; Sherman and Bauer, 1993; Short, 1999). No statistical change in the long-term 

trend in offshore significant wave heights was discovered (Figure 5.13, 5.14). However, a 
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strong seasonal pattern was extracted from the data set. Variation of 8% between summer and 

winter was discerned from raw offshore significant wave height data. Seasonality with the 

offshore wave climate is important because it denotes an increase in wave energy arriving at 

the coastline during the winter period. Consequently, a greater chance of erosion (Danard et al, 

2003; Mather and Stretch, 2012), especially if large offshore significant wave heights were to 

coincide with high storm surge and spring high tides. In relation to Chapter 4, the winter periods 

saw clustering of storm surge events, and produced significant erosion on three occasions 

(2007, 2009 and 2015). It would be acceptable to assume that the increased offshore significant 

wave heights also contribute to the enhanced erosion observed during winter periods at Ocean 

Beach, during the winter period.  

 

In the Southern Ocean offshore significant wave heights will likely change as a result of global 

climate change (Hemer et al, 2010). Sterl and Cairns (2005) demonstrated that significant wave 

heights and wind speeds have been increasing since 1975 on a global scale. Izaguirre et al. 

(2011); Hermer et al. (2010) and Dobrynin et al. (2012) suggest the significant wave heights 

have increased in the south east Pacific. Dobyrnin et al. (2012) predicts wave heights will 

increase in the south-east Pacific under all IPCC RCP projections. The implications for the 

New Zealand wave climate being a further increase in wave heights. If this was the case, then 

Figure 5.3 and Equation 5.6 may in fact be an accurate representation of key processes 

coinciding in the future, likely causing more erosion events like 2007. However, if the increase 

was caused by a flux in global teleconnections it may be difficult to attribute climate change 

specifically to any future changes in significant wave heights.  

 

5.4.5 Global Teleconnections Impact on Storm Surge   

 

Several global teleconnections will impact offshore significant wave heights (Sterl and Cairns, 

2005) and metrological conditions around New Zealand (Jiang et al, 2013). Two 

teleconnections in particular have been explicitly noted as influencing the wind/wave/MSLP 

climate in the South-East pacific, the Southern Annular Mode (SAM) and the Southern 

Oscillation Index (SOI). Association between SOI and storm surge intensity at Green Island 

was examined in Chapter 3, and no correlation was found between the two. SAM has not been 
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explored in this thesis, but the increasing trend calculated by 12 studies is displayed in Figure 

5.17. SAM is the defined by the zonal pressure disparities across several stations between the 

latitudes of 40oS and 65oS, Christchurch being one such site (Marshall, 2003). Five studies 

modelled an increase in the annual tendency of the SAM (Figure 5.17) confirming an increase 

in the intensity of SAM. 

 

 

Figure 5.16: Strength and longitudinal position of the SAM based on three models. The influence of 
continental masses (South America around 300o longitude, Australia around 150o and the New Zealand 
Archipelago around 170o) is observed with a northern shift in the SAM position at the respective 
intervals of the continental masses (Hermer et al, 2012).  Adapted from Swart and Fyfe, (2012). 

 

 

An increase in SAM intensity will result in intensification of westerly winds for the New 

Zealand setting. Hermer et al. (2008) examined significant wave height to the south of 

Australia and along with Marshall (2003) and Marshall et al. (2018), suggested the increase in 

the intensity of the SAM index has increased the Southern Ocean storm belt (main source of 

extra-tropical storms for Southern New Zealand) (Figure 5.18). Kidston et al. (2009) suggests 

that seasonal variations in the SAM relative to New Zealand cause lager wind speed anomalies 

This is significant as southern New Zealand may experience more intense storm surge events, 
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demonstrated by the Green Island storm surge intensity trend increase in Figure 5.9. 

Additionally, some validation for the increase in the coincidence of spring high tide, high storm 

surge and large offshore wave heights in Figure 5.1 and validation for the predicted future 

increase in coincidence for 2030 (Figure 5.3).   

 

 

Figure 5.18: Strength, trend and positioning of the SAM from 1950 to 2010. Source Swart and Fyfe, 
2012. Marshall refers to the analysis completed by Marshall (2003). 

 

As a general rule the westerly circulation belt will intensify (Hermer et al, 2012; Swart and 

Fyfe, 2012). The westerly belt is responsible for most New Zealand’s low-pressure systems 

(Sturman and Tapper, 2006), therefore, storm surge event generation. To date, the 



Chapter 5 – Storm Occurrence and Climate Change Impacts at Ocean Beach 

 

 176 

intensification of the westerly belt is being driven by rise in the intensity of the SAM which is 

in turn caused  by the hole in the Ozone layer and increased greenhouse gas emissions 

(Arblaster and Meehl, 2006; Kidston et al, 2009; Sallée et al, 2010; Thompson et al, 2011). 

Gillet et al, (2006) suggests the increase in the SAM index will increase the MSLP over New 

Zealand by up to 1.2 hPa on average. Therefore, decreasing the impact on storm surge.  

 

There is no regional study examining the impact of changes in SAM and potential links to wind 

speed, MSLP and wave heights around southern New Zealand. Consequently, it is an area that 

requires more research before making any direct claims relating to the SAM and changes on 

the wave, wind and MSLP climate around New Zealand. If a study of said components was to 

occur, then inferences regarding changes in the nature of storm surge could be made. However, 

the contemporary literature suggests indirectly that an increase in SAM will increase storm 

surge intensity in southern New Zealand. 

 

5.4.6 Sea Level Rise Projections  

 

Sea level rise will increase along the coastline of southern New Zealand including Ocean Beach 

and is an important consideration for future coastal planning (Lawrence et al, 2018). The global 

sea level rise projections of 0.32 m for 2050 and 0.98 m for 2100 from the IPCC 2014 AR5 

report using RCP 8.5 (worst case scenario) was applied given the absence of explicit regional 

sea level rise projections (Habel et al, 2017).  

 

Sea level rise was superimposed on the total water level return predictions for Dog Island and 

Green Island. Tables 5.5 and 5.7 display the return levels for 2050 (+0.32 m) and Tables 5.6 

and 5.8 display the return levels for 2100 (+0.98 m). The primary assumption with sea level 

rise predictions is that the nature of storm surge remains constant. The chance of the magnitude 

and frequency of storm surge remaining the same by 2100 is small given the current and 

predicted accelerations of climate change and changes in SAM and ENSO (Barnard et al, 

2015). However, projecting generates a picture of what impact sea level rise may have on 

extreme water levels in the future. The 100-year return level for Green Island based on the 

2100 sea level is 2.920 m above current MSL and 2.908 m above current MSL for Dog Island.  
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The greenhouse gas effect is stressed as being the primary reason behind amplified sea level 

rise (Barnett and Adger, 2003; Church et al, 2009). The main components of sea level rise are 

thermal expansion, glacial and river inputs, and polar ice sheet melt (Alley et al, 2005). 

Increased global SST and air temperatures (Hansen et al, 2016) result in thermal expansion, 

and accelerated ice sheet melt – the main mechanisms of sea level rise – to occur (Hansen, 

2006). Difficulties arise because of the unpredictable response of several factors to warming, 

which will contribute to thermal expansion and the reaction of the ice shelves (Nicholls and 

Cazenave, 2010; Cazenave and Le Cozannet 2014). As an example, many mountain glaciers 

may melt entirely; thus, no longer contribute to sea level rise (Rahmstorf, 2007). Nonetheless, 

Cazenave and Le Cozannet (2014) predicted thermal expansion contribute to 34% of the total 

sea level rise and ice melt contributing 45.5% with a 20% residual. 

 

The acceleration in polar ice sheet melt is not taken into consideration with estimations. Ice 

shelf dynamics are poorly understood to date. Therefore, the relative contributions to sea level 

rise may vary depending on global warming, as argued by Rahmstorf, (2007); Pollard and 

DeConto, (2009) and Pritchard et al. (2012). Additionally, Zemp et al. (2019) provides 

evidence to suggest that glacial contributions to sea level rise is more than initially thought. 

Thus, more than one meter is possible (Alley et al, 2005; Nicholls and Cazenave, 2010; Doody, 

2013). The implication for the Ocean Beach coastline is that the increase in sea level will likely 

generate more erosive storm events due to the enhanced reach of swash action.  

 

5.4.7 Response of the Coastline to Climate Change and Sea Level Rise 

 

The likely impact of a 1 in 100 year return extreme water level occurring at 2100 sea levels 

would result in significant erosion of the entire southern New Zealand coast and Ocean Beach 

caused by the increased horizontal and vertical extent  reached by swash action. An event such 

as a 1 I 100-year storm would be considerably higher than a 1 in 100 in year extreme sea level 

occurring under the current climate. However, coastline response to rising sea levels will occur 

between now and 2100. The Bruun rule and RD-A model are two conceptual models of beach 

response to sea level rise after Bruun (1962) and Davidson-Arnott (2005). However, the RD-

A model (Figure 5.19) has been demonstrated by Aagaard and Sørensen (2012); Romnie et al. 

(2013) and Anderson et al. (2015), to more closely model shoreline response to sea level rise 
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based on empirical and observational data. The likely reason is that the RD-A model has fewer 

assumptions. 

 

 
Figure 5.17: The RD-A model displaying the transgression of the beach/dune system landward in 
response to response to sea level rise. Source: Christchurch City Council. 

 

The resilience of Ocean Beach to climate change will depend on the sediment budget (Komar 

et al, 1991; Davidson-Arnott, 2005; Fatorić and Chlleri, 2012; Hinkel et al, 2013; Tãtui et al, 

2014; Jiménez  et al, 2017; Eisemann et al, 2018) and coastal management scheme i.e. beach 

nourishment (Arens et al, 2013; Walker et al, 2013). If the sediment budget increases over 

time, there is the possibility for Ocean Beach to keep up with sea level rise. However, if the 

sediment budget remains constant or decreases over time, sea level rise will cause shoreline 

transgression toward the hinterland (Davidson-Arnott, 2005; Aagaard, 2014). The RD-A 

conceptual model has been highlighted in the literature to be an accurate representation of 

profile retreat in response to sea level rise (Aagaard and Sørensen 2012; Romnie et al, 2013; 

Anderson et al, 2015).  
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Climate change will alter the regional and global climate patterns and consequently, the nature 

of storm surge (Ranasinghe, 2016). Globally, wind speeds are expected to increase (Brecht et 

al, 2012), significant wave heights will continue to increase (Mori et al, 2010; Young et al, 

2011) and the intensity of cyclonic systems (tropical, extra-tropical and polar) are expected to 

increase (Leslie et al, 2005). All three of the processes stated contribute by varying degrees to 

the generation of storm surges at the coastline (McInnes et al, 2014; Jarmalavičius et al, 2016).  

Storm surge is expected to increase in magnitude in response to the factors above, and 

consequently coastal erosion will be enhanced. This is supported by contemporary literature 

(Jiménez et al, 2017; Eisemann et al, 2018). Therefore, there is scope for further global storm 

surge modelling with respect to climate change at both regional and local scales, as done in 

Chapter 3. 

 

Adopting the general consensus and assuming an increase in storm surge magnitude globally 

(Vasseur and Hequette, 2000; Zhang et al, 2000; Danard et al, 2003; Pye and Blott, 2008; 

Houser et al, 2015; Vitousek et al, 2017; Eisemann et al, 2018) and inevitable sea level rise 

(Church  et al, 2009;  IPCC, 2014; Nerem et al, 2018; Zemp et al, 2019), the Ocean Beach 

coastline will be subject to more damaging storm surge events. This will result in the 

enhancement of the coastal squeeze, as the level of the sea is increased at the coastline (Myatt 

et al, 2003; Defeo et al, 2009; Burvingt et al, 2017). The results produced from Chapter 5 

provides some grounding for an rise in the chance of extreme sea level processes increasing in 

the future (Figure 5.3). Additionally, Figure 5.9 displays and statistically significant increase 

in storm surge intensity. 

 

5.4.8 Overview of Climate Change Impacts on the Nature of Storm Surge  

 

The New Zealand context provides a complex setting given its location in the energetic south 

east Pacific and proximity to the westerly circulation of the Ferrel cell (Bell et al, 2000; Godoi 

et al, 2017). New Zealand’s distance from other landmasses and the significant length of the 

coastline results in a dynamic system dominated by multiple competing inputs. The SAM 

serves as a primary determinant in the offshore characteristics of wave heights, and winds 

speeds and possibly MSLP events as the regional climate space is altered by climate change 

(Barnard et al, 2015). SAM inherently alters the processes that generate storm surges in 
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Southern New Zealand. In addition to more research into global teleconnection impacts on the 

New Zealand setting for SAM (e.g. Kidston et al 2009) and ENSO (e.g. de Lange and Gibb, 

2000 and Bell et al, 2000) regional climate downscaling over southern New Zealand is 

required. 

 

The discussion section of this chapter has covered the probability of the simultaneous 

occurrence of spring high tide, high storm surge and large offshore significant wave heights 

and concluded the probability of this event is increasing. Although not all processes that 

contribute to storm surge were found to be increasing in statistically significant manner, overall 

storm surge intensity was found to be increasing at Ocean Beach. Lastly, the discussion section 

concluded that global climate change through fluxes in SAM, ENSO and regional climate 

changes will increase the impact of the Ocean Beach coastline. Thus, Ocean Beach coastline 

will be subject to increased erosion and subsequent shoreline transgression landward. 

 

5.5 Summary  
 

The aim of Chapter 5 was to examine the probability of offshore significant wave heights, high 

storm surge, and spring high tide above the 90th percentile occurring simultaneously and how 

climate change will impact the nature of storm events at the Ocean Beach coastline. Chapter 5 

has addressed the listed objectives which were to assess the coincidence of Spring high tide, 

storm surge and offshore significant wave heights; to examine the reason for any trend or lack 

of trend identified in the coincidence modelling  and to predict possible changes in the nature 

of storm surge in the future and the impact that might have on the coastline.  

 
Objective one focused on the coincidence of spring high tide with high storm surge and large 

offshore significant wave heights. When all three processes coincide the most extreme water 

levels are generated at the coast. Analysis has the chance of all three processes coinciding 

increasing by 1.123 per year between 2003 – 2016. A predictive model was generated to the 

year 2030 suggesting the chance of all three processes coinciding, increasing at 6% per year. 

Modelling beyond 2030 was deemed unreasonable given the shortness of the data set that the 

model was based off. 
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Objective two focused on determining any trends in the processes that generate storm surge. 

MSLP events below 990 hPa and 980 hPa showed some increase in occurrence since 1962, 

however, the trends were not statistically significant at the 95% confidence level. An increase 

in storm surge intensity at Green Island was demonstrated that was statistically significant at 

the 95% confidence level, while further south at Dog Island no trend was observed. The 

duration of storm surge events presented no discernible trend at both Dog Island and Green 

Island. No long-term trend was found for offshore significant wave heights either, however, a 

moderate seasonal trend was discovered with wave heights varying by 8% between winter and 

summer. 

 

Objective three explored the likely impacts of climate change on the nature of storm surge at 

Ocean Beach. Conclusively, the magnitude of surge at Ocean Beach will increase as will the 

eustatic sea level with up to 0.98 m predicted by 2100. Thus, increasing the vertical and 

horizontal extent reached by storm surge events. The result will be an increase in erosive storm 

events and long term, shoreline transgression landward. The impacts of climate change on the 

nature of storm surge will only be negated if there is an increase in the sediment inputs to the 

Ocean Beach littoral cell or through beach nourishment.  

 

The overall aim for Chapter 5 was to determine the probability of coincidence of offshore 

significant wave heights, high storm surge, and spring high tide above the 90th percentile and 

how climate change will impact the nature of storm events at the Ocean Beach coastline. In 

short, coincidence of events is increasing, as is storm surge intensity, with the impact of climate 

change on the nature of storm surge likely to increase the impact of storm surge events on the 

coastline, how much is the unknown component.  

 

Chapter 6 will provide a summary and conclusions of all three of the research questions 

examined in Chapters 3, 4 and 5. Additionally, Chapter 6 will discuss the coastal management 

implications of the findings of the research. Lastly, recommendations for coastal management 

of Ocean Beach in particular with broader application to southern New Zealand.  



 

  

6                                    
 

6. Conclusions 
 

 

6.1 Introduction 
 

There is a general lack of understanding of storm surge across New Zealand, but this lack of 

understanding is substantial in southern New Zealand. No previous study has attempted to 

estimate the magnitude and frequency of storm surge in southern New Zealand. The current 

study is based on sea level observations from the open coast at three sites on the south (Dog 

Island), south east (Green Island) and south west (Jackson Bay) coasts of southern New 

Zealand.  

 

The effects of climate change on the processes that generate beach erosion, as a result of storm 

surge events, is an important consideration for coastal management. Sea level rise will have a 

profound impact on the coastline, considering New Zealand has $22 billion dollars of 

infrastructure and more than 133,000 people living in areas susceptible to the impact of the 

coastal hazards (Ministry for the Environment, 2017). 

 

Chapter 1 introduced the concepts of storm surge and provided three research aims. Chapter 2 

addressed the literature on storm surge, beach processes and climate change impacts on the 
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coast, but identified a weakness in the New Zealand literature. Chapter 3 examined the 

frequency and magnitude of storm surge in southern New Zealand (RQ. 1). Chapter 4 examined 

the cause of ‘significant’ erosion at Ocean Beach, although the findings are applicable globally. 

Chapter 5 examined the probability of coincidence and trends in the processes that generate 

storm surge and trends in the nature of storm surge events relating to climate change concerns. 

The current chapter will address the limitations and constraints of the current research, and the 

main conclusions of the research aims outlined in Chapter 1. Finally, following the findings of 

this research, the implications for coastal management are discussed and recommendations for 

managing the Ocean Beach coastline will be proposed. 

 

6.2 Research Questions and Conclusions 
 

6.2.1 What is the nature (including the frequency and magnitude) of storm surge in southern 

New Zealand? 

 

The magnitude and frequency of storm surge in southern New Zealand appears is uniform on 

the open coast. Two reliable open water tidal gauges, Dog Island (southernmost) and Green 

Island (south-west coast), returned a 1 in 100-year storm surge return levels of 0.95 m (Dog 

Island) and 0.91 m (Green Island). The 10- and 50-year return levels were 0.70 and 0.86 m for 

Dog Island, and 0.65 and 0.82 m for Green Island. Additionally, the Jackson Bay sea level 

recorder data was examined returning a 1 in 100-year storm surge return level of 1.33 m, with 

10- and 50-year return levels of 0.82 and 1.12 m respectively. The results produced however, 

are hard to validate due to the porosity of the Jackson Bay data set. It is important to note that 

Ex-Tropical Cyclone Fehi passed directly over Jackson Bay on the 1st of February 2018, 

resulting in a recorded storm surge of 2.06 m. The accuracy of this recording has not been 

examined, thus the Fehi event was excluded from the data to generate a more representative 

storm surge return curve.   

 

The total water level, which is the combination of the tidal phase, plus storm surge, was 

examined also. The 1 in 100-year total water level return for Dog Island was 1.92 m and 1.94 

m above MSL, for Green Island. The total water level is arguably a more important 

consideration than storm surge alone, as it also incorporates the tidal cycle. Total water level 
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is the elevation of extreme sea levels relative to MSL and along with wave energy determines 

the wave runup extent reached during storm events. 

 

The south west coast of Southern New Zealand does appear to experience larger surge events 

than on the southern and south-west coasts. The likely reason is that the south west coast is 

exposed to ex-tropical cyclones tracking south over the Tasman sea (i.e. Ex-Tropical Cyclone 

Fehi). A key finding of the current research was that the one-meter surge maximum suggested 

by Bell et al. (2000) is likely an underestimate of the magnitude of storm surge in New Zealand. 

Ex-Tropical Cyclone Fehi and research by Henshaw (2004), both produced surges exceeding 

one-meter. A more extensive data set is necessary to further examine the magnitude of storm 

surge in the New Zealand setting.  

 

The extreme value analysis statistical approach, after Gilliend and Katz (2016), proved to be 

robust. The returned results align with the one-meter maximum possible surge in New Zealand 

suggested by Bell et al. (2000), and extreme sea level analysis after NIWA (2008). 

Consequently, the method could be applied to other sea level sites around New Zealand and 

globally, that have data sets with a short temporal span. 

 

6.2.2 What is the expected beach response to a given level of storm surge or cluster of surge 

events? 

 

Clustering of storm events is the primary driver of severe coastal erosion at Ocean Beach. 

Further to this, storm surge occurring on a spring tidal phase was demonstrated to generate 

erosion at Ocean Beach, because of the horizontal and vertical reach of swash action. The 

winter periods of 2007, 2009 and 2015, all resulted in five major winter storms occurring within 

a short temporal span of up to three months. Additionally, the sum of storm surge intensity for 

storm years was between 30 - 350% higher, for years where ‘significant’ erosion resulted. The 

2007 winter had a sum storm surge intensity of 338.06; 2009, 129.85; and 2015, 216.77; in 

comparison to the winter periods of 2006 (49.11) and 2012 (95.12). Thus, total storm surge 

intensity is another measure of ‘significant’ erosion events at Ocean Beach.  

 

The vegetation line and hard defences at St Clair have progressed seaward, leaving most of the 

beach in equilibrium as the ‘coastal squeeze’ is enhanced. Consequently, infrastructure is 
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enhancing erosion between St Clair and Moana Rua road, due to the edge effect created by 

‘hard’ engineered structures like the St Clair sea wall (Pilkey and Wright 1988; Comfort and 

Single 1997). In contrast, Ammophila arenaria is helping to maintain the St Kilda foredune as 

a result of the dune building ability of Ammophila arenaria, and because the dominant 

longshore sediment transport direction is from St Clair to St Kilda.  

 

6.2.3 What is the likelihood / probability that a storm event will result in significant erosion 

at Ocean Beach?  How will this probability change in response to climate change? 

 

The tidal oscillation was demonstrated to be independent of storm surge and wave heights. 

Therefore, the equation	𝑃(𝑍) = 	𝑃(𝑆𝑝S�%)𝑃(𝑆𝑆S�%)𝑛 describes the probability of storm surge 

occurring simultaneously with spring high tide. Contrastingly, storm surge and wave heights 

are positively correlated with a j value of 0.112. Modelling the coincidence of storm surge 

with spring high tide and wave height illustrated an exponentially increasing trend since 2003. 

Future projections for 2030, suggest high offshore wave heights, high storm surge and spring 

high tide will coincide 80 times per year, or for 80 hourly observations in total (i.e. 80 chances 

of high energy, extreme sea levels at the coast). Consequently, erosion events will continue to 

increase at Ocean Beach. 

 

Components that contribute to storm energy at the coastline were examined to see if climate 

change to date has influenced each variable. Storm surge intensity at Green Island was shown 

to have increased by 2.88% (statistically significant at the 95% confidence level, p-value = 

0.04) annually between 2002 and 2018. Dog Island produced a lower increase in storm surge 

intensity of 1.01% annually (not statistically significant at the 95% confidence level, p-value = 

0.25). The duration of storm surge events at both Dog Island and Green Island was found to be 

increasing by 0.68% and 1.41% respectively however, neither increase was statistically 

significant. Thus, there is little confidence in claiming any increase in the duration of storm 

surge events for all of southern New Zealand. There is, however, evidence to support an 

increase in surge intensity at Ocean Beach. 
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MSLP is the primary driver of storm surge generation in southern New Zealand. Low MSLP 

events define extra-tropical cyclonic events, or extra tropical storms. MSLP is responsible for 

approximately 30% of the total surge elevation (Leslie et al, 2005). Low MSLP is however, 

associated with extra-tropical cyclones that produce increased wind speeds and wave heights. 

Thus, MSLP can explain 58% of the total surge elevation through the associated meteorological 

forcing’s with low MSLP events. A 56-year record of MSLP at Musselburgh indicates an 

increase in the number of MSLP events below 990 and 980 hPa. The mean number of MSLP 

events below 990 hPa has increased annually from 14.8 in 1962 to 15.2 in 2018 and the number 

of events below 980 hPa has increased from 3.1 to 3.6 events annually (not statistically 

significant at the 95% confidence level). These figures support the aforementioned increase in 

storm intensity around southern New Zealand due to the relationship between storm surge and 

pressure. 

  

Wave heights were modelled by MetOcean Solutions and the modelled data set indicate no 

change in the magnitude of wave heights since 1979. A strong seasonal component was 

discovered from the seasonal decomposition, illustrating an 8% variance between summer 

(lower wave heights) and winter (larger wave heights) periods. The significance of such a trend 

is that the majority of storm events occur in the winter period, as demonstrated in section 6.2.3. 

In addition, wave energy is an important consideration regarding the erosion potential of storm 

events. Since 2003, there has been a visible increase in the wave heights (modelled) off the 

Ocean Beach coastline. 

 

The westerly circulation in the southern hemisphere is predicted to increase in intensity, due to 

the intensification of the SAM. The specific flow on effects for storm events and storm surge 

generation in southern New Zealand is still unknown. The consensus is however, that wind 

speeds and wave heights will increase across the South Pacific and barometric departure of 

cyclonic events will increase. All of these processes contribute to storm surge generation; thus 

it is likely that the magnitude of storm surge events in southern New Zealand will increase due 

to the intensification of the westerly circulation. The outcome for Ocean Beach will be more 

‘significant’ erosion events like 2007, 2009 and 2015. 
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The combination of an increase of offshore wave heights and storm surge intensity explains 

the increase in coincidence of high surge and large waves heights, above the 90th percentile. 

Consequently, there is sufficient evidence to claim that storm energy will increase in 

magnitude, resulting in a subsequent increase in the annual number of erosion events occurring. 

Additionally, an increase in ‘significant’ erosion periods like the 2007, 2009 and 2015 winters 

is more likely.   

 

The result of the increase in storm surge intensity at the Green Island sea level recorder, and 

sea level rise, will increase coastal erosion at Ocean Beach. In combination with the IPCC 

(2014) AR5 sea level rise predictions (although it has since been motioned that the IPCC (2014) 

values are underpredicted), erosion will likely occur more frequently, and with more intensity, 

along the Ocean Beach coastline. Shoreline movement is therefore inevitable.  

 

6.2.4 Limitations of the Study 

 

Although the conclusions of the current research are valid it is important to note the limitations 

of the research. The majority of the results presented in Chapters 3 and 5, are derived from 

statistical models and packages from ‘R’ software. There are always assumptions associated 

with every statistical model fitted thus all results presented must be interpreted while 

understanding the assumptions of the statistical models employed in this study. Furthermore, 

there are inevitable assumptions and limitations with modelling environmental processes that 

must be taken into consideration (Oreskes et al, 1994).  

 

The major limitation is that despite, the ‘extRemes’ R package being specifically developed 

for short data sets, there is limited validation and verification of the results produced, with only 

21-years of sea level data available in the current study. A longer period of 50 – 100 years of 

sea level data would be required to verify and validate the results displayed in chapters 3 and 

5. Chapter 4 examined historical observational data that in some instances was open to 

interpretation. A numerical approach to the beach profiles and nearshore bathymetry would 

remove the interpretative limitation however, this was unavailable in this study. It would 

remove this limitation as high spatial and temporal resolution nearshore bathymetric data could 

find a key component that contributes to erosion at Ocean Beach. A further limitation of this 
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study was that, the profile data that was available, was temporally insufficient and the relative 

datum the profiles were associated with was unknown. Therefore, excursion distance analysis 

could not be undertaken as the poor data quality did not permit for such analysis. Excursion 

distance analysis would numerically define the erosion patterns from storm events allowing for 

a scaled approach in defined ‘significant’ storm events. 

 

6.2.5 Future Research  

 

Future studies in locations vulnerable to storm surge and ‘significant’ storm events should 

closely examine the synoptic processes closely that generate large storm surge events and 

generate an early warning system criterion for coastal managers. Understanding what synoptic 

patterns bring about severe storm events and specific pressure systems, would likely be 

applicable to multiple sites with similar orientations, in New Zealand. An extension of said 

pressure system research would focus on the impact of the IPO, SAM and ENSO, and how 

climate change will shift the identified specific pressure systems, linked to storm surge.   

 

In the New Zealand setting, a regional downscaling of GCM’s should look at the impacts of 

climate change impact on wind, wave and MSLP tendencies out to 2100 and the implications 

for the magnitude of storm surge. There is little research into the regional impacts of climate 

change on storm surge generating processes. Therefore, a strong focus should be on the south 

east coastline (larger population/infrastructure at risk (Ministry for the Environment, 2017)) 

and other New Zealand coastlines that are susceptible to the impacts of storm events. Modelling 

of beach response, using a numerical process-based model like XBeach should be employed 

for ‘at risk’ coastlines (like Ocean Beach), to examine the impact of the change in the 

magnitude of storm events, from the regional downscaling of the GCM’s. Sea level rise 

predictions should be addressed in the model, since future, predictions are being made. This 

would indicate what may happen to the coastline in the future allowing coastal managers to 

plan, mitigate and adapt for the future. 

 

The research presented in this thesis has answered the question of what the nature of storm 

surge is in southern New Zealand is, highlighted the primary driver of ‘significant’ erosion at 

Ocean Beach and illustrated how climate change may impact storm surge in the future. Despite 

the limitations of the study the conclusions are valid and will be valuable for coastal 
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management in southern New Zealand.  Future research should focus on the role of nearshore 

morphology in storm erosion in New Zealand, and the impact that climate change will have on 

storm surge from regional climate models. 
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Appendix A 

 

 
Model fit and summaries for storm surge return projections and total water 

level return projections 

 
 

Appendix A contains the model fit that includes diagnostic plots of the model output from 

fitting the extreme value distribution. There are eight total plots, one for storm surge and one 

for total water level return from the models produced at each open water tide gauge site: Green 

Island, Dog Island, Jackson Bay and Jackson Bay excluding cyclone Fehi. A summary of each 

of the models is included also.  
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Figure A 1: Diagnostic plots of the model output from fitting the extreme value distribution for 
Green Island storm surge. The top left is Model probabilities against empirical probabilities. Top 
right is simulated from the top left bottom left is a diagnostic for determining whether or not the 
random variable, and the bottom right is a Z-plot diagnostic for determining whether or not the 
random variable fits the model. 
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> summary(fit1) 

 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -1, type = "GP",  
    method = "Bayesian", time.units = "247.25/year") 

 
[1] "Estimation Method used: Bayesian" 

 
 
 Acceptance Rates: 
   shape  

0.620224 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -1, type = "GP",  
    method = "Bayesian", time.units = "247.25/year") 

 
[1] "Quantiles of MCMC Sample from Posterior Distribution" 

 
            2.5% Posterior Mean     97.5% 
scale  0.1229198      0.2186785 0.3256080 
shape -0.4776022     -0.1638066 0.3408641 

 
 
 Estimated parameter covariance matrix. 
             log.scale        shape 
log.scale  0.002608597 -0.008180352 
shape     -0.008180352  0.041936009 

 
 DIC =  -206.8707 

Figure A 2: Details of the model produced by the extreme value analysis on the Green Island 
storm surge data set. 
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Figure A 3: Diagnostic plots of the model output from fitting the extreme value distribution for 
Green Island Total Water Level. The top left is Model probabilities against empirical 
probabilities. Top right is simulated from the top left bottom left is a diagnostic for determining 
whether or not the random variable, and the bottom right is a Z-plot diagnostic for determining 
whether or not the random variable fits the model.  
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> summary(fit1) 

 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -1, type = "GP",  
    method = "Bayesian", time.units = "247.25/year") 

 
[1] "Estimation Method used: Bayesian" 

 
 
 Acceptance Rates: 
    shape  

0.6071214 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -1, type = "GP",  
    method = "Bayesian", time.units = "247.25/year") 

 
[1] "Quantiles of MCMC Sample from Posterior Distribution" 

 
            2.5% Posterior Mean     97.5% 
scale  0.1314525      0.2187113 0.3163059 
shape -0.4701333     -0.1758563 0.3395331 

 
 
 Estimated parameter covariance matrix. 
             log.scale        shape 
log.scale  0.002403731 -0.007702514 
shape     -0.007702514  0.040386102 

 
 DIC =  -207.6092  

Figure A 4: Details of the model produced by the extreme value analysis on the Green Island 
total water level data set. 
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Figure A 5: Diagnostic plots of the model output from fitting the extreme value distribution for 
Dog Island storm surge. The top left is Model probabilities against empirical probabilities. 
Top right is simulated from the top left bottom left is a diagnostic for determining whether or 
not the random variable, and the bottom right is a Z-plot diagnostic for determining whether 
or not the random variable fits the model.  
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> summary(fit1) 

 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -0.76,  
    type = "GP", method = "Bayesian", time.units = "310.2/year") 

 
[1] "Estimation Method used: Bayesian" 

 
 
 Acceptance Rates: 
    shape  

0.6283257 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -1,  
    type = "GP", method = "Bayesian", time.units = "310.2/year") 

 
[1] "Quantiles of MCMC Sample from Posterior Distribution" 

 
             2.5% Posterior Mean     97.5% 
scale  0.09176535      0.1639272 0.2529969 
shape -0.49209236     -0.1435033 0.4520846 

 
 
 Estimated parameter covariance matrix. 
             log.scale        shape 
log.scale  0.001702267 -0.007111699 
shape     -0.007111699  0.053835661 

 
 DIC =  -236.4291  

Figure A 6: Details of the model produced by the extreme value analysis on the Dog Island 
storm surge data set. 
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Figure A 7: Diagnostic plots of the model output from fitting the extreme value distribution for 
Dog Island Total Water Level. The top left is Model probabilities against empirical 
probabilities. Top right is simulated from the top left bottom left is a diagnostic for determining 
whether or not the random variable, and the bottom right is a Z-plot diagnostic for determining 
whether or not the random variable fits the model.  
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> summary(fit1) 

 
fevd(x = log(TWL_info_modelDF$Max_TWL), threshold = 0.27, type = "GP",  
    method = "GMLE", time.units = "693.4884/year") 

 
[1] "Estimation Method used: GMLE" 

 
 
 Negative Log-Likelihood Value:  -915.2496  

 
 
 Estimated parameters: 
     scale      shape  
0.04901270 0.00000001  

 
 Standard Error Estimates: 
      scale       shape  
0.002557214 0.045640499  

 
 Estimated parameter covariance matrix. 
              scale         shape 
scale  6.539344e-06 -8.888724e-05 
shape -8.888724e-05  2.083055e-03 

 
 AIC = -1826.499  

 
 BIC = -1817.808 

Figure A 8 Details of the model produced by the extreme value analysis on the Dog Island total 
water level data set.  
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Figure A 9: Diagnostic plots of the model output from fitting the extreme value distribution for 
Jackson Bay storm surge. The top left is Model probabilities against empirical probabilities. 
Top right is simulated from the top left bottom left is a diagnostic for determining whether or 
not the random variable, and the bottom right is a Z-plot diagnostic for determining whether 
or not the random variable fits the model. Notice the model fit is poor with the inclusion of Ex-
Tropical Cyclone Fehi.  
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> summary(fit1) 

 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -0.82,  
    type = "GP", method = "Bayesian") 

 
[1] "Estimation Method used: Bayesian" 

 
 
 Acceptance Rates: 
    shape  

0.8337668 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -0.82,  
    type = "GP", method = "Bayesian") 

 
[1] "Quantiles of MCMC Sample from Posterior Distribution" 

 
            2.5% Posterior Mean     97.5% 
scale 0.05676493      0.1357389 0.2659541 
shape 0.02879883      0.5457047 1.3506759 

 
 
 Estimated parameter covariance matrix. 
             log.scale        shape 
log.scale  0.002914489 -0.008757998 
shape     -0.008757998  0.122308576 

 
 DIC =  -82.67685 

Figure A 10: Details of the model produced by the extreme value analysis on the Jackson Bay 
storm surge data set (including Ex-Tropical Cyclone Fehi). 
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Figure A 11: Diagnostic plots of the model output from fitting the extreme value distribution 
for Jackson Bay total water level. The top left is Model probabilities against empirical 
probabilities. Top right is simulated from the top left bottom left is a diagnostic for determining 
whether or not the random variable, and the bottom right is a Z-plot diagnostic for determining 
whether or not the random variable fits the model. Notice the model fit is poor with the 
inclusion of Ex-Tropical Cyclone Fehi.  
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> summary(fit1) 

 
fevd(x = log(TWL_info_modelDF$Max_TWL), threshold = 0.03, type = "GP",  
    method = "GMLE") 

 
[1] "Estimation Method used: GMLE" 

 
 
 Negative Log-Likelihood Value:  -1945.843  

 
 
 Estimated parameters: 
     scale      shape  
0.09114218 0.00000001  

 
 Standard Error Estimates: 
      scale       shape  
0.002614917 0.024782202  

 
 Estimated parameter covariance matrix. 
              scale         shape 
scale  6.837789e-06 -4.875234e-05 
shape -4.875234e-05  6.141575e-04 

 
 AIC = -3887.686  

 
 BIC = -3876.686  

Figure A 12 Details of the model produced by the extreme value analysis on the Jackson Bay 
Total water level data set (including Ex-Tropical Cyclone Fehi). 
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Figure A 13: Diagnostic plots of the model output from fitting the extreme value distribution 
for Jackson Bay (excluding Ex-Tropical Cyclone Fehi) storm surge. The top left is Model 
probabilities against empirical probabilities. Top right is simulated from the top left bottom 
left is a diagnostic for determining whether or not the random variable, and the bottom right 
is a Z-plot diagnostic for determining whether or not the random variable fits the model. Notice 
the model fit is improved with the exclusion of Ex-Tropical Cyclone Fehi.  
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> summary(fit1) 

 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -0.93,  
    type = "GP", method = "Bayesian") 

 
[1] "Estimation Method used: Bayesian" 

 
 
 Acceptance Rates: 
    shape  

0.6279256 
fevd(x = log(surge_info_modelDF$Max_Surge), threshold = -0.93,  
    type = "GP", method = "Bayesian") 

 
[1] "Quantiles of MCMC Sample from Posterior Distribution" 

 
            2.5% Posterior Mean     97.5% 
scale  0.1118427     0.17710283 0.2636754 
shape -0.3367857    -0.05816551 0.3643913 

 
 
 Estimated parameter covariance matrix. 
             log.scale        shape 
log.scale  0.001469016 -0.004892969 
shape     -0.004892969  0.032974084 

 
 DIC =  -278.1436  

Figure A 14: Details of the model produced by the extreme value analysis on the Jackson Bay 
storm surge data set (excluding Ex-Tropical Cyclone Fehi). 
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Figure A 15: Diagnostic plots of the model output from fitting the extreme value distribution 
for Jackson Bay (excluding Ex-Tropical Cyclone Fehi) total water level. The top left is Model 
probabilities against empirical probabilities. Top right is simulated from the top left bottom 
left is a diagnostic for determining whether or not the random variable, and the bottom right 
is a Z-plot diagnostic for determining whether or not the random variable fits the model. Notice 
the model fit is improved with the exclusion of Ex-Tropical Cyclone Fehi.  
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> summary(fit1) 

 
fevd(x = log(TWL_info_modelDF$Max_TWL), threshold = 0.03, type = "GP",  
    method = "GMLE") 

 
[1] "Estimation Method used: GMLE" 

 
 
 Negative Log-Likelihood Value:  -2188.981  

 
 
 Estimated parameters: 
     scale      shape  
0.09234693 0.00000001  

 
 Standard Error Estimates: 
      scale       shape  
0.002459076 0.023650669  

 
 Estimated parameter covariance matrix. 
              scale         shape 
scale  6.047056e-06 -4.479234e-05 
shape -4.479234e-05  5.593541e-04 

 
 AIC = -4373.962  

 
 BIC = -4362.637  

Figure A 16: Details of the model produced by the extreme value analysis on the Jackson Bay 
total water level data set (excluding Ex-Tropical Cyclone Fehi). 
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Appendix B 

 

 
SWAN Model fit, location, bias and error. SWAN model data courtesy of 

MetOcean Solutions.  

 
 

Appendix B contains the SWAN hindcast available over the South Island at 4km resolution 

from 1979 up to 2017. A representative site far enough from the coast so the 4km resolution 

model would be appropriate to use 20km to the SE near the continental shelf break (170.64E, 

46.32S) at a water depth of 560 m was selected.   
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Figure B 1: Site location where SWAN model is extracted from. 

 
Figure B 2: SWAN model bias over the South Island. Offshore of Ocean Beach the bias is 
slightly positive (meaning slight overprediction of significant wave height). 
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Figure B 3: Root Mean Squared Error (RMSE) for the SWAN model around the South Island. 
SWAN model is at 4 km resolution over the South Island. The largest RMSE is on the south 
west tip of the South Island, but the point used (see Appendix B.1) has a lower RMSE.  
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Figure B 4: Displays a combination of the respective measures of error for the site selected (Figure 
B.1). Observed data is taken from satellite altimeter data (TOPEX POSIEDEN). 
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Figure B 5 Assessment of SWAN model fit against measured wave height data. Model tends to 
overpredict slightly. 
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Appendix C 

 

 
GAMLSS model fits, details thresholds and inputs for GIG and Negative 

Binomial II distributions.  

 
 

Appendix C contains the modelled fit and outputs as well as supplementary information 

regarding the distributions and models fitted in Chapter 5. Additionally, the threshold values 

for the 90th, 95th and 98th percentiles for spring high tide, storm surge and offshore significant 

wave heights. Note, for all of the residual plots displayed in the following section, a strong 

model fit is said to occur when the majority (95%) of the residuals fall between -2 and +2.  
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> summary(mod_NB) 
****************************************************************** 
Family:  c("NBII", "Negative Binomial type II")  
 
Call:  gamlss(formula = Events ~ YearC, family = NBII(), data = YearMean2)  
 
Fitting method: RS()  
 
------------------------------------------------------------------ 
Mu link function:  log 
Mu Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  3.17818    0.10894  29.175 9.03e-12 *** 
YearC        0.06562    0.02722   2.411   0.0346 *   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
------------------------------------------------------------------ 
Sigma link function:  log 
Sigma Coefficients: 
            Estimate Std. Error t value Pr(>|t|)   
(Intercept)   1.0454     0.5189   2.015    0.069 . 
 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
------------------------------------------------------------------ 
No. of observations in the fit:  14  
Degrees of Freedom for the fit:  3 
      Residual Deg. of Freedom:  11  
                      at cycle:  3  
  
Global Deviance:     101.7981  
            AIC:     107.7981  

VARIABLE VALUE (98TH ) VALUE (95TH) VALUE (90TH) 

HS 5.356 m 4.515 m 3.852 m 

SURGE 0.281 m 0.226 m 0.178 m 

SPRING HT 0.904 m 0.802 m 0.704 m 

Table C 1: Table of Cut-off values for the percentiles of the data set utilised in Chapter 5. 
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            SBC:     109.7153  
****************************************************************** 

Figure C 1: Model Summary for Figure 5.1. AIC = Akaike information criteria. 

 
 

> summary(mod_NB) 
****************************************************************** 
Family:  c("NBII", "Negative Binomial type II")  
 
Call:  gamlss(formula = Events ~ YearC, family = NBII(), data = YearMean2)  
 
Fitting method: RS()  
 
------------------------------------------------------------------ 
Mu link function:  log 
Mu Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  1.41445    0.26860   5.266 0.000266 *** 
YearC        0.11573    0.05771   2.005 0.070151 .   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
------------------------------------------------------------------ 
Sigma link function:  log 
Sigma Coefficients: 
            Estimate Std. Error t value Pr(>|t|) 
(Intercept)   1.0730     0.6072   1.767    0.105 
 
------------------------------------------------------------------ 
No. of observations in the fit:  14  
Degrees of Freedom for the fit:  3 
      Residual Deg. of Freedom:  11  
                      at cycle:  4  
 
Global Deviance:     69.90583  
            AIC:     75.90583  
            SBC:     77.823  
****************************************************************** 

Figure C 2: Model summary for Figure 5.2 where the 95th percentile was applied. The model 
is not statistically significant at the 95% confidence level. 
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> summary(mod_glm.NB) 
 
Call: 
glm.nb(formula = Events ~ YearC, data = YearMean2, init.theta = 
8.296504202,  
    link = log) 
 
Deviance Residuals:  
    Min       1Q   Median       3Q      Max   
-1.6755  -0.7154  -0.2117   0.4978   1.8419   
 
Coefficients: 
            Estimate Std. Error z value Pr(>|z|)     
(Intercept)  3.18310    0.10795  29.486   <2e-16 *** 
YearC        0.05858    0.02682   2.184   0.0289 *   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
(Dispersion parameter for Negative Binomial(8.2965) family taken to be 1) 
 
    Null deviance: 19.600  on 13  degrees of freedom 
Residual deviance: 14.407  on 12  degrees of freedom 
AIC: 108.34 
 
Number of Fisher Scoring iterations: 1 
 
 
              Theta:  8.30  
          Std. Err.:  4.27  
 
 2 x log-likelihood:  -102.342  
 

Figure C 3: Appendix C.3: Model summate for Figure 5.3 where the 95th percentile was 
applied. The model is statistically significant at the 95% confidence level (see highlighted p-
value).  
:  
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****************************************************************** 
Family:  c("GIG", "Generalised Inverse Gaussian")  
  
Call:  gamlss(formula = Total_Intensity ~ mid_time_yrs, sigma.formula = ~cs(mid_time_yrs,   
    df = 2), nu.formula = ~cs(mid_time_yrs, df = 2),      family = "GIG", data = Total_Intensity_df)  
  
Fitting method: RS()  
  
------------------------------------------------------------------ 
Mu link function:  log 
Mu Coefficients: 
             Estimate Std. Error t value Pr(>|t|)   
(Intercept)   0.53378    0.58083   0.919   0.3586   
mid_time_yrs  0.02839    0.01400   2.028   0.0432 * 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
  
------------------------------------------------------------------ 
Sigma link function:  log 
Sigma Coefficients: 
                         Estimate Std. Error t value Pr(>|t|) 
(Intercept)              0.293629   0.379956   0.773    0.440 
cs(mid_time_yrs, df = 2) 0.010719   0.009184   1.167    0.244 
  
------------------------------------------------------------------ 
Nu link function:  identity  
Nu Coefficients: 
                          Estimate Std. Error t value Pr(>|t|) 
(Intercept)              -0.052085   0.732289  -0.071    0.943 
cs(mid_time_yrs, df = 2)  0.005769   0.017374   0.332    0.740 
  
------------------------------------------------------------------ 
NOTE: Additive smoothing terms exist in the formulas:  
 i) Std. Error for smoothers are for the linear effect only.  
ii) Std. Error for the linear terms maybe are not accurate.  
------------------------------------------------------------------ 
No. of observations in the fit:  485  
Degrees of Freedom for the fit:  9.998918 
      Residual Deg. of Freedom:  475.0011  
                      at cycle:  7  
  
Global Deviance:     2512.827  
            AIC:     2532.825  
            SBC:     2574.662  
****************************************************************** 

Figure C 4: Model Summary from the GIG model output for Green Island storm surge intensity. 
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Figure C 5: Model fit versus the observed data set based on the residual. The bottom right plot 
(Normal Q-Q Plot) is the modelled quantiles versus the observed quantiles, for the Green 
Island storm surge intensity model. 
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> summary(mod_final_Dur) 
****************************************************************** 
Family:  c("GIG", "Generalised Inverse Gaussian")  
Call:  gamlss(formula = Time_diff_hrs ~ mid_time_yrs, sigma.formula = ~mid_time_yrs,   
    nu.formula = ~1, family = "GIG", data = TID)  
 

Fitting method: RS()  
------------------------------------------------------------------ 
Mu link function:  log 
Mu Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept)   2.72395    0.45863   5.939  5.5e-09 *** 
mid_time_yrs  0.01396    0.01104   1.265    0.207     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
------------------------------------------------------------------ 
Sigma link function:  log 
Sigma Coefficients: 
             Estimate Std. Error t value Pr(>|t|) 
(Intercept)  0.739510   0.651568   1.135    0.257 
mid_time_yrs 0.002616   0.015510   0.169    0.866 
------------------------------------------------------------------ 
Nu link function:  identity  
Nu Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  0.63429    0.08081    7.85 2.74e-14 *** 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

------------------------------------------------------------------ 
No. of observations in the fit:  485  
Degrees of Freedom for the fit:  5 
      Residual Deg. of Freedom:  480  
                      at cycle:  7  
Global Deviance:     4149.155  
            AIC:     4159.155  
            SBC:     4180.076  
****************************************************************** 
 

Figure C 6: Model Summary from the GIG model output for Green Island storm surge 
Duration 
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Figure C 7: Model fit versus the observed data set based on the residual. The bottom right plot 
(Normal Q-Q Plot) is the modelled quantiles versus the observed quantiles, for the Green 
Island storm surge duration model. 
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****************************************************************** 
Family:  c("GIG", "Generalised Inverse Gaussian")  
 

Call:  gamlss(formula = Total_Intensity ~ mid_time_yrs, sigma.formula = ~mid_time_yrs,   
    nu.formula = ~mid_time_yrs, family = "GIG", data = Total_Intensity_df)  
 

Fitting method: RS()  
 

------------------------------------------------------------------ 
Mu link function:  log 
Mu Coefficients: 
             Estimate Std. Error t value Pr(>|t|)    
(Intercept)  1.028928   0.351007   2.931  0.00347 ** 
mid_time_yrs 0.010176   0.008994   1.131  0.25821    
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

------------------------------------------------------------------ 
Sigma link function:  log 
Sigma Coefficients: 
              Estimate Std. Error t value Pr(>|t|)     
(Intercept)   0.822568   0.211450   3.890 0.000109 *** 
mid_time_yrs -0.004820   0.005514  -0.874 0.382286     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 

------------------------------------------------------------------ 
Nu link function:  identity  
Nu Coefficients: 
             Estimate Std. Error t value Pr(>|t|)   
(Intercept)  -0.84916    0.45096  -1.883   0.0601 . 
mid_time_yrs  0.02199    0.01197   1.837   0.0666 . 
-------------------------------------------------------------------------------- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
No. of observations in the fit:  806  
Degrees of Freedom for the fit:  6 
      Residual Deg. of Freedom:  800  
                      at cycle:  7  
  
Global Deviance:     3654.445  
            AIC:     3666.445  
            SBC:     3694.597  
****************************************************************** 

Figure C 8: Model Summary from the GIG model output for Dog Island storm surge intensity.  
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Figure C 9 Model fit versus the observed data set based on the residual. The bottom right plot 
(Normal Q-Q Plot) is the modelled quantiles versus the observed quantiles, for the Dog Island 
storm surge intensity model.  
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> summary(mod_final_Dur) 
****************************************************************** 
Family:  c("GIG", "Generalised Inverse Gaussian")  
  
Call:  gamlss(formula = Time_diff_hrs ~ mid_time_yrs, sigma.formula = ~mid_time_yrs,   
    nu.formula = ~mid_time_yrs, family = "GIG", data = TID)  
  
Fitting method: RS()  
------------------------------------------------------------------ 
Mu link function:  log 
Mu Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept)  2.729592   0.290831   9.386   <2e-16 *** 
mid_time_yrs 0.006773   0.007441   0.910    0.363     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
------------------------------------------------------------------ 
Sigma link function:  log 
Sigma Coefficients: 
             Estimate Std. Error t value Pr(>|t|)   
(Intercept)  0.602125   0.258249   2.332     0.02 * 
mid_time_yrs 0.001568   0.007295   0.215     0.83   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
------------------------------------------------------------------ 
Nu link function:  identity  
Nu Coefficients: 
             Estimate Std. Error t value Pr(>|t|)   
(Intercept)  -0.79040    0.45692  -1.730   0.0840 . 
mid_time_yrs  0.03080    0.01212   2.541   0.0112 * 
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
------------------------------------------------------------------ 
No. of observations in the fit:  806  
Degrees of Freedom for the fit:  6 
      Residual Deg. of Freedom:  800  
                      at cycle:  8  
  
Global Deviance:     6324.162  
            AIC:     6336.162  
            SBC:     6364.315  
****************************************************************** 

Figure C 10: Model Summary from the GIG model output for Dog Island storm surge duration. 
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Figure C 11: Model fit versus the observed data set based on the residual. The bottom right 
plot (Normal Q-Q Plot) is the modelled quantiles versus the observed quantiles, for the Dog 
Island storm surge duration model.  
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Figure C 12: Model fit versus the observed data set based on the residuals for the 980-pressure 
event count based on the Musselborough Weather station observational data. The bottom right 
plot (Normal Q-Q Plot) is the modelled quantiles versus the observed quantiles. The fitted and 
modelled residual fit within the -2 to +2 acceptable range. 

 

 

 

 

 
 


