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Abstract 

A new numerical model of rocky shore profile evolution is developed and used to 

investigate two fundamental questions of rock shore geomorphology concerning: 

1. The relative dominance between wave erosion and weathering processes in shore 

platform development; 

2. The inheritance of rocky shore morphology due to relative sea level changes. 

An exploratory modelling approach is adopted which captures the key rocky shore 

processes that drive erosion (intertidal wave erosion and rock weathering), and the role of 

water level fluctuations and relative sea level changes (eustatic and tectonic) that 

modulate erosion processes. The model differs from existing numerical models of rocky 

shore evolution in several ways: first, it considers various wave types (unbroken, breaking, 

and broken waves); second, it employs a grid discretization scheme which allows 

generation of a wide range of profile geometries, and; third, it represents gradual 

weathering processes through the in-situ reduction of rock strength. Results from initial 

2088 simulations show that the model is capable of producing a wide range of shore 

profile geometries, ranging from cliffs with/without a notch, cliffs with narrow ramps and 

benches, to cliffs with a variety of shore platform geometries including type-A and type-B 

shore platforms. Model outcomes are shown to be qualitatively consistent with previous 

field-based shore platform observations: for instance, positive and negative correlations 

exist respectively between tidal range and platform gradient, and between platform width 

and platform elevation. The model is further validated using geometric data obtained 

from a systematic and large scale (~700 km) analysis of LiDAR data from the rocky 

shore of southwest England. Analyses show qualitative consistency between model 

results and morphometric data: for instance, shore platform gradient increases with tidal 

range and rock strength, and decreases with wave height. The systematic and large scale 

analysis of rocky shores in southwest England is also used to derive a multi-variate 

empirical model which is able to predict shore platform gradient with an error 5% less 

than the error in a single-variate model used on the same dataset. Following model 

validation the model is used to investigate the two research questions. The first research 

question is concerned with the long-standing ‘waves versus weathering’ debate. The 

model considers a broad parameter space in which at one extreme waves can produce 
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shore platforms without rock weakening, while at the other, waves require rock 

weakening to produce shore platforms. This approach enables an assessment of the 

relative dominance of wave erosion and weathering processes in shore platform 

development. Results show that with a constant sea level, in micro-tidal environments, 

wave erosion is more important in the development of sub-tidal shore platforms as well as 

sub-horizontal shore platforms with a receding seaward edge, but weathering dominates 

the development of sub-horizontal shore platforms with a stable seaward edge. In contrast, 

in mega-tidal settings, depending on process parameterisations, modelled platforms of 

similar geometry are sometimes wave dominated and sometimes weathering dominated. 

Clear recognition of equifinality in platform development is important, in part elucidating 

why there has been such longstanding debate regarding the relative importance of 

formative controls. The second rocky shore research area investigated in this thesis 

concerns the inheritance of rocky shore morphology due to relative sea level changes. 

Emphasis is placed on the development of uplifted Holocene marine terraces, with 

specific consideration of the interplay between wave erosion and weathering processes, 

relative sea level changes due to tectonic uplift events, and feedbacks relating to the 

emerging rocky shore morphology. A Monte Carlo simulation comprising 10,010 model 

runs enables analysis of a range of uplift scenarios. Analyses show that intertidal erosion 

process efficacy, amount of vertical displacement from tectonic uplift events, the 

emergent terrace morphology, and its morphological feedbacks on erosion processes are 

the key factors controlling process interplays, potentially altering evolutional pathways of 

uplifted marine terrace development. Both wave erosion and weathering processes are 

each important controls on the formation and preservation or destruction of terraces, 

whereas weathering processes can be critical when wave erosion efficacy is small, by 

deteriorating rocks and facilitating wave erosion, potentially leading to different uplifted 

marine terrace morphology. This is an important consideration for efforts globally to 

interpret marine terrace sequences, because existing terrace models do not suitably 

represent weathering processes. The findings of the two model application studies provide 

new insights into two key rocky shore issues, and demonstrate that this new exploratory 

model represents a useful tool for better understanding of rocky shore profile 

development.  
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Chapter 1: Introduction 

Rocky shores are extremely widespread around the world’s littoral zone (Emery and Kuhn, 

1982). They are subject to significant management pressures associated with accelerating 

erosion rates under sea level rise coincident with increasing demand for urban development 

(Trenhaile, 2014a). Anticipating future changes in erosion rates on these shores requires a 

sound understanding of the considerable range of rocky shore morphologies that exists, and 

the temporally and spatially varied process operations that have given rise to these 

morphologies (Stephenson et al., 2013). As Naylor et al. (2010) emphasise, an understanding 

of the long-term development of rocky shore geomorphology forms a key research objective 

in identifying the vulnerability of rocky shores to future climate change.  

Over the last few decades, there have been new research techniques and approaches brought 

into rocky shore studies, including direct process measurements (e.g. Stephenson and Kirk, 

2000a, b; Adams et al., 2002; Ogawa et al., 2011), numerical modelling (e.g. Trenhaile, 2000; 

Walkden and Hall, 2005; Young et al. 2014), and remote sensing observations (e.g. Lim et al., 

2005; Palamara et al., 2007; Rosser et al., 2013; Kennedy, 2016). These modern approaches 

have greatly advanced our understanding of rocky shore development. In this thesis emphasis 

is placed on numerical modelling in rocky shore geomorphology research. There have been 

several important contributions in this field, as discussed in Chapter 2, but three important 

shortcomings are apparent: (1) existing numerical models are applicable only to a limited 

range of rocky shore morphologies, a subset of the full range that exist in nature; (2) model 

validations have been conducted using relatively limited field observations; (3) existing 

numerical models are primarily concerned with wave erosion processes; weathering 

processes, which are known to be an important agent of change on rock coasts, are poorly 

represented. These limitations present opportunities for future modelling work to 

substantially contribute to the emerging modern literature on rock coasts.    

1.1. Rocky shore processes 

Rocky shore development is driven by wave erosion at the base of a sea cliff (here the term 

includes a range of profile slopes between near-vertical cliffs and more gently graded 

hillslopes). This forms a notch at the base, and when the slope becomes unable to hold the 

upper part, the cliff collapses. There are many processes subsumed in this simplified 

description, including wave-induced quarrying and abrasion (e.g. Robinson, 1977a, b, c; 
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Trenhaile, 1987), weathering of many and varied forms (e.g. mechanical and chemical 

weathering) (e.g. Yatsu, 1988), biological activity, which can be both constructive and 

destructive (e.g. Naylor et al., 2012), and various types of cliff failure mechanics (e.g. rock-

fall, slide, flow) (e.g. Lee and Clark, 2002). All of these processes can interact with each 

other making the situation highly complex. The processes are also influenced by many other 

factors such as tidal range, sediment availability, rainfall, wind, and temperature, and geology, 

lithology and rock structures. Hence, the efficacy of erosion processes on rocky shores varies 

considerably, both locally and regionally (Trenhaile, 1987). Low-frequency high-magnitude 

events such as storm waves also contribute (e.g. Hansom et al., 2008; Claire et al., 2015), but 

their relative contribution to long-term rocky shore development is not yet fully understood 

(Stephenson et al., 2013).  

1.2. Rocky shore types 

A considerable range of rocky shore morphology types exist. Sunamura (1992) identifies two 

dominant types: a shore platform and a (plunging) sea cliff (Fig. 1.1a). Sea cliffs generally 

occur where cliff faces plunge into deep water, while shore platforms develop where sea cliff 

erosion is active (Stephenson et al., 2013). Shore platforms are also morphologically sub-

divided into two types: gently sloping (1-5 degrees) platforms with no clear seaward 

boundary and sub-horizontal (<1 degree) platforms with a clear distinctive seaward edge, 

often denoted as type-A and type-B respectively (Fig. 1.1a) (Sunamura, 1992). These two 

shore platform types are also associated with tidal settings: type-A shore platforms are 

generally found in meso to mega tidal environments, while type-B shore platforms often 

occur in micro to low-meso tidal rock coasts.  

There have been a number of studies conducted investigating controls of shore platform 

morphology. Two of the most influential findings were reported in the late twentieth century: 

Tsujimoto (1987) and Sunamura (1992) suggested that demarcation exists between type-A 

and type-B shore platforms, as well as sea cliffs, in relation to rock resistance and the erosive 

force of waves; Trenhaile (1972, 1974, 1987, 1999) found a strong positive correlation 

between shore platform gradient and mean tidal range. Controls on other shore platform 

morphology such as elevation and width have also been sought by numerous studies; 

however, these investigations have often been inconclusive due to complex relations of shore 

platform morphology with rocky shore processes (Trenhaile, 1987). 
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Figure 1.1: Sketches depicting (a) a sea cliff and type-A and type-B shore platforms, and (b) an uplifted 

marine terrace. MSL denotes mean sea level. 

 

 

Uplifted marine terraces are another common rocky shore feature. They generally consist of 

several flat sub-horizontal or gently sloping surfaces (terraces) terminated either by a 

contemporary sea cliff, or a gentle break in slope or degraded bluff which represents a former 

sea cliff at the landward side (Fig. 1.1b) (Trenhaile, 1987). A considerable range of marine 

terrace morphology exists. Wide marine terraces up to several kilometres in width sometimes 

occur, and there are marine and terrestrial deposits often found at considerably higher 

elevations (Trenhaile, 2002a). The flights of uplifted marine terraces commonly occur on 

tectonically mobile rock coasts such as North America (e.g. Shepard and Wanless, 1971), 

Japan (e.g. Kumaki, 1985; Shishikura, 2014), and New Zealand (e.g. Ota et al., 1992; 

Berryman et al., 1993a, b).  

The formation of uplifted marine terraces is associated with development of shore platforms 

(e.g. Kennedy and Beban, 2005). Marine terraces emerge when shore platforms are 

abandoned due to sea level fall, and/or elevated due to vertical movement of land (Trenhaile, 

1987). In this context, uplifted marine terraces preserve evidence of previous process 
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operations when sea levels were different from today, and have often been used for their 

record of previous tectonic and sea level histories (e.g. Berryman et al., 1993a, b; Saillard et 

al., 2011). However, complexity exists owing to various factors influencing marine terrace 

morphology, such as degradation of sea cliffs and incision of rivers. More importantly, 

marine terraces themselves are truncated and destroyed in some locations due to formations 

of younger terraces at lower elevations (e.g. Anderson et al., 1999).  

Other rocky shore types beyond plunging sea cliffs, shore platforms, and uplifted marine 

terraces also occur in nature, including caves, arches, and stacks (Trenhaile, 1987). In general, 

these landforms are extremely valued from a tourism standpoint but attract less scientific 

attention (e.g. Naylor et al., 2010; Stephenson et al., 2013). These landforms are beyond the 

scope of this thesis.  

1.3. Recent technological and methodological advancements in rocky shore study 

There have been growing rocky shore research activities in recent years, primarily owing to 

the advent of new tools and techniques (Naylor et al., 2010; Stephenson et al., 2013; Kennedy, 

2014). These include Schmidt hammer (e.g. Goudie, 2006; Dickson et al., 2004), micro 

erosion metre (MEM) (e.g. High and Hanna, 1970; Kirk, 1977), electronic wave gauges (e.g. 

Marshall and Stephenson, 2011; Ogawa et al., 2011), seismometers (e.g. Adams et al., 2002, 

2005; Young et al., 2011; Dickson and Pentney, 2012), laser scanner (e.g. Palamara et al., 

2007; Rosser et al., 2013), photogrammetry (e.g. Dornbusch et al., 2008; Dornbusch and 

Robinson, 2011),  and more recently cosmogenic dating (e.g. Regard et al., 2011; Choi et al., 

2012; Hurst et al., 2017). Kennedy (2014) notes that, with the recent technological 

advancement, it is now possible to collect field data at unprecedented levels of quality and 

quantity. 

Modern rocky shore research has also benefitted from computer technology, in particular 

computer simulations. Since the late twentieth century, computer-based numerical modelling 

has been one of the major approaches in rocky shore studies, and a number of numerical 

models have been developed. In general, these models are used to understand long-term 

rocky shore evolution (e.g. Trenhaile, 2000) or investigate boundary conditions of varied 

rocky shore morphology (e.g. Limber and Murray, 2011). Recent studies also utilize them to 

investigate rocky shore responses to future climate change (e.g. Dickson et al., 2007; 

Trenhaile, 2010, 2011; Birkwidth et al., 2014a, b). 
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In spite of recent advances of modern technology-oriented rocky shore research, a number of 

challenges still remain. The traditional case-study approach continues to be employed in 

field-based modern rocky shore studies (Kennedy, 2014). Such case-study approaches are 

useful for detailed studies, although insights from these studies may not be broadly applicable 

given considerable variability of rocky shore morphology. Existing numerical models also 

have certain limitations.  Firstly, most of the existing numerical models are applicable only to 

limited rocky shore types (e.g. Walkden and Hall, 2005). Probably the most widely used 

models by Trenhaile (e.g. 2000) can apply to wider rocky shore types, although they are 

based on shore platform studies, and therefore essentially deal with waves that occur on shore 

platforms. This is critical, as Sunamura (e.g. 1992) suggests that three wave types (i.e. 

standing (unbroken), breaking and broken waves) fundamentally drive morphologically 

varied rocky shore development. Secondly, validity of the existing numerical models has 

been confirmed using field data obtained from previous case-study approaches. The process-

morphology relation by Trenhaile (e.g. 1999), which is often used as a reference for model 

behaviours, is derived using field data from numerous but different studies, and is therefore 

non-systematic. Naylor et al. (2010) suggest that more field data is necessary to calibrate and 

validate numerical models. In this context, systematic and large spatial scale studies are 

helpful for the calibration and validation of numerical models applicable to broad rocky shore 

types. 

1.4. Research questions in rocky shore study 

Table 1.1 presents a summary of selected research questions that have been posed in rocky 

shore studies over the past decade or so. It is clear that some very fundamental questions 

remain pertaining to the detailed mechanics through which rocky shore erosion occurs (e.g. 

Naylor et al., 2010; Stephenson et al., 2013). 

 

Table 1.1: Selected lists of rocky shore research questions highlighted in the recent rocky shore review 

papers by Trenhaile (2002b), Naylor et al. (2010), and Stephenson et al. (2013) 

 

Question Details 

What are the 

dominant 

developmental 

processes? 

 

 “Traditional argument over wave versus weathering continues” (Naylor, et al., p.6). 

 “Undoubtedly waves erode rock coasts and transport the weathered and unconsolidated 

debris, but the precise quantification of the relationship between wave forces and rock 

resistance, …, remains elusive” (Stephenson et al., 2013, p.291). 

 “It remains to be seen what consequence there is for the geomorphic evolution of rock 

coasts as a result of infragravity energy” (Stephenson et al., 2013, p.291). 
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 “Assessment of the potential for and impacts of wave quarrying and abrasion (or 

corrosion) on rock coast development has received very limited attention by 

geomorphologists” (Naylor et al., 2010, p.5). 

 “The significance of abrasion to shore platform development is unclear” (Stephenson 

et al., 2013, p.292). 

 “The significance of salt weathering is difficult to determine, particularly when wetting 

and drying is also occurring simultaneously” (Stephenson et al., 2013, p.292). 

 “Understanding the relative contributions of subaerial, marine, and mass movement 

processes that control sea cliff erosion is complex as these processes vary regionally 

and commonly work together” (Stephenson et al., 2013, p.294-295). 

 

Are high 

magnitude events 

critical? 

 “Detailed measurements will be needed to determine whether there is a significant 

difference in the erosional bedrock features on tsunami and non-tsunami coasts” 

(Trenhaile, 2002b, p.12). 

 “Potential changes in storm frequency, duration or intensity will therefore have an 

impact on rock coast processes and as such, studies of the impacts or past, current, and 

future storms on rock coast dynamics are required” (Naylor et al., 2010, p.9). 

 “What is yet to be understood is whether these high magnitude-low frequency events 

make a significant contribution to long-term rock coast development” (Stephenson et 

al., 2013, p.290). 

 “Both storm waves and tsunami are responsible for wave quarrying, but their relative 

contribution to long-term rock coast evolution remains unclear” (Stephenson et al., 

2013, p.292). 

 

How geological 

variation 

influence? 

 “The role of geology in coastal geomorphology continues to be an area requiring 

further work” (Naylor et al., 2010, p.7).  

 “The application of rock mechanics to cliff and platform erosion has particular promise 

with respect to understanding how rock coasts erode and how that erosion is controlled 

by geological factors” (Naylor et al., 2010, p.8). 

 

Is rocky shore 

contemporaneous 

or polygenetic 

origin? 

 “Clearly, an area of future work is to date raised platforms (or suitable deposits) to 

unravel more precisely whether shore platforms are of contemporaneous or polygenetic 

origin” (Naylor et al., 2010, p.6). 

 “One of our most important challenges is to determine the degree to which rock coasts 

are contemporary rather than relict features” (Trenhaile, 2002b, p.13). 

 “Rock coasts are almost entirely erosional in origin and consequently reconstructing 

the evolutionary history of rock coasts landforms present significant challenges to earth 

scientist” (Stephenson et al., 2013, p.289). 

 

Does sediment 

play a substantial 

role in rocky 

coasts? 

 

 “The contribution of cliff and platform erosion to coastal sedimentary budgets has 

rarely been investigated” (Naylor et al., 2010, p.8). 

Does future 

climate change 

influence rocky 

shore evolution? 

 

 “Better understanding of the sedimentary relationships between erosional and 

depositional coasts will also become more important as we seek to predict coastal 

response to changes in climate and rising sea level” (Naylor et al., 2010, p.8). 

 “Similarly, and perhaps more importantly, hard rock cliffs may actually be far from 

‘resilient’ since they have limited capacity of dynamic response to climate change 

pressures” (Naylor et al., 2010, p.9). 

 

How much coast 

is rocky? 
 “It is really unknown how much of the world’s shoreline is ‘rocky’” (Naylor et al., 

2010, p.3). 

 

Other rocky 

landforms 

 

 “The geomorphic significance of such features (e.g. stacks, arches) is seldom 

investigated” (Stephenson et al., 2013, p.295). 

 “Coastal landforms such as stacks, beaches on shore platforms and consolidated clay 

coasts have received limited attention from coastal geomorphologists” (Naylor et al., 

2010, p.7). 
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One of the longest standing debates in rocky shore studies is concerned with the relative 

dominance of wave erosion and weathering processes in shore platform development 

(Kennedy et al., 2011) (Table 1.1). This debate originated in the mid-nineteenth century when 

Dana (1849) described shore platforms in New Zealand. Trenhaile (2001b, 2004, 2008a, b) 

has recently conducted extensive numerical modelling studies investigating the topic; 

however, the models used in his studies are based on an assumption that shore platform 

profiles are possible to emerge due to wave processes alone, even though we still do not 

know in which conditions waves achieve rock erosion and whether shore platforms are 

entirely a product of wave processes. Chapter 5 proposes approaches potentially resolving 

issues in the previous numerical investigations, and examines the process dominance in shore 

platform development numerically. 

Table 1.1 also demonstrates that unravelling rocky shore inheritance (e.g. whether, and to 

what extent, rocky shore morphology is a product of processes when relative sea levels 

(RSLs) were different from today) is another significant challenge (Trenhaile, 2002b). 

Uplifted marine terraces are remnant landforms with elevated sub-horizontal or sloping 

surfaces representing previous erosion surfaces. Consequently, they are key landforms in 

understanding how past erosion processes have contributed to the development of 

contemporary rocky shores in response to RSL changes, potentially producing insights into 

rocky shore inheritance. Numerical modelling is capable for the uplifted marine terrace 

studies, as terraces sometime disappear due to subsequent terrace development but numerical 

modelling can detect such ephemeral terraces. However, existing numerical modelling studies 

on uplifted marine terraces generally focus on investigating interplays between marine 

erosion, RSL changes and morphological responses; weathering processes are not considered 

in detail. Furthermore, only gradual RSL changes have been considered in previous 

modelling studies; instantaneous episodic changes in RSL due to tectonic uplift events have 

not yet tested numerically. Chapter 6 describes a numerical study investigating the interplay 

between intertidal process regime consisting of wave erosion and weathering processes, a 

range of episodic RSL changes due to tectonic uplift events, and shore morphology in the 

development of uplifted marine terraces. 

1.5. Research aim and objectives 

Two main aims of this thesis are targeted: 
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1) Develop a new numerical model that is applicable to a broader range of rocky shore 

morphologies than existing models, and validate this model using data from a 

systematic, large-scale morphological rocky shore analysis. 

2) Apply the new numerical model which considers both wave erosion and weathering 

processes equally to two of the major research questions in rocky shore studies: 

a) The relative dominance of wave erosion and weathering processes in shore 

platform development; 

b) The interplay between wave erosion and weathering processes, episodic RSL 

changes and shore morphology in the development of uplifted marine terraces. 

Five specific objectives are examined: 

i) Develop an exploratory-type numerical rocky shore profile evolution model that 

simulates a broad range of rocky shore morphologies; 

ii) Conduct a systematic, region-wide large-scale analysis of rock coasts where available 

LiDAR data and variability in the process environment enable acquisition of 

empirical data for model validation;   

iii) Validate the new numerical model using empirical data obtained in (ii); 

iv) Apply the numerical model to investigate the relative dominance of wave erosion and 

weathering processes in shore platform development; 

v) Apply the numerical model to investigate the interplay between wave erosion and 

weathering processes, episodic RSL changes, and shore morphology in the 

development of uplifted marine terraces. 

1.6. Research design 

The research in this thesis was undertaken in three connected stages: (i) numerical model 

development and initial tests, (ii) derivation of an empirical process-morphology relation and 

numerical model validation based on the derived empirical relation, and (iii) numerical model 

applications (Fig. 1.2).  
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Figure 1.2: Outline of the research structure used in this thesis. 

  

 

 

1.6.1. Numerical model development 

A numerical rocky shore profile evolution model was developed based on an exploratory 

modelling approach (Murray, 2003, 2007), in which a limited number of processes were 

considered and mathematically represented in a simplified manner. A grid cell discretization 

scheme and various wave types were considered with an aim of increasing the model’s 

capability of producing varied rocky shore geometries. 

The initial model tests were conducted in the model development stage. This included testing 

capabilities of producing (i) varied rocky shore profile geometries, and (ii) consistent 

morphological outcomes to those found in previous field-based shore platform studies 

(Tsujimoto, 1987; Trenhaile, 1999; Dickson, 2006). The results of the initial model tests were 

used to (i) highlight features that differentiate the developed model from existing models, and 

Stage1 Numerical model development

1a) Develop rocky shore profile 

evolution model 

1b) Initial model evaluation using data from 

existing shore platform literature

Stage2 Numerical model validation

2a) Derivation of an empirical 

process-morphology relation using 

LiDAR derived DEMs from ~700 

km coastline in SW England 

2b) Numerical model validation using the 

empirical process-morphology relation 

3a) Numerical investigation of the 

relative dominance of wave erosion 

and weathering processes in shore 

platform development

Stage3 Numerical model application

3b) Numerical investigation of the interplay 

between wave erosion and weathering 

processes, RSL changes, and shore 

morphology in uplifted marine terrace 

development

Examine the utility of the developed model as a practical tool toward better 

investigations of rocky shore development
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(ii) examine abilities of the developed model in comparison to existing numerical models. 

Model development and initial model tests are presented in Chapter 3. 

1.6.2. Numerical model validation 

The developed model was validated using an empirical process-morphology relation derived 

in this thesis. The existing process-morphology relations of rocky shores have been obtained 

through case-study approaches, which lack generality. This study used LiDAR derived digital 

elevation models (DEMs) obtained from a coastline (~700 km) in southwest England in order 

to systematically analyse rocky shore morphology at large region-wide scale. The coastline in 

southwest Englnad was selected both because of data availability, and because there are 

considerable variations in both oceanographic and physical settings (Scott et al., 2011). 

The empirical relation of shore platform gradient in relation to mean tidal range, wave height 

and rock strength was derived through a multi-variate regression analysis. This relation was 

then compared with a comparable relation derived using model simulations. The comparison 

results were used to examine the model’s capability of qualitatively reproducing a trend 

found empirically, based on the testing strategy of exploratory-type models described by 

Murray (e.g. 2003). Full descriptions of the empirical relation derivation and the numerical 

model validation are presented in Chapter 4.  

1.6.3. Numerical model application 

The final stage of this thesis was to apply the developed numerical model to address two 

rocky shore research questions. The first application of the model was an exploration of the 

relative dominance of wave erosion and weathering processes in shore platform development 

(Chapter 5). Model outputs were used to estimate possible ranges of wave erosion and 

weathering contributions, and examine relationships between shore platform geometries and 

process dominance. The discussion includes an analysis of equifinality in platform 

development, as well as an exploration of a demarcation of shore platform process dominance 

in relation to tidal range. The second application of the developed model was to investigate 

how wave erosion and weathering processes respond to episodic RSL changes due to tectonic 

uplift events and changes in shore morphology, and contribute to the development of varied 

morphology of the uplifted marine terraces (Chapter 6). For this application a field data set 

from the north-eastern coastline of Mahia Peninsula, North Island, New Zealand, was utilised 
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because at this site there is a large morphological variability within a relatively narrow length 

of coastline (~10 km), and at this site previous studies have documented the tectonic uplift 

history (Berryman, 1993a). Model outputs were used to examine the model’s capability of 

producing consistent morphology and uplift histories to those found in the previous field 

observation. The discussion focuses on investigating the interplay between intertidal erosion 

regime consisting of wave erosion and weathering processes, RSL changes, and shore 

morphology in the development uplifted marine terraces. These numerical model applications 

allow an examination of the utility of the developed model as a practical numerical tool 

toward better investigations of rocky shore development.  

1.7. Thesis structure 

Chapter 2 provides a review of existing literature concerning numerical models, with 

particular emphasis on numerical modelling studies on the development of shore platforms 

and uplifted marine terraces. In addition, previous field-based shore platform studies in terms 

of spatial scale are reviewed. Chapter 3 presents the development and the initial evaluations 

of the numerical model, and Chapter 4 describes the derivation of the empirical process-

morphology relation and the model validation based on the derived empirical relation. 

Chapter 5 and Chapter 6 present model application studies, each investigating (i) the relative 

dominance of wave erosion and weathering processes in shore platform development, and (ii) 

the interplay between wave erosion and weathering processes, episodic RSL changes, and 

shore morphology in uplifted marine terrace development. Lastly, Chapter 7 propose 

suggestions for future research and summarises the major findings of this thesis.   
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Chapter 2: Literature review 

2.1. Introduction 

This chapter reviews existing literature concerning (1) numerical rocky shore evolution 

models, (2) spatial scale of shore platform studies, and numerical modelling studies 

specifically concerned with (3) the relative dominance of wave erosion and weathering 

processes in shore platform development and (4) uplifted marine terrace development on 

tectonically active rock coasts. Each of these section establishes theoretical framing for the 

result chapters in the thesis (Chapter 3, 4, 5 and 6). Relevant literature is also presented in 

each results chapter, and therefore the content of this literature review is made 

complementary by covering additional literature and broadening the literature coverage 

(section 2.2), and delivering greater depth on particular research questions (section 2.3, 2.4 

and 2.5). Literature on general geomorphological models, and numerical models for sandy 

shores and complex coastal patterns/landforms are reviewed in section 2.2.1, 2.2.2, and 2.2.3, 

as important modelling concepts and techniques used in this thesis have been developed in 

these disciplines. References to “numerical model” in this chapter refer to any computational 

model and is different from any “mathematical model” which is analytically or 

mathematically solved with no computational aid. 

2.2. Numerical rocky shore evolution models 

2.2.1. Models in geomorphology 

Models are integral parts of many geomorphological studies. A wide variety of models have 

been devised and defined, such as conceptual, physical, and mathematical (analytical or 

numerical) models (Huggett, 1985; Hooke, 2003). Numerous classifications exist, including 

static versus dynamic, descriptive versus normative, stochastic versus deterministic, process-

based versus form-based, forward versus inverse, and inductive versus deductive, depending 

on model behaviours, modelling approaches and techniques (Baas, 2013). Nonetheless, no 

complete classification has yet been proposed, likely owing to divergence of 

geomorphological modelling studies and our incomplete understanding of earth surface 

processes (Wilcock and Iverson, 2003).  

Dietrich et al. (2003) identified four modelling approaches: detailed, apparent, statistical, and 

essential realism, and suggested that all four approaches have their own utility but can be 
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categorized based on modelling methods and objectives. Murray (2003, 2007) suggested that 

there are conceptually two contrasting types of models at either end of a spectrum: detailed 

simulation-type, or simplified exploratory-type. Simulation models are designed to reproduce 

phenomena as precisely as possible with intent toward practical applications, while 

exploratory models are more useful when searching for clear explanations of poorly 

understood phenomena (Murray, 2003, 2007). Hence, different types of models have 

different purposes. This creates challenges for identifying whether models are “good” or not. 

It is clear that all models of earth surface processes are abstracted, approximated, or 

simplified representations of reality, and therefore by their very nature, they are incorrect 

(Murray, 2013). One way of coping with the reality of model imperfection is that, rather than 

expecting models to provide good matches with observations, models might be accepted as 

“good” when they are useful, such as in guiding further study (Oreskes et al., 1994), 

suggesting new hypothesis, rejecting erroneous concepts, directing observations to new 

hypotheses, or explaining poorly understood phenomena (Murray, 2007). Baas (2013) further 

noted that the meaning of “good” also depends on the type of question or exploration that is 

being undertaken. For example, reduced complexity models can provide clear explanations or 

new insights of phenomena, although they are not appropriate in producing accurate 

predictions useful for practical management purpose (Favis-Mortlock, 2013). Ultimately, it is 

apparent that “the goals motivating a modeling endeavor help to determine the most 

appropriate modeling strategies” (Murray, 2007, p.178).  

2.2.2. Numerical models of sandy shore evolution 

Early coastal evolution studies using numerical models primarily dealt with sediment 

transport and morphological behaviours of sandy shores. In general, the numerical models in 

these studies can be categorized into two types: reductionist process-based and behaviour-

oriented models. Fully reductionist process-based models seek to describe the details of the 

underlying fundamental processes and their interactions, and are usually used for short- 

(hours to days) to medium-term (days to month) modelling (Werner, 1999, Amoudry and 

Souza, 2011). Such an approach is not suited to describing decadal scale behaviour and 

longer-term geological evolution. Behaviour-oriented models were developed based on the 

understanding that “it might not be the right approach for long term predictions to run small 

scale models for long periods of time” (Stive et al., 1995, p.999). Instead, behavioural-models 

describes physical phenomena without formally going into the underlying fundamental 
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processes, using simple mathematical formulae that exhibit the observed behaviours (de 

Vriend et al., 1993). No clear boundary exists between these two modelling approaches, and 

therefore various models with different levels of complexity and process scales have been 

developed depending on temporal and spatial scales of problems (e.g. Hanson and Kraus, 

1989; de Vriend and Bakker, 1993; Cowell et al., 1995; Niedorado et al., 1995). 

2.2.3. Numerical models of complex coastal pattern/landform evolution 

Another line of numerical modelling study concerning coastal evolution has focused on 

complex coastal patterns and landforms. A large portion of ideas of this study came from 

nonlinear dynamics in geomorphology, which have evolved integrating concepts in chaos 

theory, fractals, and self-organization (Baas, 2002). In this discipline, simple reduced-

complexity numerical models, which only consider processes fundamental to the system’s 

evolution, have been commonly developed. For example, Werner and Fink (1993) developed 

a simple numerical model to understand beach cusps formation, and suggested that the beach 

cusp is a self-organized pattern. Murray and Thieler (2004) and Coco et al. (2007a, b) have 

studied seabed patterns using a simple numerical model, and suggested a probable 

mechanism of seabed pattern formation. A simple coastline evolution model (CEM) by 

Ashton et al. (2001) successfully reproduced emergent sand-spit formation driven by high-

angle waves, which approach coastline at an angle larger than that which maximises the 

sediment alongshore transport. The following work of CEM by Ashton and Murray (2006a, 

b) and Ashton et al. (2016) have also provided numerous insights on controls of sand spit 

formation. 

In addition to sandy shore systems, simplified modelling approaches in complex modelling 

study have also been applied to rocky shore systems. For example, Barlow et al. (2012) 

developed a simple numerical model and found that the negative power-law relation exists in 

sea cliff erosion patterns. Sapoval et al. (2004) modelled plan shape rocky coastline evolution 

using a simple numerical model, and found that simulated fractal geometries highly 

resembled plan shapes of natural rocky coastline. Numerous evolutional insights on various 

rocky shore features and plan shape rocky coastline have also been provided by studies using 

a modified version of the CEM by Ashton et al. (2001), including influence of geological 

variability (Valvo et al., 2006) and future wave climate changes (Birkwidth et al, 2014a, b), 

dynamics of beach and sea cliff system (Limber and Murray, 2011, 2014; Limber et al., 

2014), and rocky sea-stack formation (Limber and Murray, 2015). This work illustrates that 



Chapter 2: Literature review 

16 
 

simplified models have proven to be very useful in understanding the complex behaviours of 

long-term rocky shore evolution. One of the limitations of the work on plan-shape evolution 

is that there is little consideration of the development of the cross-shore rock profile, which is 

known to be an important control on coastal development. This aspect of rocky shore 

evolution has been the subject of another set of modelling studies and field investigations. 

2.2.4. Numerical models of rocky shore profile evolution 

In addition to the simplified numerical models for rocky shore evolution described above, 

there have also been many numerical models developed to study morphological rocky shore 

profile features and their evolutional aspects. Initial numerical models were generally 

concerned with unconsolidated soft rocky shores. For example, Bray and Hooke (1997) 

proposed a soft rock cliff evolution model by modifying the Bruun rule (Bruun, 1962), which 

was capable of predicting some aspects of the recession rate of soft rock cliffs in response to 

accelerated sea level rise. Nairn and Southgate (1993) developed a numerical model for 

cohesive rocky shore evolution, named COSMOS (COastal Storm MOdeling System), which 

was a quasi-three dimensional (3D) model considering both cross-shore and along-shore 

components of processes, although it dealt only with storm waves. Walkden and Hall (2005) 

developed a new quasi-3D numerical model, named SCAPE (Soft Cliff and Platform 

Erosion), which considers a whole soft-rock coastal system including soft rock cliffs, shore 

platforms, beaches, and hard engineering structures. The SCAPE model has since been 

extensively used to examine various evolutional aspects of soft rock shores under various 

future climate scenarios and engineering interventions (e.g. Dickson et al., 2007; Walkden 

and Dickson, 2008; Dawson et al., 2009; Walkden and Hall, 2011), and lithological 

variability (Carpenter et al., 2014, 2015). Furthermore, Castedo et al. (2012, 2013, 2015) 

have developed a similar quasi-3D model, additionally considering more detailed 

mechanisms of cliff mass failure and wave run-up. Both the SCAPE model (e.g. Walkden 

and Hall, 2005) and the model by Castedo et al. (e.g. 2012) are significant from a standpoint 

that the processes considered in both models are physically-based but fairly simple, and 

therefore the models are capable of simulating mesoscale (decadal to millennium timescale) 

evolutional behaviours of soft-rock shores.  

It is only recently that hard rock shores have started being studied using numerical models 

(with the exception of geotechnical slope stability models, which usually target individual 

mass wasting events rather than long-term profile evolution). Trenhaile (2000) developed a 
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wave erosion model, which was based on a mathematical model by Trenhaile and Layzell 

(1981), considering various components, including deep water wave height spectra, period of 

wavelength, breaker height and depth, breaker type, the width and bottom roughness of the 

surf zone, the gradient of submarine slope, an erosional threshold related to the strength of 

rocks, a tidal duration factor, and cliff debris. Various processes were included in the model, 

but it is still mathematically simple and computationally inexpensive, and therefore has been 

broadly applied to examine long-term development of various rocky shore features, such as 

shore platforms, erosional continental and volcanic island shelves, and elevated marine 

terraces, under various sea level and tectonic scenarios (Trenhaile, 2001a, 2001c, 2002a, 

2010a, 2014a), and coastal settings (Trenhaile 2004, 2005, 2008a, b). In addition, Kline et al. 

(2014) also developed a wave-erosion model but uniquely included a comminution process of 

deposited cliff sediments. 

The series of numerical modelling studies by Trenhaile (e.g. 2000) are extensive, and have 

significantly contributed to the understanding of rocky shore evolution. However, like any 

model it has a number of limitations. For instance, it is highly customized to study rocky 

shores developed only by waves on shore platforms, although in other research it is 

understood that different wave types (e.g. standing, breaking, or broken waves) do contribute 

to the development of varied rocky shore morphology (Sunamura, 1992). Furthermore, the 

model variables are highly parameterized using field data, which may limit the model’s 

ability to produce emergent behaviours/morphology (e.g. Murray, 2003). 

Understanding of rocky shore processes is still limited and much work needs to be done to 

explain the long-term evolution of rocky shores and the responsible developmental processes 

(e.g. Stephenson et al., 2013). When the aim of numerical modelling studies is to explain 

fundamental mechanism of poorly understood phenomena on rocky shores, a simplified 

exploratory-type modelling is a useful approach. Nonetheless, no simplified numerical model 

broadly applicable to a wide range of rocky shore morphology has yet been developed, and 

existing highly parameterised process-based numerical rocky shore models have several 

limitations. In this regard, it will be instructive to develop new numerical models applicable 

to a broad range of rocky shores to further improve our understanding of rocky shore 

morphological evolutional. 
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2.3. Spatial scale of shore platform studies 

2.3.1. Qualitative small-scale studies 

Most shore platform studies between the mid nineteen and the early twentieth centuries are 

descriptive, and analyse field data from one, or a limited number of sites. For instance, Dana 

(1849) explored islands in the Pacific Ocean including Australia and New Zealand, where he 

found “Old Hat” shore platforms in the Bay of Islands in New Zealand and along the 

shoreline near Sydney in Australia. His observations covered a large area but 

(understandably) there were only a few quantitative descriptors (e.g. width and elevation of 

shore platform surfaces relative to major tidal levels). Bartrum (1916, 1926) provided more 

details, and speculated on modes of Old Hat shore platform formation, but he only examined 

a small number of field sites (e.g. Bay of Islands and west coasts near Auckland, New 

Zealand). Subsequent work for more than a half century continued an inductive mode of 

largely qualitative description of a small number of selected fields (e.g. Wentworth, 1938, 

1939; Hills, 1949, 1972; Edwards, 1951; Bird and Dent, 1966; So, 1965; McLean and 

Davidson, 1968; Wright, 1970; Gill, 1972). 

Studies in the late Twentieth Century shifted to more on quantitative investigations, mainly 

surveying shore platform profiles quantitatively and examining correlations with rock 

properties such as geology, lithology, and rock structure, as well as oceanographic settings 

(e.g. Sunamura, 1978c; Trenhaile, 1972, 1974). In particular, the work by Trenhaile (1974) 

and Takahashi (1974) were significant, with more than 800 and 1300 profiles surveyed 

respectively along the rocky coastline in the UK and Japan. However, this work is still 

limited spatially and quantitatively. For instance, only 32-36 surveyed profiles were used in 

Trenhaile’s (1974) correlation analysis, and in Takahashi’s (1974) work, shore platform 

profiles were somewhat vaguely extracted as “reefs exposed at low tide” from a topographic 

map. 

2.3.2. Quantitative small-scale studies 

Modern shore platform studies have had the advantage of recent technical developments that 

have allowed much more detailed measurements (Kennedy, 2014). In particular, the  

(transverse) micro erosion meter ((T)MEM), Schmidt hammer, and wave gauges have 

commonly been used to measure, respectively, platform surface erosion rate at mm scale, 

rock hardness, and wave transformation processes across shore platforms. Nonetheless, the 
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studies using these devices are still limited in space, with data collection typically at selected 

sites across small areas. For instance, only a few to tens of profiles lines were surveyed in the 

previous shore platform studies (Table 2.1). Other recent quantitative approaches including 

seismic observations (e.g. Adams et al., 2002, 2005; Dickson and Pentney, 2012; Young et al., 

2012, 2013) and cosmogenic dating (Regard et al., 2012; Choi et al., 2012; Hurst et al., 2016, 

2017) have revealed a new mechanism (e.g. microseismic flexing) and rates of rocky shore 

development, although these methods also have limited spatial coverage. 

 

Table 2.1. Selected list of studies examining shore platform morphology/processes using (T)MEM, 

Schmidt hammer, and wave gauges. The number of profiles and measurement sites in brackets at which 

(T-)MEMs or wave gauges were deployed, or Schmidt hammer measured rock hardness, are presented 

where available. The numbers with asterisk show the number at which rock hardness was measured by 

Schmidt hammer, along with (T)MEM observations. 

 

Instrument     Literature Location 
Number of profiles 

(measurement sites) 

(T)MEM Kirk (1977)  Kaikoura, NZ 7 (31) 

Robinson (1977a, c) Northeast Yorkshire, UK  4 (144), 51 (-)  

Gill and Lange (1983) Otway coast, AUS - (53) 

Stephenson and Kirk (1998, 

2000a, b) 

Kaikoura, NZ 7 (56), 2 (19/19*), 7 

(57/57*) 

Blanco-Chao et al. (2007) Iberian Peninsula, Spain 5 (12 / 109*) 

Porter and Trenhaile (2007) Eastern Canada, Canada 3 ( >70 / >70*) 

Stephenson et al. (2010) Kaikoura, NZ 7 (57) 

Porter et al. (2010a, b, c) Eastern Canada, Canada 7 (184/184*), 12 

(108/108*), 4 (34/34*) 

Stephenson et al. (2012) Otway coast, AUS 12 (45) 

Schmidt 

hammer 

Tsujimoto (1987) Coast in Japan 25 (25) 

Kennedy and Beban (2005) Wellington, NZ 5 (79) 

Kennedy and Dickson (2006) Shang Point, NZ 15 (1030) 

Dickson (2006) Lord Howe Island, AUS 37 (37) 

Kennedy and Paulik (2007) Wanganui, NZ 53 (780) 

Trenhaile et al. (2006) Eastern Canada, Canada 4 (56) 

Thronton and Stephenson (2006) Otway coast, AUS 14 (209) 

Kennedy (2010) Sydney, AUS 30 (541) 

Kennedy et al. (2011) Bay of Islands, NZ 27 (540) 
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Wave gauge Trenhaile and Kanyaya (2007) Eastern Canada, Canada 2 (19) 

Farrell et al. (2009) Belinho, Portugal 1 (7) 

Ogawa et al. (2011, 2012, 2016) North Island, NZ  1 (4), 1 (5), 6 (28) 

Marshall and Stephenson (2011) Kaikoura, NZ, and Otway coast, 

AUS 

4 (16) 

Beetham and Kench (2011) North Island, NZ 2 (10) 

Poate et al. (2016) SW UK, UK and Doolin, Ireland 4 (56) 

 

2.3.3. Potential for quantitative large-scale studies 

Remote sensing technology, such as laser technology and photogrammetry, has provided 

modern rocky shore scientists with alternative approaches of observing rocky shore 

morphology quantitatively over the last 10-15 years (e.g. Sallenger et al., 2002; Lim et al., 

2005, 2010; Rosser et al., 2005, 2007, 2013; Young and Ashford, 2008; Kennedy et al., 2014; 

Earlie et al., 2015). In particular, repeated terrestrial or airborne laser scanning (TLS or ALS) 

surveys have yielded new insights on temporal behaviours of sea cliff erosion (e.g. 

progressive failure, see Rosser et al., 2013). Fewer studies have applied laser technology or 

photogrammetry to shore platforms (Palamara et al., 2007; Dornbusch et al., 2008; 

Dornbusch and Robinson, 2011; Swirad et al., 2016), although recent work has shown that 

these new techniques, when combined with bathymetric data, are useful in understanding 

shore platform morphology that developed with sea levels different from today (Duperret et 

al., 2016; Kennedy, 2016). To date, the length of coastline examined using TLS/ALS has 

been limited to local scale, similar to those in previous shore platform studies using 

observational methods, or with (T)MEM, Schmidt hammer, or wave gauges (Table 2.2).  
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Table 2.2: List of literature examining shore platform morphology using TLS/ALS. The length of 

coastline and the number of profiles examined are presented where available. The numbers with 

asterisk are those manually estimated by an author of this thesis from figures in the literature due to 

lack of information. 

 

Literature Location 
Length of  

coastline 

Number of  

profiles  

Paramala et al. (2007) Shang Point, NZ 1 km 12 

Dornbusch et al. (2008) Southeast England, UK 2 km* Continuum 

Dornbusch and Robinson (2011) Southeast England, UK < 1km* Continuum 

Kennedy et al. (2014) Wilsons Promontory,  AUS - - 

Duperret et al. (2016) NW France, France <10-20 km* Continuum 

Kennedy (2016) Victoria, AUS 85 km 47 

Swirad et al. (2016)  North Yorkshire, UK 4.2km 169  

 

 

Shore platform morphology varies considerably depending on numerous environmental 

factors such as geological, lithological, and structural rock properties and oceanographic 

settings (Stephenson et al., 2013). With the advent of modern remote sensing techniques, it is 

now possible to quantitatively examine shore platform morphology at an unprecedented level 

of detail. It is also possible now to quantitatively examine shore platform morphology at a 

scale larger than which it has so far been applied. These situations are encouraging “because 

at present most studies of rock coast geomorphology are site specific, and there has been 

substantial difficulty building common understanding of formative mechanisms owing to the 

wide variety of factors responsible for different forms at different sites” (Palarama et al., 

2007, p946-947). Larger scale applications may prove useful for systematic investigations on 

controlling factors of varied shore platform morphology over wide areas. 

2.4. Numerical modelling studies on the ‘wave erosion versus weathering’ debate 

The debate over the relative dominance of wave erosion and weathering processes in shore 

platform development has been ongoing for more than a century (e.g. Kennedy et al., 2011), 

although a majority of previous studies using numerical (and mathematical) models have only 

considered wave erosion in driving shore platform evolution (e.g. Trenhaile and Layzele, 

1983; Sunamura, 1992; Trenhaile 2000). It is only recently that Trenhaile (2001b, 2004, 
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2008a, b) has started numerically investigating the relative dominance of wave erosion and 

weathering processes using his numerical model. This section reviews his work in detail. 

2.4.1. Wave erosion model 

The basic wave erosion equation of the numerical model by Trenhaile (e.g. 2000) is 

expressed as follows: 

 
RW FFME           (2.1) 

where FW is wave erosion term proportional to wave height, tidal duration distribution which 

is the amount of the time that water level occupies at different tidal elevations, and gradient 

of linear slope extending below water line. FR is constant material resistance term 

representing physical strength of rocks, and M is a coefficient converting the difference 

between FW and FR to the amount of horizontal retreat (E). The profile development by wave 

erosion is driven by estimating E at tidally characteristic elevations (e.g. mean high water 

spring, mean low water neap, etc.) 

2.4.2. Wave erosion and weathering model  

Table 2.3 summarises the numerical modelling work by Trenhaile (e.g. 2001b) associated 

with the wave erosion versus weathering debate. Although numerous weathering processes 

exist, most of his numerical studies concern salt weathering and wetting and drying processes, 

which have been well documented in the shore platform literature (e.g. Stephenson et al., 

2013). An interesting feature of this modelling work is that two different approaches have 

been taken to simulate weathering processes on shore platforms. In one approach the 

modelled profile is iteratively horizontally modified at a downwearing rate taken from field 

and laboratory results (e.g. Kanyaya and Trenhaile, 2005), using a conversion equation 

(Table 2.3) that is insensitive to the FW value in Eq. 2.1. The assumption of this approach is 

that weathering breaks down rocks to fine grained debris that is then washed away by weak 

wave action (i.e. the debris has no material resistance, FR = 0) (e.g. Trenhaile, 2004a, 2008a, 

b). The second approach is quite different in that reduced FR is used in Eq. 2.1, assuming that 

rock strength is degraded by weathering, such as due to pressure exerted by salt crystals, or 

expansion and contraction of clay minerals (e.g. Trenhaile, 2001b, 2008a, b). 

   



 

 

 

2
3
 

Table 2.3: List of literature concerning numerical modelling studies by Trenhaile (e.g. 2001b) investigating the relative contribution of wave erosion and weathering 

processes in shore platform development 

 

 Weathering type Method Remark 

Trenhaile 

(2001b) 

 Freeze-thaw weathering  

 Salt weathering 

 Water layer weathering  

 

FR is reduced depending on weathering degree (severe or 

moderate) and time of subaerial exposure (higher the 

intertidal elevation, longer the subaerial exposure). 

 “… the role of weathering is generally secondary to mechanical 

wave erosion, although its importance increases with weathering 

intensity and the resistance of the unweathered rock.” (p. 17) 

Trenhaile 

(2004) 

 Wetting and drying 

  (Weathering breaks 

down rocks, then waves 

wash away fine grained 

debris) 

Modelled profile is iteratively modified at a downwearing 

rate observed in fields using MEM. Slower rates are 

applied to profiles at lower intertidal elevations due to less 

wetting and drying cycles.  

(Instead of wave erosion in Eq. (2.1), the wave erosion 

model in Trenhaile and Layzele (1983) was used.) 

 “The gross morphology of the simulated platforms was similar” in 

runs with and without weathering (p. 1056) 

 “… weathering processes can provide an additional or alternate 

explanation for the relationship between tidal range and shore 

platform gradient.” (p. 1059) 



 

 
 

2
4
 

Trenhaile 

(2008a, b) 

 

 Wetting and drying 

 Salt weathering 

((1)Weathering breaks 

down rocks, then waves 

wash away fine grained 

debris, and (2) rock 

strength is reduced) 

 

(1) Modelled profile is modified at a downwearing rate 

observed in the field using MEM divided by sin(α) where 

α is an angle of slope (see below) or (2) FR is reduced 

depending on weathering degree (severe or moderate) and 

elevations within intertidal range. 

 

 

 

 “Downwearing by weathering and debris removal is only of minor 

importance in the long-term evolution of platform surfaces” in 

macro- to meso-tidal environment. (2008a, p.36) 

 “Weathering, through downwearing and the production and 

removal of fine-grained sediment, helps to reduce the gradient and 

increase the width of shore platforms in microtidal environments, 

but it is much less effective than wave erosion.” (2008b, p.120) 

 “Although weathering and debris removal is often dominant on 

subhorizontal platforms today … wave erosion has been more 

important in the past”. (2008b, p122) 

 “… the most important role of weathering is in reducing the 

resistance of intertidal rocks, thereby increasing the efficacy and 

rate of wave quarrying.” (2008a, p.37) 
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Various insights and points of discussion have been raised through Trenhaile’s numerical 

modelling studies, including the conclusion that (1) waves are overall dominant in shore 

platform development, particularly in meso- and macro-tidal environments, and (2) 

weathering only contributes to the development of wide sub-horizontal shore platforms in 

micro-tidal environments, due to considerable dissipation of wave energy (Table 2.3). 

However, several limitations exist in this modelling work. Firstly, even though most of the 

previous shore platform studies emphasized cooperative roles of waves and weathering on 

shore platform development (e.g. Stephenson and Kirk, 2000a, b), the first approach regards 

wave erosion and weathering processes as independent processes. Secondary, although the 

second approach considers cooperative roles of waves and weathering, it does not specifically 

count weathering-induced rock weakening as weathering contributions, and therefore 

underestimates weathering contributions. Lastly and most importantly, although we still do 

not know in which situations waves erode rocks (Stephenson, 2000), wave erosion and 

weathering contributions are examined using the wave erosion model, which is essentially 

capable of producing shore platform profiles by wave processes alone. These approaches 

therefore do not provide a balanced examination of wave versus weathering issues. 

It follows from above that it is important in future modelling studies to (1) simulate situations 

where waves and weathering work together (e.g. weathering weakens rocks and waves erode 

weathered rocks), (2) count rock weakening as weathering contributions, and (3) examine 

wave erosion and rock weakening (due to weathering) contributions under a range of wave 

and weathering process efficacy (e.g. at either end of the process efficacy spectrum, shore 

platform profiles emerges either by wave or weathering process alone). Little is known about 

the actual mechanics through which waves and weathering achieve rock erosion. In this 

regard, simplified exploratory modelling should be appropriate when poorly understood wave 

erosion and weathering processes are modelled (e.g. Murray, 2003). 

2.5. Numerical modelling studies on uplifted marine terrace development 

Uplifted marine terraces are one of the dominant rocky shore features that emerge when an 

erosional surface (i.e. shore platforms) is elevated due to sea level fall and/or vertical upward 

movement of land. There have been a number of numerical modelling studies investigating 

effects of sea level changes due to glaciation and deglaciation on rocky shore development 

(e.g. Trenhaile and Byrne, 1986; Trenhaile, 2001a, c, 2010; Thébaudeau et al, 2013), 

although a relatively limited number of numerical modelling studies exist specifically 
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investigating marine terrace development on tectonically mobile coasts (Cinque et al., 1995; 

Anderson et al., 1999; Trenhaile, 2002a, 2014b). This section reviews these studies in detail. 

The early attempts of numerical modelling on marine terrace development considering 

relative sea level (RSL) changes owing to both glaciation/deglaciation and tectonic 

movement were conducted by Cinque et al. (1995) and Anderson et al. (1999). Their models 

were simple, primarily concerning three fundamental processes: sea cliff retreat due to wave 

erosion, sea level change, and vertical movement of the land, although the study by Anderson 

et al. (1999) also considered various other factors such as river incision and sea cliff 

degradation. These early work is important as they have provided numerous insights into 

relations between marine terrace morphology and RSL patterns (Cinque et al. 1995) and 

highlighted mechanisms of marine terrace generation and preservation/destruction (Anderson 

et al., 1999). 

The key difference of the recent numerical modelling studies on marine terrace development 

(Trenhaile, 2002a, 2014b) from the early work is the consideration of tidal water level 

fluctuations, and therefore vertical distribution of wave energy expenditure within the 

intertidal zone. The controls of the tidal range on rocky shore morphology is well recognized 

(e.g. Trenhaile, 1999). In this regard, recent numerical modelling should have produced more 

realistic insights into uplifted marine terrace development (e.g. Trenhaile, 2014b). However, 

a possible drawback of the recent numerical modelling studies is the almost complete absence 

of intertidal weathering processes, which are known to be important in shore platform 

development particularly at small tidal environments (e.g. Stephenson and Kirk, 2000a, b; 

Trenhaile and Kanyaya, 2007). Trenhaile (2014b) noted that intertidal weathering processes 

were indirectly incorporated through the use of reduced FR, although neither gradual rock 

weakening due to weathering processes nor variations in spatial efficacy of weathering 

processes (e.g. Porter et al., 2010a, b, c) was considered. In addition, only a limited range of 

RSL scenarios associated with tectonic activities have been tested, despite possibilities that a 

range of vertical displacement from tectonic uplift events should have been occurred (e.g. 

Berryman, 1993a). For instance, instantaneous episodic RSL changes due to tectonic uplift 

events have not been considered in the previous modelling studies.  

Uplifted marine terraces are a remnant rocky shore feature with elevated erosional surfaces 

preserving evidence of previous process operations, and therefore potentially providing key 

insights into rocky shore inheritance. Recently, Stephenson et al. (2017) suggest that 
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interplays between tectonism, and wave erosion and weathering (and biological) processes 

can result in altering trajectory of rocky shore evolution. Hence there is a strong rational for 

numerical investigations of uplifted marine terrace development, in which (i) both wave 

erosion and weathering processes are equally considered, and (ii) episodic RSL changes 

associated with tectonic uplift events are broadly considered. 

2.6. Summary 

Numerical models are an important tool in geomorphological studies. In modelling studies 

key decisions include how to select or construct an appropriate model (type), according to the 

level of process understanding, types of questions, and types of morphologies of interest. 

Existing numerical rocky shore evolution models have facilitated many insights, but each 

have limitations. Some of the limitations of existing models in the rocky shore literature 

include (1) an emphasis on plan-shape evolution with little consideration to the development 

of the foreshore profile, (2) foreshore profile models that are suitable for soft-rock but not 

hard-rock coasts, (3) foreshore profile models that are heavily parameterised but coarsely 

discretised, limiting capacity for system understanding. Given that important research 

questions remain to be resolved in rocky shore studies, an exploratory-type numerical model 

might prove to be a useful addition to the suite of tools available to generate new knowledge 

about rocky shore development (Murray 2003, 2007). 

Numerical models need field data for model calibration/validation (Naylor et al., 2010). Early 

studies investigating rocky shores, particularly shore platforms, were descriptive or 

qualitative, with little quantitative data measured. In contrast, recent advanced observational 

devices and techniques have enabled more detailed measurements in shore platform field 

studies, although the spatial coverage of these studies has generally been limited. Systematic 

and broad-scale studies quantitatively examining shore platform morphology over region-

wide areas are likely to produce useful field data for numerical model calibrations/validations. 

There are still many research questions in rocky shore development remaining to be 

numerically investigated. One important and long-standing issue in shore platform research 

considers the relative dominance of wave erosion and weathering (rock weakening) processes 

(Stephenson, 2000). Existing numerical models do not provide a balanced examination of 

wave versus weathering issues: the models are fundamentally wave-driven, and do not 

specifically take account of rock weakening due to weathering. The wave erosion versus 
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weathering debates can be better investigated by (i) developing a new model capable of 

varying wave erodibility and weathering rates, (ii) broadly simulating shore platform profile 

development under a range of wave erodibility and weathering rate conditions, and (iii) 

appropriately examining wave erosion and weathering contributions in which rock weakening 

is counted as weathering contribution. 

Unravelling morphological inheritance is another significant challenge in rocky shore studies 

(Trenhaile, 2002b). Uplifted marine terraces preserve records of previous process operations, 

and are therefore key features for potentially providing insights into rocky shore inheritance. 

However, difficulties exist in interpreting the preserved records as marine terraces are a 

remnant feature with some old terraces removed depending on previous erosion and sea level 

and tectonic uplift scenarios (Anderson et al., 1999). Numerical modelling is important, in 

this context, due to its capability of reconstructing potential trajectory of rocky shore 

development and therefore tracing spatially and temporally varying process operations. 

However, the existing numerical modelling studies on marine terrace development on 

tectonically mobile coasts have paid almost no attention to weathering processes. This can be 

a critical omission, as weathering processes are identified as crucial factors of shore platform 

development particularly in small tidal environments (e.g. Stephenson and Kirk, 2000b; 

Trenhiale and Kanyaya, 2007). Furthermore, only a limited RSL scenarios associated with 

tectonic activities have been tested. It is therefore of great importance to numerically deal 

with both wave erosion and weathering processes and broadly examine interplays between 

formative erosion processes, RSL changes considering++ a range of tectonic uplift scenarios, 

and morphological responses, toward a better understanding of uplifted marine terrace 

development, and eventually rocky shore inheritance. 
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Chapter 3: Numerical model development 

3.1. Introduction 

This chapter describes the development of a new numerical model of rocky shore profile 

evolution and its initial tests. The overall aim of this chapter is to describe the development of 

a new exploratory-type numerical model with a range of features including (i) an ability to 

produce a broad range of rocky shore profile geometries and (ii) generate robust and 

internally consistent model behaviours that are comparable to a number of rocky shore field 

observations. The chapter consists of two separate sections which are reproductions of two 

published journal articles (Matsumoto et al., 2016a b). These studies both describe the model, 

but focus on evaluating different aspects of model behaviours. In order to avoid repetition of 

the model description, the methodology section of Matsumoto et al. (2016b) is omitted, but 

included as an appendix to this chapter. 

The initial tests presented in this chapter focus on three objectives: 

1. Examine the new model’s ability to produce a broad range of profile geometries; 

2. Examine model behaviours in comparison to morphological observations in 

previously published field-based shore platform studies; 

3. Investigate factors contributing to the emergence of varied profile geometries. 

The first section (Section 3.2) presents full details of numerical model development, 

including reviews of rocky shore processes, model framework, and mathematical 

representations of processes considered. This is followed by evaluations of model outputs 

regarding the capability of producing broad cross-shore profile geometries (Objective 1). The 

discussion focuses on highlighting advantages of the new model in comparison to existing 

models, and further evaluating consistency of morphological outputs with comparable 

relations obtained from previous field-based shore platform studies (Objective 2). 

The second section (Section 3.3) focuses on investigating factors contributing to the broad 

profile geometry generation (Objective 3). The section evaluates outputs of a large number of 

model simulations against field data from Japanese micro-tidal rock coasts (Tsujimoto, 1987). 

It also examines temporal changes of wave types that directly attack modelled shores during 
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profile development. These results frame a discussion on the importance of various wave type 

considerations in the development of varied shore geometries. 

These two set of studies highlight several key features of the new numerical model that 

provide opportunities to move beyond the limitations that have restricted previous rocky 

shore modelling efforts (as described in Chapter 1 and 2). These features are summarized in 

the concluding section of this chapter (Section 3.4). 

  



Chapter 3: Numerical model development 

32 
 

3.2. An exploratory numerical model of rocky shore profile evolution 

 

Citation: Matsumoto, H., Dickson, M.E., Kench, P.S., 2016. An exploratory numerical model 

of rocky shore profile evolution. Geomorphology 268, 98-109. DOI: 

10.1016/j.geomorph.2016.05.017 

 

3.2.1. Introduction 

A wide range of landforms occur on rock shorelines: plunging cliffs, cliffs with notches, 

cliffs fronted by beaches, and rocky shores characterised by sea stacks, sea caves, and arches. 

However, most research, both fieldwork and modelling, has been focussed on shore platforms, 

which are low-gradient, usually intertidal, rocky foreshores that abut coastal cliffs. In general, 

two types of platforms are recognized: sloping platforms (1-5 degrees), sometimes referred to 

as type-A, mostly occur in meso- to mega-tidal environments and have a seaward-sloping 

surface that gradually becomes submerged without any marked break in slope; and sub-

horizontal platforms (<1 degree), sometimes referred to as type-B, mainly occur in micro- to 

meso-tidal environments and have an abrupt scarp at their seaward margin that sharply 

descends into sub-tidal areas (Trenhaile, 1987; Sunamura, 1992). 

Numerous field-based studies have explored the complex interaction of environmental 

processes (e.g. tidal range, waves) and lithological controls that determine the presence and 

distribution of the different platform types around the world (e.g. Bartrum, 1926; Edwards, 

1951; Gill, 1972; Tsujimoto, 1987; Trenhaile 1999; Stephenson and Kirk, 2000b; Dickson 

2006; Kennedy and Dickson, 2006; Ogawa et al., 2011, 2012). However, fundamental 

questions remain concerning the processes that control morphological development 

(Stephenson, 2000). For instance, which erosion processes dominate the evolution of shore 

platform morphology, and how do processes-form interactions change over time? To what 

extent is morphological development dependent on extreme events versus gradual processes? 

To what extent is platform morphology inherited from previous sea-level positions? In 

addition to these particular questions of shore platform development, a number of more 

general questions also exist pertaining to rocky shore developmental trajectories. For instance, 

what particular combinations of boundary conditions and driving processes allow shore 
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platforms to form on some rocky shores but not others? To resolve these types of questions it 

is necessary to go beyond the local site-specific descriptions that characterise many previous 

studies, to consider the full spectrum of controlling processes across a broad range of 

developmental conditions. This section describes a numerical exploratory modelling 

approach that will help address these questions. 

The erosional evolution of rocky coasts occurs over millennia, but little evidence of 

developmental stages is preserved. In recent years numerical models have been increasingly 

utilised to investigate long-term rock profile development. For example, the SCAPE (Soft 

Cliff and Platform Erosion) model (Walkden and Hall, 2005) has been developed and applied 

to numerous studies of soft-rock coasts (e.g. Dickson et al., 2007; Walkden and Dickson, 

2008; Carpenter et al., 2014, 2015). Similarly, Castedo et al. (2012, 2013, 2015) has 

developed a new model also applicable to soft rock coasts by further considering detailed 

hydrodynamics and various cliff failure mechanisms. On hard rock shorelines Trenhaile 

(2000) developed a simple mathematical model that has been used extensively to understand 

various aspects of shore platform development, including: wave-erosion initiated shore 

platform evolution (Trenhaile, 2000); the relative roles of wave erosion and weathering 

(Trenhaile, 2001b, 2004, 2008a, b); the influence of beach sediment on platform morphology 

(Trenhaile, 2005); and the influence of historical sea-level changes and platform evolution 

(Trenhaile, 2001a, 2001c, 2002a, 2010b). The insights from Trenhaile’s work are extensive, 

and cover a broad range of coastal processes. However, all models have limitations and in 

this case the highly parameterized nature of process representations limits the potential to 

which some model behaviours can be understood. In addition, the discretization scheme of 

the modelled space (i.e. the number of calculation points within the system) is limited to a 

small number of points, such as the mean elevation of certain tidal levels, which reduces 

computational demand but restricts the potential range of emergent platform geometries. 

Improved numerical modelling of rocky shore development requires not only more field data 

for model evaluation (Naylor et al., 2010), but also new numerical schemes that grapple with 

the fundamental complexities that arise within multi-process landform systems (Murray, 

2003, 2007). The Coastal Evolution Model (CEM) is one example of a relatively simple 

numerical model that reproduces complex emergent plan-view coastline features seen on 

natural sandy shorelines (Ashton et al., 2001; Ashton and Murray, 2006a, b). The model has 

also been adapted to reproduce complex emergent plan-view behaviours on rocky shorelines 
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(e.g. Valvo et al., 2006; Limber and Murray, 2011, 2014; Limber et al., 2014). A key aspect 

of this work has been intentional simplification of process representations to improve the 

clarity of the insights that models can produce (Murray, 2003, 2007). Such ‘exploratory 

models’ have been applied to geomorphological research for many years (e.g. Murray and 

Paola, 1994; Murray and Thieler, 2004; Coco and Murray, 2007; Coco et al., 2007a, 2007b), 

but not specifically to the long-term development of rocky shore geometry. 

This study presents a new numerical model developed to explore the evolution of different 

shore profile geometries on rock coasts. The model purposely considers only a limited 

number of processes, each represented in a highly abstracted way. These simplifications 

allow the model to be used as a tool to help resolve the importance of environmental 

processes that control rocky shore profile development (e.g. Murray, 2003). This chapter 

describes the model framework, how coastal processes are represented in the model, and a 

number of simulations undertaken to explore the varied shore profiles that are produced. The 

discussion centres on evaluating model utility by highlighting (1) differences between the 

present model and existing rock profile evolution models, and (2) consistencies and 

inconsistencies between geometrical trends produced by the model and those seen in the 

natural environment. 

3.2.2. Erosion processes on rocky shores 

Considerable research has been undertaken on the multiple erosion processes that influence 

shore profile development on rock coasts. Wave erosion has historically been viewed as the 

primary formative agent (e.g. Bartrum, 1926; Edwards, 1951; Sunamura, 1978a, c; Tsujimoto, 

1987; Trenhaile, 2000), but some researchers have argued that rock weathering is more 

important (e.g. Bartrum, 1926; Wentworth, 1938; Hills, 1949; Stephenson and Kirk, 2000a, 

b). Most recent research acknowledges that each process is important and that the relative 

importance of different processes may change over time and space (Trenhaile, 2002b; 

Dickson, 2006: Trenhaile and Kanyaya, 2007; Trenhaile and Porter, 2007; Porter et al., 2010a, 

b, c). Erosion processes on rock coasts have been reviewed in detail within other work (e.g. 

Trenhaile, 1987; Sunamura, 1992; Stephenson et al., 2013), but Table 3.1 provides a 

summary of the key processes and process interactions which are known to be important and 

which are used to inform the mathematical description of processes in the model. 
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Table 3.1: Summary of key processes on rock coasts that drive rock coast development and are 

incorporated into the exploratory model. 

 

Process controls on rock coasts Reference studies 

Wave Transformation: 

 Nearshore transformation of waves on rocky shore is highly complex. A 

large portion of incident energy is reflected where the rock profile 

descends into deep water, whereas on wide, shallow platforms there is 

substantial energy dissipation.  

 

 It is generally assumed that exponential decay of wave height occurs 

following wave breaking on platform surfaces, but recent field 

measurements on sub-horizontal platforms with abrupt seaward scarps 

have drawn attention to complex wave attenuation behaviours and the 

role of different wave frequencies (e.g. incident vs. infragravity waves).  

 

 

Sunamura (1992) 

 

 

 

 

Sunamura (1992), Trenhaile 

(2000),  Beetham and Kench 

(2011), Marshall and 

Stephenson (2011),  Ogawa 

et al. (2011, 2012), Dickson 

et al. (2013) 

Wave erosion: 

 Hydraulic forces associated with wave breaking against rock include 

shock pressures, water hammer, and compression of air in rock joints; 

such processes can remove rock fragments (wave quarrying). Structural 

properties such as discontinuities also plays important role in enhancing 

wave quarrying. 

 

 Mechanical action includes abrasion of rock where waves are armed with 

entrained sediments, but beach or cliff debris may either enhance or 

dampen cliff erosion depending on the volume of available sediment.  

 

 Hydraulic and mechanical actions occur simultaneously, so 

distinguishing their relative importance is difficult. 

 

 

Trenhaile (1987), Sunamura 

(1992), Trenhaile and 

Kanyaya (2007), Cruslock et 

al. (2010), Naylor and 

Stephenson (2010) 

 

Robinson (1977b), Valvo et 

al. (2006) 

 

 

Sunamura(1992) 

Rock weathering:  

 Physical degradation of rock (e.g. by salt crystallisation) occurs on rocky 

shores through tidally controlled wetting and drying cycles. Weathering 

efficacy depends on lithological and environmental conditions, but 

laboratory experiments suggest that the greatest reduction in rock 

strength occurs at higher tidal levels and decreases with elevation within 

the intertidal zone.  

 

 Biological activity is also important in shore platform erosion and has 

been associated with both protective and destructive roles. The 

contribution relative to other formative processes is however not fully 

understood. 

 

 

Wentworth (1938), 

Stephenson and Kirk 

(2000b), Kanyaya and 

Trenhaile  (2005), Porter et 

al. (2010a, b, c) 

 

 

Trenhaile (1987), 

Stephenson and Kirk (1998, 

2000b), Stephenson (2000). 

Naylor et al. (2012) 

Sea level and tidal water fluctuations:  

 At different locations shore platform morphology may be partly inherited 

from historical sea-level positions, but only a few studies exist which 

have reliably obtained chronological data from rocky shores. 

 

 

 A positive correlation exists between mean spring tidal range and 

regional platform gradients, implying that tidal duration distribution 

controls the spatial distribution of rock profile erosion.  

 

 

Trenhaile et al (1999), 

Trenhaile (2002b), Blanco 

Chao et al. (2003), Choi et 

al. (2012), Regard et al. 

(2012) 

 

Trenhaile (1972, 1974, 1987, 

1999)  

 

Cliff mass failure: 

 Cliff mass failure can occur through many mechanisms, including deep-

seated slumps, small and large rock fall, debris and mudflows, and 

cantilever collapse. 

 

 

Trenhaile (1987), Sunamura 

(1992, 2015), Castedo et al. 

(2012, 2013), Rosser et al. 

(2013), Stephenson et al. 

(2013) 
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3.2.3. Model development 

3.2.3.1. Model framework 

The exploratory numerical model of shore profile formation developed in this study assumes 

that various profile geometries emerge from cliff erosion as a result of iterative dynamic 

interactions of the processes described above (Table 3.1). A simplified process framework of 

the driving and modulating processes is presented in Fig. 3.1. These process relationships are 

operationalised inside the model, with each iterative time step equivalent to a single year. 

Consequently, the net result of changes in the process framework (Fig. 3.1) represent annual 

change. 

 

 

 

 

 

 
 

 

Figure 3.1: Interactions between processes that contribute to shore profile development. Wave erosion, 

weathering and cliff mass failure are considered as an erosion driving process (grey box), while tidal 

water level fluctuation is employed as an erosion-modulating process (white box) which controls spatial 

variability of wave erosion and weathering. 
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The modelling approach for wave erosion follows Sunamura’s (1992) conceptual rocky shore 

evolution model in which, with a constant wave height input, hydraulic and mechanical 

actions are integrated into wave assailing force (FW), and wave erosion occurs when FW 

exceeds material resistance (FR). The model follows Trenhaile (e.g. 2008a) and Payo et al. 

(2015) in further dividing FW into two orthogonal components: horizontal cliff back-wearing 

and vertical down-wearing. Tidal water level fluctuations influence both components of FW, 

and the model follows Trenhaile (2000) in utilising the annual tidal duration distribution 

suggested by Carr and Graff (1982) to estimate the total annual FW at each intertidal elevation. 

Water level variations due to sea-level change are not considered in this initial study (similar 

to Limber and Murray, 2011). 

Weathering processes are incorporated through their operation on surficial rocks at each time 

step, which reduces FR. A number of studies highlight the prevalence of intertidal weathering, 

as opposed to sub- or supra-tidal weathering (e.g. Stephenson and Kirk, 2000b; Porter et al, 

2010a); hence, the model simulates weathering-reduced FR only within the intertidal zone. 

The influence of tidal water level fluctuation on weathering, as mediated through wetting and 

drying, is included by incorporating a weathering efficacy distribution, following Porter et al. 

(2010a). The biological influence on weathering is not considered in this study. 

The model considers only a cliff mass failure caused by waves undercutting the cliffs, 

followed by mass movement due to loss of basal support (Stephenson et al., 2013). The 

model assumes debris does not accumulate at the cliff toe, and therefore does not enhance or 

weaken the wave erosion at the cliff toe (e.g. Trenhaile, 2011). 

Physical representation of the coast is schematised on a 2-dimensional across-shore grid with 

positions specified in horizontal (x direction) and vertical (y direction) coordinates (Fig. 3.2). 

Each cell contains two values, one of which is a flag value of either ‘1’ or ‘0’ representing 

land and sea/air. The cross-shore profile is constructed by connecting all the cells with flag 

values of ‘1’ that have a boundary with sea/air. Erosion on land cells or cliff collapse above 

basal notch causes the flag to shift from 1 to 0 (Fig. 3.2). 
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Rock material resistance is represented by an additional cell value, between 0 and 1 as an 

example in Fig. 3.2. All cells are set to the same initial value for ‘land’ cells, with no attempt 

to account for lithological heterogeneity or rock discontinuities. 

3.2.3.2. Mathematical expression of coastal process 

3.2.3.2.1. Nearshore wave height transformation 

The model represents three different types of waves: unbroken, breaking and broken waves 

which vary spatially across the profile. Several simplifying assumptions are made: (1) wave 

height is constant before breaking, but decreases exponentially with distance after breaking; 

(2) waves do not reform after breaking; (3) wave erosion force is proportional to wave height 

of either an unbroken, breaking or broken wave depending on the relative horizontal position 

from the breaker point; and (4) eroded material is instantaneously removed and has no effect 

on wave erosion. These simplifying assumptions are similar to those made in other models of 

rocky shore erosion (e.g. Trenhaile, 2000); they represent an effort to focus attention on 

feedbacks between emergent profile shape and general wave behaviour, rather than the 

detailed hydrodynamics. However, an important difference between the present model and 

previous models is the explicit consideration afforded to the dynamic forces associated with 

different wave types (i.e. unbroken, breaking and broken waves). 

 
 

 

Figure 3.2: Overview of the cross-shore grid used to evaluate rocky shore development and a schematic 

view of profile changes. The numbers at the right bottom and the centre in each cell stand for flag 

value (1 or 0) and material resistance (FR) respectively. 
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The wave height transformation in the model, with respect to a horizontal position, is 

expressed as follows. Note that each mathematical expression in Eq. 3.1 represents unbroken, 

breaking and broken waves. 
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   (3.1) 

In Eq. 3.1, H is input (boundary) wave height; k1 and k2 are wave height attenuation 

coefficients for breaking and broken waves; x0 is the horizontal location of the breaker point 

cell where depth from the still water level (SWL) to the breaker point cell (x0, y0) is set as 

H/0.78 (after Komar, 1988). It should be noted that Eq. 3.1 suggests that wave type at a 

certain location is determined by the relative horizontal distance from the breaker point. 

The degree of wave height attenuation generally depends on both profile gradient and profile 

roughness (e.g. Trenhaile, 2000). Natural rock profiles are generally not smooth, so it is 

difficult to estimate the degree of wave height attenuation; hence, the model approximately 

set values of the wave height attenuation coefficients as follows: 

 
  SWk

Hk

01.0log

5.01.0log

2

1




        (3.2) 

where SW is the surf zone width over which broken waves dissipate their energy and reduce 

their height. SW is estimated using wave height and average profile slope gradient (β) as 

H/tanβ (e.g. Trenhaile, 2000), where β is set by finding a linear slope that minimises the 

vertical distance errors between the best fit slope and all surface cells between the breaker 

point (x0, y0) and the surficial rock (x, y) at SWL. The logarithm elements in Eq. 3.2 are set as 

0.1 and 0.01, so that (1) breaking waves attenuates at higher rate than broken waves and (2) 

broken wave height attenuates at rates similar to those employed in Trenhaile (2000) when 

SW is wide (e.g. >50 m). The horizontal ranges that breaking and broken waves exert force 

are set as 0.5H and SW respectively, so that broken waves exert force over much wider 

distances than breaking waves (SW>>0.5H) when β becomes small (Ogawa et al., 2011, 

2012). Note that preliminary tests confirmed insensitive nature of model behaviours 

discussed in this study to variations of horizontal ranges of breaking and broken waves, 

particularly when β becomes small. 
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3.2.3.2.2. Wave pressure induced spatial distribution of wave assailing force 

Sunamura (1991) hypothesised that spatial variation of wave assailing force is linearly related 

to the intensity of wave pressure. The model follows this approach in representing the 

magnitude and spatial distribution of wave assailing force. Previous research has revealed the 

magnitudes and shapes of wave pressure caused by standing, breaking and broken waves 

acting on a vertical wall (e.g. Horikawa, 1978), but little is known about the erosional 

efficacy of waves breaking and travelling overt the intricately rugged rocky shore (Trenhaile, 

1987). Moreover, where previous models drive rock erosion as a simple function of incident 

wave height (and wave period), the new model considers different wave types (unbroken, 

breaking, broken). Accordingly the model considers simple pressure distribution functions 

(P(x,y)) that contain a small number of magnitude and spatial components that can be tested: 
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where Cunbroken, Cbreaking, and Cbroken, and Punbroken(y), Pbreaking(y), and Pbroken(y) are scaling 

coefficients and shape functions, each representing the magnitude and spatial distribution of 

pressures exerted by different wave types. This study sets the relative magnitude of Cunbroken, 

Cbreaking, and Cbroken as 10
-3

, 10
2
, and 10

-2
 by (1) basing on the expressions considered in 

Tsujimoto (1987) for the maximum breaking and broken wave pressures (see the order of 

magnitude of scaling coefficients in Eqs. 7.8 and 7.9 in Tsujimoto (1987)), and (2) assuming 

Cunbroken < Cbroken, which in total can yield the relative magnitude of scaling coefficients as 

shown above. For the shape functions, this study chooses three simple shapes (Fig. 3.3) and 

systematically applied them to all the wave types in this study (except for the application of 

Pexp to Pbroken, see the model testing section), rather than specifically applying each shape to a 

certain wave type. This is because (1) uncertainty of exact pressure shape of waves attacking 

and traveling across the rugged rocky shores and (2) with highly simplified (exploratory) 

model and shape functions, various testing conditions allow us to investigate a wider range of 

parameter space. Note that each shape function is normalized where   1 dyyP . 
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3.2.3.2.3. Tidal modulation of wave assailing force 

The tidal duration distribution function (Td(y)) is constructed in the model using two 

vertically shifted sine functions that create peaks slightly below mean high water neap 

(MHWN) and above mean low water neap (MLWN) (Fig. 3.4a), consistent with the analyses 

of Carr and Graff (1982) and Trenhaile (2000) (Fig. 3.4b). Note that Td(y) is normalized 

where   1 dyyTd . 

 

 
 

 

Figure 3.3:  Shape function for the pressure distribution functions: (a) rectangular shape (Prec), (b) 

triangular shape (Ptri), and (c) exponential shape (Pexp), each being applied to all the wave types. Vshift is 

a parameter that allows maximum wave pressure to occur above SWL (e.g. see Sunamura, 1992), and 

y+max, and y-max are vertical ranges of shape functions. 

 

 

  
 

 

Figure 3.4: Shape of the tidal duration distribution. (a) Examples of modelled tidal duration 

distribution functions where MHWS, MLWS, MHWN, and MLWN denote mean high water spring, 

mean low water spring, mean high water neap, and mean low water neap, and (b) measured tidal 

duration distribution presented by Carr and Graff (1982) with a modification made by Trenhaile 

(2000). 
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3.2.3.2.4. Wave assailing force 

The wave assailing force is constructed by combining all the elements described above. The 

horizontal back-wearing wave assailing force (FW-BW) for the rock at (x, y) is expressed (Eq. 

3.4), using Eqs. 3.1 - 3.3, as follows, and the geometric relations of each component in Eq. 

3.4 are illustrated in Fig. 3.5a. Note that spatial components of wave assailing force (i.e. 

shape function) is discretized and distributed depending on profile shapes (Fig. 3.5a). 

       yTyxPxHyxF d,,BWW 
       (3.4) 

 

 

 

 
 

 

Figure 3.5: Geometric depiction of the (a) horizontal back-wearing and (b) vertical down-wearing force 

and their components using a rectangular shape function example, and (c) spatial depiction of the wave 

height decay. Note that SWL denotes still water level. 
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P(x,y) extends vertically even with a single water level elevation (e.g. Td(y)), such that Eq. 

3.4 also exerts force on surficial rock located within a vertical range of P(x,y) (an example is 

shown as F(x’,y’) in Fig. 3.5a). This force is expressed, using tidal duration function at y 

(Td(y)), as follows: 

       yTyxPxHyxF d',''','BWW 
        (3.5) 

The total horizontal back-wearing wave assailing force (FW-BW-total) for surficial rock at (x,y) 

is therefore estimated, considering the contribution of wave assailing force from different 

elevations (y’) within the intertidal range (MHWN≤ ≤MHWS) as follows: 

      


 
yy

yxFyxFyxF
'

BWWBWWtotalBWW ',,,
       (3.6) 

Stephenson and Kirk (2000a) estimated wave-induced down-wearing force on shore 

platforms using an expression suggested by Tsujimoto (1987), in which shear stress is a 

function of breaking wave height. Trenhaile (2000) also noted that wave generated down-

wearing erosion force is proportional to the erosion force occurring at SWL, and the intensity 

of down-wearing force declines exponentially with water depth, after linear wave theory. The 

approach in the model is to combine these ideas and express the vertical down-wearing wave 

assailing force for submarine rock at (x, y) as follows: 

       yk
exFyxF



 
SWL

BWWDWW
3SWL,SWL,,       (3.7) 

where FW-BW(x, SWL) is the back-wearing wave assailing force at SWL; k3 is a depth-decay 

coefficient (Fig. 3.5b). Few field data are available for k3, so this study assumes that the 

intensity of down-wearing force becomes small over the depth from SWL equal to wave 

height and express k3 as a function of x as follows. 

      xHxk 1.0log3          (3.8) 

Of note, Eq. 3.8 produces a similar declining rate of down-wearing force with depth as 

produced by Trenhaile (2000). Similar to the back-wearing wave assailing force, the total 

down-wearing wave assailing force for the submarine rock at (x,y) is a summation of down-

wearing force at various elevations within the intertidal range (MHWN≤ ≤MHWS): 

      
'

DWWtotalDWW ',,,
y

yyxFyxF        (3.9) 
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In each iteration, the wave assailing force at (x, y), estimated using either Eq. 3.6 or Eq. 3.9, 

is compared with the material resistance of surficial rock at (x, y), and when FW(x, y)≥FR(x, y), 

the rock at (x, y) is eroded. In some cases, more than one rock cell is eroded at one time when 

FW-BW or FW-DW is large enough (e.g. FW-BW(x, y) ≥ FR(x, y) + FR(x+1, y) or FW-DW(x, y) ≥ 

FR(x, y) + FR(x, y-1)). 

3.2.3.2.5. Intertidal weathering 

Intertidal weathering is modelled following the approach of Trenhaile (2008), who 

considered the spatial efficacy distribution of wetting and drying (e.g. Porter et al., 2010a). 

The model reduce the material resistance of intertidal surficial rock at (x, y) at each time step 

as follows: 

     yKWyxFyxF   ,, 1

RR
       (3.10)  

where FR(x,y) and  yxF ,1

R


  are material resistance of rock in current and previous iterations 

(K and W(y) stand for a weathering efficacy constant and weathering efficacy function). 

Complete disintegration of rock sometimes occurs when the material resistance becomes zero 

due to Eq. 3.10. Porter et al. (2010a) showed that wetting and drying in laboratory 

experiments is generally most effective at around the elevation of the lowest high tide, with 

decreasing efficacy above and below this level. Based on this, the shape of the weathering 

efficacy function is approximated as shown in Fig. 3.6 where the maximum of W(y) (Wmax) is 

set as Wmax =1. 

 

 

 
 

 

Figure 3.6: Weathering efficacy function after Porter et al. (2010a). 
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3.2.4. Model testing 

The parameter space selected for model testing is described below (section 3.2.4.1). 

Additional test conditions included initiating model runs with a vertical plunging cliff (a 

condition that is far from any model equilibria), and limiting model run-times to allow for a 

larger number of tests. This was achieved by either limiting the maximum width of profile 

development (50 m) or terminating runs after 2000 iterations (years). Note that preliminary 

tests confirmed insensitivity of basic model behaviours discussed in this study to the change 

of maximum profile width (e.g. 150 m). Further testing involved examining the influence of 

various grid cell sizes. 

3.2.4.1. Parameter space 

A range of parameter settings were selected so that morphologically varied model results 

were achieved within feasible computational times (summarised in Table 3.2). The relative 

magnitude difference of material resistance values were selected as 10 times as this was 

consistent to those used by Tsujimoto (1987) and Sunamura (1992) which showed varied 

shore profiles were achieved. Representative values for Cunbroken, Cbreaking, and Cbroken are set 

as 0.01, 10, and 0.1, so that (1) their relative intensities comply with the prerequisite 

condition defined in this study (see section 3.2.3.2.2) and (2) broken waves more or less 

could achieve erosion when rock resistance is soft (Table 3.3), which is consistent to 

Sunamura’s (1992) conceptual rocky shore erosion model. 

 

 

Table 3.2: Variables and their values used in model testing. Each column is independent of the 

others, except for y+max and Vshift, and no horizontal correlation is implied between them. 

 

Wave  

Height 

 (H) 

Mean  

Tidal Range 

 (MTR) 

Material  

Resistance  

(FR) 

Weathering  

Efficacy 

Constant 

 (K) 

Shape  

Function 

(P(y)) 

Upper  

limit of 

P(y)  

(y+max) 

Lower  

limit of 

P(y)  

(y-max) 

Vertical  

Shift  

 (Vshift) 

Low 

(1.5m) 

Micro (1m) Soft (0.5) Fast (K=5e-2) Prec H/2  H/2 H/4 

High 

(4.5m) 

Low-Meso 

(2m) 

Intermediate 

(5.0) 

Slow (K=5e-5) Ptri  0 0 

 Meso (4m) Hard (50)  Pexp 

 

   

 Mega (8m)       
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Table 3.3: The order of magnitude relationship between the wave assailing force of broken waves 

( FW=HCbrokenPbrokenTd ) and the range of parameter values, and the ratio (N) at which order of 

magnitude of wave assailing force is equal or greater than that of soft material resistance. Of note 

(1) wave height (H) is in millimetre, (2) Pbroken is approximately set as 1 due to the normalization of 

Pbroken(y) and the Eq. 3.6, and (3) Td is estimated supposing 0.1m grid cell. 

 

Cbroken H Td FW N 
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 10
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2
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0
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10
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0
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  10
-2

 10
-4

  

 10
1
 10

-1
 10

-2
  

  10
-2

 10
-3

  

 10
2
 10

-1
 10

-1
  

  10
-2

 10
-2

  
 

 

 

Initial tests showed that the model was insensitive to spatial variability in unbroken waves, 

and therefore this study applied Prec with the vertical range of wave height (y+max=H/2, y-max=-

H/2) and without a vertical shift (Vshift=0) to the shape function of unbroken waves 

throughout this study. Overall this study tested six combinations of shape functions (Table 

3.4a) and four combinations of Vshift, y+max, and y-max (Table 3.4b). 
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3.2.5. Results 

A total of 1152 model runs were undertaken, which are summarised and described in section 

3.2.5.2. Prior to the main simulation runs a number of sensitivity tests were undertaken to 

explore the effect of the discretization scheme on model outputs and computational efficiency. 

3.2.5.1. Grid cell size and computational efficiency 

Results of sensitivity testing shows that as model cell size is reduced a greater number of 

distinct profile geometries are produced (Fig. 3.7). Of note, the number of different profile 

geometries produced by the model does not increase as grid cell size reduces below 0.1 m, 

and the number of different geometries produced does not decrease below a grid cell size of 8 

m. However, while computational time is constant above grid cell sizes of 0.5 m, there is a 

sharp increase in computing time with grid cells of less than 0.5 m. Hence, results indicate 

that for this model a grid cell size of 0.1 m is optimal for maximizing profile variability and 

maintaining a reasonably short computational run time that allows for multiple model 

simulations. 

 

Table 3.4: Parameter combinations for the breaking and broken wave shape functions. (a) Combinations of 

shape functions for breaking and broken waves and (b) combinations of vertical ranges of each shape 

function and vertical shift parameter. In total there are 24 combinations within Table 3.4, each being 

fixedly applied in each model run. Note it is assumed that the highly concentrated Pexp occurs only in 

breaking waves, so that this study applied Pexp only to Pbreaking. 

 

        (a) 

No Pbreaking Pbroken 

1 Prec Prec 

2 Prec Ptri 

3 Ptri Prec 

4 Ptri Ptri 

5 Pexp Prec 

6 Pexp Ptri 

 

 

     (b) 

No y+max y-max Vshift 

1 H/2 - H/2 0 

2 H/2 - H/2 H/4 

3 H/2 0 0 

4  H/2 0 H/4 
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3.2.5.2. Model simulations of rocky shore geometry 

Of the total 1152 model runs, 33.4% did not develop eroded rocky shore profiles. In these 

cases the initial plunging cliff persisted through the model run, sometimes exhibiting a basal 

notch that deepened, but not to the extent of initiating cliff failure. These simulations 

occurred with high rock material resistance and slow weathering processes. Cliff erosion and 

subsequent rocky shore development occurred in all other model runs, and a variety of profile 

geometries emerged ranging from narrow rock ramps to intermediately wide shore platform 

profiles (Fig. 3.8a). In order to systematically classify the outputs, the seaward- and 

landward-most points were used to categorize profiles into 10 types (T1-T10), according to 

profile width, elevation and gradient (Fig. 3.8b and Table 3.5). MLWS elevation was selected 

as a demarcation boundary for profile elevation, because wider profiles mostly developed 

close to the level of MLWS. Although measurements in the field show that most shore 

platforms have gradients of less than 5 degrees (e.g. Trenhaile, 1999), the demarcation 

boundary for profile gradient was set as 22.4 degrees. This was chosen as an average profile 

gradient of whole model outputs which include high angled narrow rock ramps (e.g. Fig. 

3.8a). 

 

 
 

 

Figure 3.7: Sensitivity of various gird cell sizes to the number of profile geometries and computing 

time. Circles represent the number of profile geometries developed in 1152 model runs; triangles show 

the computing time at various grid cell sizes. 
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Table 3.6 presents a summary of each profile category and Fig. 3.9 shows examples of 

modelled profiles. Note that more than one profile are shown in some categories in Fig. 3.9, 

 

 
 

 

Figure 3.8: Cross-sectional view of some model outputs showing: (a) examples of narrow rock ramps 

and intermediately wide shore platform and their seaward- and landward-most points, and (b) 

geometric relations of profile width, elevation and gradient in relation to the seaward- and landward-

most points. 

 

Table 3.5: Definition and criteria used in the profile categorization. There are three categories in profile 

width each being one third of maximum width (50 m). 

 

Physical 

property 
Definition Categorization criteria 

Profile 

 width 
HD 

NARROW :  

<= 17m   

INTERMEDIATELY 

NARROW : 

> 17m & <= 34m 

INTERMEIATELY  

WIDE:  

> 34m 

Profile  

elevation 

Relative 

elevation of SP 

and LP from 

MLWS 

 

LOW: 

ELP < MLWS 

and 

ESP < MLWS 

 

 

INTERMEDIATE: 

ELP >= MLWS 

and 

ESP < MLWS 

 

HIGH: 

ELP >= MLWS 

and 

ESP >= MLWS 

Profile  

gradient 
G 

SMALL: 

<= 22.4 degrees 
- 

LARGE: 

 > 22.4 degrees 

HD = Horizontal distance between SP and LP,  

ESP = Elevation of SP from MLWS, ELP = Elevation of LP from MLWS,  

G = Approximate gradient of linear slope between SP and LP 
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as results sometimes exhibited varied geometries even within the same category. With the 

model testing space adopted, approximately one third of the model runs (33.2%, 383 cases) 

developed narrow profiles. This category also exhibited the largest variation in profile 

elevation. For instance, submerged T1 and T4 profiles had the lowest mean profile elevation 

of -2.0 m and -2.1 m (with minimum of -2.8 m and -3.3 m) from MSL but occurred in only 

1.1% (12 cases) and 0.9% (10 cases) of runs. In contrast, high elevation (e.g. MHWS level, 

such as T3 profile in Fig. 3.9) T3 and T6 profiles occurred more frequently (4.5% and 18.4%, 

52 and 212 cases), and their mean profile elevation reached as high as slightly below MSL 

(with maximum of 0.8 m) for T6 profiles. In general, a negative relationship is observed in 

model runs between platform gradient and platform width: the larger the profile gradient, the 

narrower the profile width. For example, mean profile widths of high gradient profiles (T4-

T6) were between 1.8 m and 2.3 m, while low gradient profiles (T1-T3) showed wider profile 

width (1.9-2.6 m) (Table 3.6). 

 

 

Table 3.6: Mean values of profile elevation from MSL, gradient and width in each category. 

 

Morphological 

class 
T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 

Profile 

elevation  

 (m above 

MSL) 

-2.0 -0.8 -0.2 -2.1 -1.4 -0.3 -0.6 -1.1 -1.1 -1.7 

Profile  

gradient 

(degree) 

17.4 16.5 13.1 29.6 44.9 47.2 4.4 8.5 3.2 4.2 

Profile  

width (m) 
2.4 2.6 1.9 2.0 2.3 1.8 21.1 20.2 48.7 48.7 
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Figure 3.9: Various profile geometiries produced in the model testing. Two horizontal dot lines in each profile denote the MHWS and MLWS elevations and the 

numbers next to the profile type are an occurrence ratio. Characteristic seaward geometries and its relative eleavtion form MLWS level are shown in dot circles, 

and profiles with gradually and abruptly descending seaward edge are labelled as T7a/T9a or T7b/T9b . 
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The total number of model runs that produced intermediate-narrow profiles (T7 and T8) was 

relatively small (16.7%, 192 cases). The mean profile elevation, gradient and width were 

similar for T7 and T8 profiles (Table 3.6), but the profiles differ at their seaward edge, 

because the seaward edge of T8 profiles merely represents a historical remnant of the initial 

plunging cliff (Fig. 3.9), whereas the seaward edge of T7 profiles emerged through erosion 

processes during model runs, and so is located at a more landward position than for T8 

profiles. Two general classes of T7 platforms were distinguished (T7a and T7b, Fig. 3.9) 

based on differences in the form of the eroded seaward edge, and while T7 platforms are rare 

(4.2% of model runs, 48 cases in total), they are significant as: (1) they have features that are 

sometimes used in morphological demarcation between sloping type-A and sub-horizontal 

type-B platforms, and; (2) the seaward profile edge emerges during profile development, in 

contrast with the widely held view that seaward edges only represent remnants from initial 

cliffing (e.g. Gill, 1950; Sunamura, 1992).  

Intermediately wide profile geometries were produced in 16.7% of simulations (192 cases) 

(T9 and T10, Fig. 3.9), same as that of intermediate-narrow profiles. The mean profile 

gradient of T9 and T10 were much smaller than other profile categories (3.2-4.2 degrees), 

producing flatter topography similar to shore platform geometry. Seaward scarps (which 

receded landward) were observed in a higher proportion of intermediate-wide profiles (T9a 

and T9b) than in the intermediate-narrow profiles (10.4% in total for T9 as opposed to 4.2% 

for T7), but the abrupt edge (T9b) only occurred in model runs with lower tidal ranges (Fig. 

3.9). Of note, intertidal seaward edges with a vertical drop sometimes emerged even in larger 

(meso/mega) tidal environments (e.g. T8 and T10 in Fig. 3.9), inconsistently to general field 

observations (e.g. Stephenson et al., 2013). This is because of an initial (vertical) profile 

geometry; there is a maximum depth of erosion below which an initial (vertical) profile 

persists and hence a seaward profile always ends abruptly. Nonetheless, it should be 

emphasized here is that the model also produced gently descending seaward profiles 

developed in larger (meso/mega) tidal environments (e.g. T9b in Fig. 3.9), which is consistent 

to general field observations.  

The influence of different parameters in the model testing is explored in Fig. 3.10, which 

shows parameter influence on profile gradient, width and elevation. Results suggest that 

mean tidal range (MTR), material resistance (FR) and the weathering efficacy constant (K) 

are key controls on morphological development in the modelled rocky profiles. For instance, 
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across the parameter space, mean profile gradient varied about >25 degrees with MTR, FR 

and K, whereas gradient varied <5 degrees when other parameters were varied. Similarly, 

more than 20 m variation in mean profile width resulted from varying FR and K values, in 

contrast to <5 m width variation associated with varying other parameters. In addition, the 

moderate morphological role of parameters associated with spatial variability of wave 

pressure (i.e. Pbreaking, and Vshift) on mean profile elevation in the model is noteworthy, as 

various distinctive wave types (i.e. standing/breaking/broken waves) and their spatial 

components are not considered in other rocky shore profile models; Trenhaile’s model (e.g. 

Trenhaile, 2000) employs various breaking type waves using Iribarren number but intensity 

and spatial components of those wave types are still limited to those mainly occurring on 

rock platforms. 

 

 

 

 
 

 

Figure 3.10: Influence of parameter values (Table 3.2) on mean profile gradient, width and elevation. 

Each mark represents the parameter type and its value. 

 

 

 

3.2.6. Discussion 

Model results show that a simplified representation of process-form interactions on rock 

shores can produce a wide range of rocky shore profile shapes, many of which are similar, 

superficially, to those observed in the field. The objective in this study differs from other 
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rocky shore profile models where focus is placed on studying shore platform geometry (e.g. 

Trenhaile, 2000), as well as the evolution of soft rock coasts (e.g. Walkden and Hall, 2005; 

Trenhaile, 2009, 2010b; Castedo et al., 2012). In contrast, the new model will be used to 

investigate the boundary controls on the broad range of rocky shore profiles that occur in the 

field. To investigate the research potential of the new model, the section below compares 

model outputs with existing rocky shore models, and then examines the consistency of model 

behaviour, both internally and with comparison to field data. 

3.2.6.1. Comparison of model outputs with existing rock shore profile evolution 

models 

The new model, like other existing models, follows theoretical work (e.g. Sunamura 1975, 

1992) that conceptualises rock erosion through the relationship between wave erosion force 

and rock resistance, but differences in the discretization scheme and representation of model 

forcing allow for a wide range of model outcomes. 

Existing hard rocky shore evolution models (e.g. Trenhaile, 2000) calculate a limited number 

of profile points (e.g. points at tidally distinctive elevations) to model cross-shore profile 

evolution. The new model discretises vertical space with a continuum of grid cells, which 

allows varied development of shore profile geometries across multiple elevations in response 

to spatial variation in erosion force (e.g. highly elevated T3 profile in Fig. 3.9). The model of 

Trenhaile (2000) produces a wide range of profile geometries particularly if sea-level position 

is varied (e.g. Trenhaile, 2001a), whereas the new model is suitable for studying the 

development of varied rocky shore profile shapes under constant sea level. A further 

difference between this model and existing models is that, while erosion is driven by a single 

boundary wave condition, there is spatial variability in the forcing due to consideration of 

various wave types and their wave pressure. This variability contributes to the range of 

profile geometries that emerge in the model, including morphological features that have been 

used to demarcate type-A and type-B platforms (e.g. T7a or T7b). Sunamura (1992) 

suggested, based on field observations from micro-tidal Japanese coasts, that rock resistance 

and the relative intensity between the force of different wave types is responsible for 

demarcating the development of various rocky shore geometries (i.e. type-A and type-B 

platforms, and plunging cliff). Initial results from the new model are consistent with this 

claim, but further testing is required to systematically explore the rocky shore demarcations 

described. 
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3.2.6.2. Comparison of model simulations and field observations 

Confidence in geomorphic models must arise in part from the ability of the model to replicate 

some aspects of observed morphology. On rocky shores, field data from Japan, UK and 

Canada show a general positive correlation between mean platform gradient (MPG) and 

mean tidal range (MTR) (Trenhaile, 1972, 1974, 1987, 1999): rT26.0β   where β and rT  are 

mean platform gradient in degrees and mean spring tidal range in meters in areas with little 

sediment-supply (Pérez-Alberti et al., 2012). In other studies, it has been suggested that mean 

platform elevation tends to be lower where shore platforms are wider, whereas higher, 

narrower platforms are associated with more resistant rocks and greater nearshore water 

depths (Trenhaile, 1987; Sunamura, 1992; Dickson, 2006). Modified parameter settings were 

applied in order to produce modelled platform profiles that are comparable with these field 

data (Fig. 3.11). The trends in Fig. 3.11 are generally consistent with field observations (e.g. 

Trenhaile, 1999; Dickson, 2006), showing similar positive and negative trends with respect to 

MPG/MTR and MPE/PW (Fig. 3.11a, 3.11b). Profiles with harder material resistance (FR) 

are narrower and higher, whereas those with weaker material resistance were wider and lower 

in elevation (Fig. 3.11c). Fig. 3.11 excludes the very high (+7 m) basalt platforms observed 

by Dickson (2006) around Lord Howe Island, because the evolutional mechanisms of those 

highly elevated narrow platforms are not fully understood. 

The trends in Fig. 3.11 are consistent, but there is disparity in absolute values (Fig. 3.11a, 

3.11b). Such disparity is not unexpected: Murray (2003, 2007) noted that in exploratory 

modelling, less attention should be afforded to accurate model reproduction of observed data, 

and more attention should be placed on confirming robust model behaviour trends. The 

emphasis here is that the model is capable of generating a wide range of profile geometries 

seen in general rocky coasts, while retaining internally consistent and robust behaviours that 

are generally comparable to those observed in the field. This suggests that the model could be 

a useful tool to explore the parameter space that controls rocky shore profile evolution. This 

is important because rocky shores, with slow rates of change and a lack of preserved evidence, 

still present fundamental questions concerning the dominant morphodynamics controlling 

platform evolution (Stephenson, 2000). 
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Figure 3.11: Scatter plots showing comparisons of model results and field observations with respect to 

(a) MPG/MTR and (b) MPE/PW, and (c) MPE/PW summary of model runs with different FR. Marks 

in Fig. 3.11a and 11c represent mean value of model runs with error bars showing standard deviations, 

and marks in Fig. 3.11b represent each model result and field data. MPE of calcarenite platform is 

approximately estimated assuming LAT≈MLWS and MSL=0.8m+MLWS where spring tide was 1.6 m 

(Dickson, 2006). 

 

 

3.2.7. Conclusion 

A wide range of rocky shore profile shapes exist in nature, but long-term geomorphological 

research generally has been focused on a smaller subset of gently sloping to sub-horizontal 

shore platforms. In this study a new numerical model is presented for the purpose of 

exploring the range of rocky shore profile shapes that exist in the field. The model is 

exploratory, and considers only a limited number of coastal processes that are assumed to 

govern erosion, including wave height, wave pressure, tidal water level fluctuation, and 

intertidal rock weathering. Initial model testing with a range of parameter values revealed that 

varied profile shapes do emerge, even with highly simplified process representations. Tests 

show that a sufficiently fine grid discretization scheme is important, as is consideration of 
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varied wave types, and spatially varied erosion force. Model results are shown to be robust 

and internally consistent, and model outcomes display similar trends to published field 

measurements, including relationships that have been observed between shore platform 

gradient and tidal range, and shore platform elevation and width. Rocky shores develop 

slowly and preserve little evidence of erosional trajectories. These facts have resulted in some 

long-standing, unresolved questions in rocky shore research. The detailed testing in this 

section provides confidence that the new model has the potential to be a powerful research 

tool in exploring some of these questions. 
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3.3. Modelling the development of varied shore profile geometries on rocky coasts 

 

Citation: Matsumoto, H., Dickson, M.E., Kench, P.S., 2016. Modelling the development of 

varied shore profile geometry on rocky coasts. Journal of Coastal Research, 75(sp1), 

597-601. DOI: 10.2112/SI75-120.1 

 

3.3.1. Introduction 

A large portion of the world’s shoreline consists of rocky coasts (Emery and Kuhn, 1982). 

The cliffs and shore platforms that characterise many of these coasts have been intensively 

studied (e.g. Sunamura, 1992; Trenhaile, 1987); however, very slow rates of morphological 

change and an absence of preserved evidence of the temporal development of shore profile 

geometry have limited scientific progress and left a number of fundamental questions 

unanswered (Stephenson, 2000). 

Numerical models have been identified as a key tool in making further progress 

understanding rocky shore development over long time scales (Naylor et al., 2010). Detailed 

process-based models require well developed mechanistic understanding of process-form 

relationships based on quantitative measurements, but the history of rock shore research, up 

until the last couple of decades (e.g. Stephenson and Kirk, 2000a, b; Kanyaya and Trenhaile, 

2005; Ogawa et al., 2011), is dominated by descriptive research. Furthermore, despite many 

advances in computational processing, it is still very difficult to use highly detailed numerical 

models to study long-term (Holocene-scale) landform evolution. For these reasons, the 

geomorphological development of rocky shorelines is well suited to exploratory modelling 

investigations (see Murray, 2007). 

Trenhaile’s (e.g. 2000) simplified mathematical model for hard-rock coasts is one example of 

a numerical tool that has been successfully used to explore long-term evolution of shore 

platform profiles. The modelling studies conducted by Trenhaile are extensive and consider a 

broad range of the different processes that influence shore platform development, including 

wave attack, weathering processes, existence of beach sediment, and sea level change (e.g. 

Trenhaile, 2000, 2001a, 2005, 2008a). This model has led to a number of important insights, 

but it is also limited in some respects. For instance, the discretisation scheme employed by 
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the model restricts the variety of rocky profile shapes that can emerge. The model also 

employs a restricted representation of wave types (i.e. only broken waves), which is 

noteworthy because the classical conceptual model proposed by Sunamura (1992), which is 

based on laboratory work and field observations from Japan, suggests that different wave 

types (i.e. breaking, broken, unbroken) might have formative roles in demarcating the 

evolution of different profile shapes. 

This section describes a newly developed rocky shore profile evolution model. Erosion in the 

model is driven by different wave types that attack rocks that are degraded in strength over 

time due to weathering. The model employs a flexible discretisation scheme that allows for 

emergence of a wide range of profile geometries. The modelling approach is based on the 

exploratory modelling principles described by Murray (2003, 2007), in which the modeller 

intentionally considers only a limited number of processes that are represented in simple 

terms. This approach has the advantage of both enhancing the clarity of the potential insights 

that models can produce, and also reducing computational demands, allowing repeated 

simulations with model run times that span long time periods. 

This section (i) analyses consistencies and inconsistencies between the new model outcomes 

and field observations from several sites around Japan on which Sunamura’s (1992) 

conceptual model was developed and (ii) discusses the importance of representing varied 

wave types in modelling the development of a range of rocky shore profile shapes. 

3.3.2. Results 

In this section outcomes from the newly developed model are evaluated against the field data 

from the Japanese coast described by Tsujimoto (1987) (see also Sunamura, 1992). Such an 

evaluation is desirable, because the Japanese data partly formed the basis for Sunamura’s 

(1992) influential conceptual rocky shore evolution model.  

The Japanese coast has a varied geology with rocks of differing resistance exposed to high 

wave energy in a microtidal environment. In general, plunging cliffs occur on hard rock 

coasts while shore platforms are commonly found on soft to intermediate-strength rocky 

coasts. Tsujimoto (1987) and Sunamura (1992) suggest that wave height and rock resistance 

are the critical controls on rocky shore profile development, deriving the relation ρgH/SC = 

1.7x10
-3

 as a boundary value of shore platform and plunging cliff development in relation to 

wave height and rock material strength (Fig 3.12). Note that H is the largest height of waves 
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impacting the coast under consideration, ρ is the density of water, g is the acceleration owing 

to gravity, and SC is the uniaxial compressive strength of rocks forming the coast.  

 

 

 

 
 

 

Figure 3.12: (a) Scatter plot showing modelled demarcation between shore platforms and plunging 

cliffs in relation to wave height and material resistance inputs. The hatched line shows the demarcation 

line determined from measurements on Japanese field sites. And (b) shape functions (P(x,y)) for wave 

pressure used in this study. In total 24 combinations of shape functions are tested in this study. 

 

 

 

The result of model runs, including shore platforms and plunging cliffs, are plotted in Fig 

3.12. Note that (1) a vertical plunging cliff was selected as an initial geometry and (2) same 

results of runs with different shape function combinations for different wave types (e.g. 

Pbreaking=P1, Pbroken=P2) are represented by a single circle, resulting in plotting smaller 

number of circles in Fig. 3.12 than actual number of model runs (in total 360 model runs). In 

order to compare model results with field data, single parameter values were used for mean 

tidal range (MTR=1m) and weathering efficacy constant (K=5e-2), and H was represented 

with five input wave heights (0.5 m, 1.5 m, 2.5 m, 3.5 m, and 4.5 m). Rock resistance was 

represented in the model with three values that were converted from model resistance (FR) to 

SC using a scaling coefficient that was selected to adjust for the difference in timescale 

between modelled time (2,000 years) and the likely time-scale over which shore platforms in 
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the field have developed (c. 6,000 years). (Note that the model timeframe, 2,000 iterations, 

was selected because it allowed multiple shapes to emerge, while also delivering run times 

that allowed a wide range of model tests).  

Figure 3.12 reveals that the model outputs are generally consistent with field observations 

from Japan. For example, regardless of input wave height, plunging cliffs persisted 

throughout model runs where harder rocks were present, whereas model runs with softer 

rocks produced shore platforms in all cases. Rocks of intermediate resistance had more 

complex outcomes. As expected, plunging cliffs persisted for intermediate rock resistance 

and low wave height. However, both plunging cliffs and shore platforms occurred in model 

runs where rocks of intermediate resistance encountered medium to high wave heights. This 

area of indeterminacy, mainly caused by variation of shape function combinations applied to 

different wave types, is investigated further in the discussion section. 

The model produces plunging cliffs and shore platforms in a manner that is consistent with 

field observations, but in nature a large variety of rocky shore profile shapes occur in addition 

to these two geometries. As yet, no model has attempted to simulate the very wide range of 

shapes that occur in nature. To examine the capacity of the model to simulate varied profile 

development 576 additional model runs with modified parameter values were conducted (see 

Figure 3.13). Model run times were limited to 2000 iterations (years) or a maximum profile 

width of 50 m (which was sufficient to allow a wide range of profile shapes). Fig. 3.13a 

shows examples of profile shapes that emerged from the model, including the temporal 

evolution of profile shapes and the occurrence of the different wave types (unbroken, 

breaking, and broken) that drove erosion through time. Depending on profile width and 

gradient, five different profile types (Q1-Q5) appeared, each being morphologically similar to 

those found in the field (Fig. 3.13). Plunging cliffs (Q1), sometimes with a notch created on 

the vertical wall, persisted in 27% (154 model runs) of model runs, usually when R was 

higher. Two narrow profile types developed in nearly half the model runs (Q2 = 40%, Q3 = 

8%), and were also associated with higher FR. The mean profile width and slope of the Q2 

and Q3 profiles were about 1m / 34 degrees and 12m / 4 degrees respectively. About 25% of 

model runs produced wider (c. 50 m), flatter shore profiles that are similar in form to shore 

platforms described in the literature. The platforms can be subdivided into Q4 (19% of model 

runs) and Q5 (6% of model runs) on the basis of (1) a subtle difference in mean profile 

gradient (1.7 degrees versus 0.9 degrees) and (2) the absence of a marked seaward edge on 
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Q4 profiles, in contrast to Q5 profiles, in which an abrupt scarp emerged at the seaward 

margin of their profile. The fact that the scarp emerged in the model runs is notable, because 

it is generally assumed in field studies that the seaward edge is a geomorphological remnant 

of the initial erosion of a steep cliff (Sunamura, 1992; Dickson, 2006). 

 

 

 

 
 

 

Figure 3.13: (a) Temporal profile changes of various profile types, (b) their wave type occurrence within 

intertidal elevations, and (c) modified parameters. 

 

 

In addition to variation in profile shape, there were also clear temporal variations in wave 

type occurrence between different profile shapes (Fig. 3.13b). Model runs in which plunging 

cliffs (Q1) persisted were dominated by unbroken waves, although some breaking waves did 

occur. In contrast, all three wave types (unbroken, breaking and broken) occurred during the 

evolution of profiles Q2-Q5. In the model, different wave types exert different erosive force 

(see section 3.2.3.2). The section below discusses the importance of representing different 

wave types if the objective is to model a range of emergent shore profile geometries. 

3.3.3. Discussion 

The goal of this exploratory modelling research has been to develop a numerical model with 

the flexibility to simulate a broader range of rocky shore profile shapes that are broadly 



Chapter 3: Numerical model development 

63 
 

consistent with the shapes observed in nature. The section below (1) examines the extent to 

which results are consistent with field observations, and (2) discusses the importance of 

representing varied wave types in modelling the development of a range of rocky shore 

profile shapes. 

The emergence of multiple profile shapes in the model is encouraging, and distinguishes it 

from other existing rocky shore evolution models. It is also encouraging that a comparison 

with field data from the Japanese coast (Tsujimoto, 1987; Sunamura, 1992) reveals a similar 

basic demarcation between plunging cliffs and shore platform profiles. There is a region of 

indeterminacy in the parameter space corresponding to rocks of intermediate resistance (500 

tonnes/m
2
) attacked by all except the smallest wave conditions. However, uncertainty also 

exists in the field data, because plots in some locations inconsistently occur outside of the 

demarcated region (see Sunamura, 1992; Tsujimoto, 1987). In nature some uncertainty exists 

in obtaining precise values for rock resistance and wave force, hence it is difficult in practice 

to precisely quantify this boundary region. Likewise, relatively subtle changes in the model 

forcing (resulting from the breadth of the erosion shape functions used in model runs) can 

result in both plunging cliffs and shore platforms in the vicinity of the demarcation boundary. 

In addition to plunging cliffs and shore platforms, the model produces a range of shapes 

including narrow benches and steeply sloping profiles. The key components of the model that 

result in these different shapes are: (1) a grid cell discretisation scheme that allows multiple 

forms; (2) three different wave types, each associated with different erosive potential. The 

advantages of a grid discretisation scheme are relatively clear, but the application of different 

wave types in rocky shore profile modelling is new and needs further discussion. 

Trenhaile (2000) argued that it is sufficient to model only breaking waves in examining shore 

platform evolution. Similarly, if the model is forced with only breaking waves and a single 

erosive distribution, it also creates shore platforms. In contrast, the full range of modelled 

profile shapes requires a broader range of wave types. In this modelling study, broken waves 

dominated the erosional evolution of shore platforms (Q4 and Q5 profiles), as predicted by 

Trenhaile (2000), but unbroken waves must be represented if plunging cliffs are to persist, 

because attacking the cliff persistently with broken or breaking waves will inevitably result in 

erosion and shore profile flattening. Similarly, it is important to represent breaking waves: in 

this modelling study, a range of interesting profile features emerged during model runs as a 

result of wave breaking on certain parts of the profile. For instance, the characteristic seaward 
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geometries of Q3 and Q5 profiles were formed during or immediately after intense breaking 

wave occurrence (e.g. T=100 for Q3 and T=10 for Q5). This interesting result warrants 

further consideration in future work, because it is generally assumed that the seaward edge of 

shore platforms is immutable and a remnant of the initial conditions at the time of platform 

initiation. 

3.3.4. Conclusion 

Section 3.3 describes results from a newly developed rocky shore profile evolution model. 

Based on an exploratory modelling approach, the present model considers only a limited 

number of coastal processes and represents them rather numerically simply. Initial model 

evaluation demonstrates that the model is capable of producing behaviours that are 

qualitatively consistent to those found in field studies. Unlike existing rocky shore models, 

which focus on shore platform evolution, the new model produces a broader range of profile 

shapes, such as steeper slopes and shore platforms with an emergent step. These features 

result from a combination of the grid discretisation scheme and representation of varied wave 

erosive force.    
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3.4.  Summary and conclusion 

This chapter presents development and initial evaluations of a new exploratory-type 

numerical rocky shore profile evolution model. The initial tests described in this chapter 

show that the new model is capable of producing a wide range of shore profile geometries, 

model behaviours that are robust and internally consistent, and model outcomes that are 

generally consistent with field-based observations from previous shore platform studies (i.e. 

Tsujimoto, 1987; Trenhaile, 1999; Dickson, 2006). The ability to produce multiple platform 

profile shapes across a broad parameter space is a key feature of the new model, as existing 

models generally produce fewer shore geometries under stable sea level. Further evaluations 

of model outcomes in relation to temporal changes of wave types illustrate that consideration 

of various wave types with spatially different wave pressures is one of the components in the 

new model that allows for the emergence of varied profile geometries. Notably, existing 

numerical models consider only limited wave types, while previous laboratory and theoretical 

studies by Sunamura (e.g. 1975, 1992) emphasize the importance of various wave type 

considerations.  

This chapter also highlights that some differences exist between model simulations and field 

observations. However, a degree of variability should be tolerated, given that large 

morphological variability exists in natural rocky shores, and also that numerous 

simplifications have been made in model development. The purpose of this thesis is to 

develop an exploratory-type numerical tool that could help improving rocky shore 

understanding, rather than accurately reproducing rocky shore morphology in fields. 

Understanding of rocky shore processes is still limited, and exploratory-type models have 

been shown to be useful in investigating phenomena that are poorly understood (Murray, 

2003, 2007). In this context, the new exploratory-type numerical model should be of great 

use for the purpose of the thesis.  
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Appendix 

This appendix presents the methodology part of Matsumoto et al. (2016b). 

The model space is discretized in 10cm square grid cells with positions specified in 

horizontal (x) and vertical (y) coordinates. This scheme allows a wide range of profile 

geometries to emerge. Each cell represents either sea/air or land; cross-sectional rocky shore 

profiles are constructed by connecting all the surficial land cells. 

This study assume that a rocky shore evolves iteratively as a result of the annually averaged 

dynamic interactions of coastal processes. Table 3.7 shows these processes together with their 

mathematical representation in the model. 

 

Table 3.7: Summary of key processes considered in the model 

 

Process controls on rocky shore development Theoretical framework 

Wave erosion Sunamura (1992) 

Rock weathering Kanyaya and Trenhaile (2005) 

Tidal water level fluctuations Car and Graff (1982), Trenhaile (2000) 
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The model follows Sunamura’s (1992) approach to modelling wave erosion on rocky shores 

(Eq. 3.11) in which the wave assailing force is estimated using incident wave height (H(x)), 

wave pressure (P(x,y)), and the tidal duration distribution (Td(y)) (Eq. 3.12). The approach to 

weathering differs from those in Trenhaile (2008a) in which reduced material resistance is 

used. In the model, the resistance of surficial rock is deteriorated iteratively at a rate 

determined by a weathering efficacy constant (K) and weathering efficacy function (W(y)) 

(Eq. 3.16). Note that: (1) H and FR in Eq. 3.13, 3.14, and 3.15 represent input wave height 

and material resistance, and (2) FR(x,y)and  yxF ,1
R


 are material resistance of rock in 

current and previous iterations. 

The model explicitly represents three different wave types: unbroken, breaking, and broken 

waves. H(x) varies according to wave types, which depend on (1) relative horizontal distance 

from the breaker point (x0,y0) where the depth from the still water level (SWL) to the breaker 

point is set as H/0.78 (e.g. Trenhaile, 2000), and (2) half the wave height (0.5H) (Eq. 3.13). 

This approach assumes that (1) the wave height of an unbroken wave is constant initially, but 

wave height decays exponentially with distance after breaking (after Sunamura, 1992), (2) no 

wave reformation is possible after breaking. k1 and k2 are wave height attenuation coefficients 

for breaking and broken waves and are approximated as k1=log(0.1)/0.5H and 

k2=log(0.01)/SW, where SW is the surf zone width over which broken waves dissipate their 

energy and reduce their height. SW is estimated using wave height and average profile 

gradient (β) as H/tan β (see Trenhaile, 2000). The logarithm elements in k1 and k2 are set as 

0.1 and 0.01 so that wave height becomes (1) one tenth of the initial wave height over the 

distance equal to half the input wave height and (2) negligible (<0.001) over the total wave 

attenuation distance (0.5H+SW). The horizontal ranges over which breaking and broken 

waves exert force are set as 0.5H and SW respectively, so that broken waves exert force over 

much wider distances than breaking waves (SW>>0.5H) when β becomes small (Ogawa et al., 

2011, 2012). 

The erosive force of waves also varies depending on wave types, but little detailed 

information is available about the spatially varied erosional efficacy of unbroken, breaking, 

and broken waves acting on complex rocky shore topography (Trenhaile, 1987). Accordingly, 

this study tests three shape functions, P1, P2, and P3 (see Fig. 3.12), with a maximum peak 

occurring at either SWL or quarter of the wave height (H/4) above SWL for 

Punbroken/Pbreaking/Pbroken (Eq. 3.14). Scaling coefficients in Eq. 3.14 (i.e. Cunbroken, Cbreaking, and 
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Cbroken) which represent magnitude of pressure of different waves are set as 0.01, 10, and 0.1 

respectively by assuming that the relative magnitude of wave pressure is considerably higher 

for breaking waves than broken waves and unbroken waves exert the lowest pressures 

(Sunamura, 1992). Note that (1) P1, P2, and P3 approximately resembles shapes determined 

from theoretical and experimental work on the wave pressure distributions acting on vertical 

walls (see Sunamura 1992; Trenhaile, 1987), (2) each shape function is normalized where 

  1 dyyP , and (3) a single shape (P1 with a peak at SWL) is applied to Punbroken throughout 

of this study as preliminarily tests confirmed that varied shapes of Punbroken have little 

influence on model results. 

The influence of tidal water level fluctuations on wave assailing force is integrated into the 

model through Td(y), which is constructed using two shifted sine functions that create peaks 

slightly below mean high water neap (MHWN) and above mean low water neap (MLWN). 

This approach is generally consistent with the analyses of Carr and Graff (1982) and 

Trenhaile (2000). Note that Td(y) is normalized where   1 dyyTd . The tidal water fluctuation 

also spatially influences the material-resistance degradation of rocks due to rock weathering; 

W(y) represents spatial variability in weathering efficacy which has its peak around mean 

high water neap (MHWN) with decreasing efficacy above and below this level up to mean 

high water spring (MHWS) and down to mean low water spring (MLWS) (see Figure 10 in 

Kanyaya and Trenhaile, 2005). Note that (1) complete disintegration of rocks sometimes 

occurs when the material resistance becomes zero due to Eq. 3.16, and (2) W(y) is normalized 

where   1 dyyW . 

In each iteration, the model estimates wave assailing force at every elevations (cells) within 

the mean tidal range (MTR) in order to consider tidal water level fluctuation. However, as 

wave assailing force in Eq. 3.12 exerts force on surficial rocks located at elevations above 

and below water level as shape functions extends vertically, there is a contribution of erosion 

force from different elevations (e.g. y’). Therefore, the total wave assailing force for a 

surficial rock cell at (x,y) is estimated, using water level at y’ that is within vertical mean tidal 

range (MHWN≤y’≤MHWS), as follows: 

             


 
yy

d yTyxPxHyTyxPxHyxF
'

dtotalW ',,,     (3.12) 
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The model also considers down-wearing wave assailing force (FW-DW-total). The model 

assumes that (1) wave-induced down-wearing shear stress is a function of wave height (see 

Tsujimoto, 1987 and Stephenson and Kirk, 2000a), (2) the intensity of down-wearing force is 

proportional to the wave assailing force occurring at water level (FW-total(x,y)), and (3) down-

wearing force declines exponentially with water depth (see Trenhaile, 2000). Accordingly, 

FW-DW-total to the submerged surficial rock at (x,y) is expressed as follows: 

     




 

MHWS'MLWS

'3
totalWtotal-DWW y ',,

y

yyk
exFyxF      (3.13) 

where k3 is a depth-decay coefficient. Few field data are available for k3; hence, this study 

assumes that the intensity of down-wearing force becomes small over the depth from SWL 

equal to wave height and express k3 as a function of x as k3(x)=log(0.1)/H1(x). Of note, k3 

produces a similar declining rate of down-wearing force with depth as modelled by Trenhaile 

(2000). 

Simplified cantilever-type cliff mass failure is integrated into the model. The cantilever block 

cells above a notch created by basal erosion are instantaneously removed from the modelled 

system (i.e. land cells shift to sea/air cells), once the geometrical condition of cantilevered 

blocks reaches a critical condition. This threshold value has no morphological feedback on 

the eroding system; a value was selected simply to allow cliff collapse at a physically 

sensible speed. 
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Chapter 4: Numerical model validation 

4.1. Introduction 

This chapter describes a validation of the new exploratory-type numerical model developed 

in Chapter 3 using an empirical process-morphology relation derived in this chapter. As 

described in Chapter 3, model behaviour has been shown to be internally consistent and 

robust, and model outputs have been shown to be comparable to selected field observations 

from previous rocky shore platform studies. However, a goal of this thesis is to develop an 

exploratory-type numerical tool that is applicable to a broad range of rocky shore types, and 

therefore further model validation using larger-scale data are necessary.  

As described in Chapter 2, as yet there has been no systematic, large-scale study of shore 

platform geometry. Previous work has generally been focusing on a single site or comparing 

a small number of sites (Kennedy, 2014). Consequently this chapter conducts a systematic 

and spatially large-scale analysis of rocky shore platform morphology with the goal of (i) 

deriving an empirical process-morphology relation across a range of profile shapes, and (ii) 

examining the validity of the new numerical model against the derived empirical relation.  

The bulk of this chapter (Section 4.2) is a reproduction of the published journal article 

Matsumoto et al. (2017). It describes (a) the development of a semi-automated shore-normal 

shore platform profile extraction method using LiDAR derived DEMs from about 700 km 

coastline in SW England, along with descriptions of environmental processes at the study 

coasts; and (b) a derivation of the empirical relation regarding shore platform gradient in 

relation to environmental processes (i.e. tidal range, wave height and rock strength), using a 

multi-variate linear regression analysis. Section 4.3 is additional work beyond Matsumoto et 

al. (2017) that describes a numerical derivation of a comparable process-morphology relation 

based on simulations from the new model described in Chapter 3. Section 4.3 compares 

results of the DEM-based and simulation-based process-morphology relations regarding 

shore platform gradient. The outcome of the comparison are used to examine the validity of 

the new model based on the testing strategy of exploratory-type models described by Murray 

(e.g. 2003). 
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4.2. Systematic analysis of rocky shore platform morphology at large spatial scale 

using LiDAR-derived digital elevation models 

 

Citation: Matsumoto, H., Dickson, M.E., Masselink, G., 2017. Systematic analysis of rocky 

shore platform morphology at large spatial scale using LiDAR-derived digital 

elevation models. Geomorphology 286, 45-57. DOI: 

10.1016/j.geomorph.2017.03.011 

 

4.2.1. Introduction 

A range of landforms occur along rocky shorelines, but particular research attention has been 

afforded to the distinctive low-gradient intertidal shore platforms that often occur in front of 

eroding cliffs (e.g. Trenhaile, 1987; Sunamura, 1992). Early studies of shore platform 

geomorphology were highly descriptive and focussed on a small number of platforms, 

distinguished in their morphology in some respect (e.g., Dana, 1849; Bartrum, 1926, 1938; 

Wentworth, 1938; Edwards, 1951). This is because slow rates of morphological change and 

lack of preserved evidence restricted the application of process-based morphodynamic studies 

(Trenhaile, 1980; Stephenson, 2000). Likewise, logistics dictated that most researchers could 

work only at a single field site, or perhaps comparing a small number of field sites. 

In spite of such difficulties, there have been several key morphological findings reported in 

the late 20
th

 Century, including: (1) a conceptual demarcation of two shore platform 

geometries as well as plunging sea cliffs in relation to the relative force of waves and rock 

resistance (Tsujimoto, 1987; Sunamura, 1992); and (2) widespread positive correlation 

between mean shore platform gradient and mean spring tidal range (e.g. Trenhaile, 1987, 

1999). However, some key areas of morphodynamic understanding remain unclear. For 

instance, despite recent work describing how process dominance may change through time 

(Dickson, 2006; Trenhaile, 2008a, b), it is apparent that the classical long-standing debate 

over the relative dominance of wave and weathering processes has not been clearly resolved 

(Stephenson, 2000). Overall, despite a great deal of research, slow developmental trajectories, 

a very wide range of forcing conditions and local site-specific factors mean that shore 

platform morphology remains an ambiguous indicator of process (Mii, 1962). 
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Recent research on shore platforms has seen emphasis move from qualitative to quantitative, 

facilitated by high-frequency, sensitive and portable measuring devices, including pressure 

transducers (e.g. Stephenson, 2000; Farrell et al., 2009; Ogawa et al., 2011, 2012, 2016), 

seismometers (e.g. Adams et al., 2002; Young et al., 2011, 2016; Dickson and Pentney, 2012; 

Norman et al., 2013), micro-erosion meters (e.g. Stephenson and Kirk,1998, 2000a, b; 

Kanyaya and Trenhaile, 2005; Swantesson et al., 2006; Porter et al., 2010a, b, c) and laser 

scanners (e.g. Swantesson et al., 2006; Lim et al., 2011; Rosser et al., 2013). These studies 

have begun to provide details on the rates of morphological change and the process regime 

responsible for these changes. However, it is notable that these studies have continued to be 

rather local in scale, due to measuring-range constraints. Few studies to date have examined 

the potential of broad-scale quantitative methods for understanding rocky shore evolution.  

LiDAR (light detection and ranging) is now a very widely used geomorphological research 

tool. On rocky shores, Kennedy et al. (2014) and Duperret et al. (2016) combined LiDAR-

derived elevation models with bathymetric data to produce seamless onshore-offshore rocky 

shore profiles. They demonstrated its usefulness in studying historical erosional events when 

sea levels are different from today. Along 4.2 km of the North Yorkshire (UK) coast Swirad 

et al. (2016) used LiDAR data and ortho-photographs to reveal weak correlations between 

shore platform morphology and various environmental controls, suggesting that further 

consideration of coastal inheritance and detailed rock resistance representations is required in 

coastal models. Palamara et al. (2007) used LiDAR-derived terrain models to map 2 km of 

shore platform in southeastern New Zealand. The technique was capable, with caveats, of 

automatically discerning the cliff-platform junction, seaward platform edge and an upper 

erosional surface. Palamara et al. (2007, p946-947) noted that “If ALS [airborne laser scan] 

data prove useful for mapping shore platform morphology at this [local 2 km] scale, there is 

an opportunity to consider evolution of rocky coast landforms at the regional scale using a 

single dataset”.  

This study aims to systematically analyse rocky shore platform morphology at large region-

wide scales using LiDAR derived digital elevation models (DEMs). Particular interest is 

placed on shore platform gradient, width and roughness at an analysis scale afforded by 

LiDAR-derived DEMs with 1 m resolution. Section 4.2.3 and 4.2.4 describe a method to 

semi-automatically extract shore-normal shore platform profiles and Section 4.2.5 presents 

results from an analysis of approximately ~700 km of southwest England coastline. This 
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coastline is notable particularly in respect to the broad and relatively regular transition in tidal 

range that occurs from north (more than 10 m spring tidal range at North Devon) to south 

(around 4 m spring tidal range at South Devon). Many other factors vary across the 700 km 

expanse of coast, including rock strength and exposure to wave energy, but the large and 

regular transition in tidal range supports the establishment of a simple testable proposition: is 

platform gradient positively correlated with tidal range? The literature suggests that this 

should be the case (see Trenhaile, 1999), but previous studies have focussed on a relatively 

small number of shore platform sites that had been specifically selected for analysis due to 

cross-site variability of factors such as rock structure. The focus therefore, is to question 

whether an automated systematic analysis of platform morphology over a broad regional 

scale will yield similar process relationships to those inferred from prior local site studies. 

4.2.2. Study area 

The southwest region of England is subject to a diverse coastal setting (Fig. 4.1) with a very 

large variation experienced both in the wave climate and tidal regime (Scott et al., 2011). The 

Atlantic Ocean produces a mixture of ocean swell to locally-generated wind waves to most 

coasts, but the significance of different wave types varies owing to local orientation of the 

coasts and geographical setting (e.g. Bristol Channel and English Channel) (Fig. 4.1b). The 

lithological setting also varies, with resistant igneous rock in part of the north and southwest, 

in comparison to moderately-hard sedimentary rocks in other places (Fig. 4.1d) (Clayton and 

Shamoon, 1998). Tidal regime also varies significantly, but, in contrast to the variability in 

waves and lithology, the tidal regime varies systematically along the coast with mega-tidal 

spring tide ranges of 9-10 m around the Bristol Channel and macro-tidal spring tide ranges of 

around 4 m around the English Channel (Fig. 4.1c). As a result of such a diverse setting, 

coastal geomorphology also varies considerably, but most of coasts in southwest England are 

characterized by large expanses of rocky coastline alternated by embayed beaches, small 

estuaries and rocky headlands (Scott et al., 2011). 
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Figure 4.1: a) Map of the England; b) mean wave power, based on hourly model hindcast over 7 years, 

modified from Scott et al. (2011); c) mean spring tidal range (based on data derived from an average 

tidal year), modified from Scott et al. (2011); d) resistance of geology to denudation, modified from 

Clayton and Shamoon (1998); and e) map of study area with hatched squares showing the location of 

Ordinance Survey Great Britain 1936 (OSGB36) grids in the study area and OSGB36 grid names. 

Circles and triangular marks in Fig. 4.1e show locations of points where estimates exist of wave height, 

mean spring tidal range (MTR) and mean sea level (MSL). 
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This study used the “SS”, “SW”, and “SX” tiles from OSGB36 which covers approximately 

700 km of coastline from east of Minehead in the north, to east of Exeter in the south (Fig. 

4.1e). Fig. 4.1e also shows the locations of points where tide and wave data used in this study 

were observed/estimated.  

4.2.3. Methods 

Algorithms were developed to allow (1) semi-automatic extraction of shore platform cross-

shore profiles from digital elevation models, and (2) morphometric analysis. 

4.2.3.1.  LiDAR-derived surface models 

A digital elevation model (DEM) derived from LiDAR surveys along England coastline was 

provided by the Channel Coastal Observatory (http://www.channelcoast.org/). DEMs were 

captured using an OPTEC GEMINI and OPTEC ALTM 3100 system coupled with a dual 

frequency carrier phase global navigation satellite system for positioning. Cleaning (e.g. 

removing spurious points such as flying birds or fog, etc.) and filtering (e.g. removing 

seawater, building and vegetation) had already been applied to the raw digital surface 

elevation (Channel Coastal Observatory, 2014). The resulting processed DEMs were 

provided as a form of 1000 m or 500 m square tile on the OSGB36 grid, with 1 m spatial 

resolution containing either 1000 x 1000 or 500 x 500 elevation values, referenced to the 

Ordnance Datum Newlyn with minimum vertical accuracy of ± 0.1 m. This was achieved 

through ground-truthing using hard surface and/or features with known elevation, surveyed 

using real time kinematic (RTK) global positioning system which yields vertical accuracy of 

± 0.03 m, which took place every 10-15 km alongshore distance (Channel Coastal 

Observatory, 2014). 

4.2.3.2. Data mining 

The Channel Coastal Observatory provided shore-normal transect lines at approximately 50 

m intervals around the southwest England shoreline. These transects are ideal locations to 

extract elevation data from the DEMs, because most of the transects have an accompanying 

shoreline classification, such as: rock platform, beach, rock platform with beach, and various 

engineering features (e.g. groynes, breakwaters). Table 4.1 shows a general breakdown of 

http://www.channelcoast.org/
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transect categorization in the currently studying area. This analysis focussed on the rock 

(shore) platform categorisation; transects were omitted if they were categorized other than 

‘Rock Platform’ or ‘Cliff-Rock Platform’, or had no categorisation, more than one 

categorisation, or engineering features. As a result, 6,764 transect lines were obtained as 

potentially useful shore platform transects (Table 4.1). 

 

 

Table 4.1: Breakdown of the number of shoreline types along the southwest England coastline. 

 

Shoreline 

classification 
Type 

Number of 

transects 
Ratio 

Natural features Cliff / Cliff with others such as beach 3,758 28.2% 

 Cliff-Rock Platform / Rock Platform 6,764 50.8% 

 Beach (including barrier / shingle beach )  386 2.9% 

 Dune / Inter-tidal / Spit / Inlet Entrance 75 0.6% 

    

Natural features plus 

coastal defences 

Cliff/Rock Platform - Rock Revetment/Seawall  282 2.1% 

Beach -Embankment/Revetment/Seawall/Groyn 457 3.4% 

    

Coastal defences Breakwater / Embankment / Revetment / Seawall 105 0.2% 

    

No or more than one 

categorization 

 

 1,489 11.2% 

   

Total  13,316 100% 

 

 

 

 

Each transect line was extended 1.2 km in length to ensure that it encompassed the seaward 

and landward extent of the landform of interest. Some transects were found to deviate 

significantly from the shore-normal orientation of the coast, particularly where the coastline 

was rugged in planform. These profiles were excluded by estimating the average shoreline 

bearing for each transect (on the basis of the crossing points between shoreline and the two 

adjacent transects) and eliminating transects if D < 60 degrees or D > 120 degrees, where D 

(0 <= D <= 180 degrees) was the angle between the transect and the average shoreline 

bearing (Fig. 4.2). As a result, 1,223 transects out of potentially useful 6,764 transects were 

excluded. 
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Figure 4.2: Schematic view of piece-wise averaged shoreline for each transect. 

 

 

 

Figure 4.3 shows a process flow of the profile-extraction methodology. DEMs, shore-normal 

transects and shoreline types were manually downloaded from the Channel Coastal 

Observatory. Computer programs were developed to automatically store coordinate 

information of DEMs in a look-up table (LUT) and extract cross-shore profile elevation data. 

For each transect, the corresponding DEM(s) was(were) retrieved using a look-up table, and 

transect orientation and shoreline type were examined to select “true” shore-normal shore 

platform transects. Elevation values were estimated at 1 m spacing across transects by 

interpolating the values of the DEM cell within which each sampling point occurred, and in 

the eight surrounding DEM cells (Fig. 4.4). 
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Figure 4.3: Overview of semi-automated shore platform profile extraction.  

 

 

 

  
 

 

Figure 4.4: Schematic view of cross-shore profile extraction from 1 m DEM. The horizontal and 

vertical coordinates of each sampling point are rounded off to the closest first decimal number in 

order to uniquely determine the elevation value. 
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4.2.3.3. Morphometric description 

Many different aspects of meso-scale shore platform morphology have been described in the 

research literature (e.g. see Trenhaile, 1987), and more recently there has been focus on 

micro-scale morphological descriptions (e.g. Dornbusch et al., 2008; Dornbusch and 

Robinson, 2011). This study focussed on automatically characterising meso-scale 

morphology; the mean intertidal platform gradient (PG), intertidal platform width (PW) and 

intertidal platform roughness (PR). These metrics were determined for each cross-shore 

platform profile using three equations (Eq. 4.1-4.3), where N is the total number of sampling 

elements along the transect, and F is an approximate line extending between mean high water 

spring (MHWS) and mean low water spring (MLWS) elevations. Shore platform roughness 

was estimated by analysing the variability in a polynomial regression line fitted through 

sampling points between MHWS and MLWS. The order of the polynomial regression line 

used in analysis was selected by systematically increasing the order (1, 2, 3…) and examining 

roughness values. The mean and standard deviation of roughness values decreased as the 

order of the polynomial regression increased, but almost no difference in mean and standard 

deviation of roughness values was detected above 6
th

 order; hence, a 6
th

 order polynomial line 

was selected for the purpose of estimating platform roughness. 

  
MLWSMHWSMLWSMHWS

1 (tan XXZZPG  
     (4.1) 

 MLWSMHWS XXPW          (4.2) 

   NFZPR
i

ii 
2

       (4.3) 

Positions on the profile of the MHWS and MLWS tidal levels were calculated by linearly 

interpolating their elevation, as shown in Fig. 4.5. Morphometric estimations were excluded 

when there were no elevation points extending up to MHWS or down to MLWS. Owing to 

across-shore profile variation in platform morphology, some profiles had more than one 

MHWS or MLWS elevation intersection. In these cases the seaward-most MHWS and 

MLWS positions of profiles which extended up to and down to MHWS and MLWS were 

selected for morphometric calculations. Shore platform profiles sometimes exhibit across-

shore curvature with more steep and gentle slopes at higher and lower intertidal elevations 

(e.g. Trenhaile, 1974; Blanco-Chao et al., 2003). For this reason, PG, PW, and PR were also 

evaluated for upper, lower, and central intertidal profiles, as described in Table 4.2. 
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Describing PG and PW requires identification of the outer (seaward) margin of the shore 

platform. Kennedy (2015) has described the difficulties faced with field researchers making 

this decision. This study defined the outer margin as the seaward point on a profile 

corresponding with MLWS elevation, because in the absence of field-survey, a repeatable 

classification method was necessary. 

 

 

 

 
 

 

Figure 4.5: Cross-sectional view of a profile with positions at MHWS and MLWS. 

 

 

 

Table 4.2: Upper and lower limit of profile elevation of whole, upper, lower, and central intertidal 

profiles. 

 

 Whole Upper Lower Central 

Upper limit of profile 

elevation 
MHWS MHWS MSL MSL+MTR/4 

Lower limit of profile 

elevation 
MLWS MSL MLWS MSL-MTR/4 
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4.2.3.4. Process-regime description 

The MTR and MSL were estimated for each transect by linearly extrapolating observed MTR 

and MSL at two points with exact coordinates to the nearest transect line, obtained from 

Admiralty Tide Tables (2016) (Fig. 4.6). Mean wave height variations for each transect were 

estimated in a similar way, using modelled data provided by the UK Met Office (representing 

waves in 20–30 m water depth and obtained from their 8 km grid model) for the 2011-2013 

period along the southwest coast of England. Nearshore wave transformation was not 

modelled for this study. Instead, each transect was automatically categorized as exposed, 

partly-exposed, partly-sheltered or sheltered, depending on the relative orientation between 

the transect (from seaward to landward) and the prevailing WSW wave direction in the study 

area (α). To obtain the nearshore wave height, the modelled ‘deep water’ wave height was 

simply multiplied by a multiplier K, depending on α: K=1 for 0<=|α|<45 degrees; K=0.75 for 

45<=|α|<90 degrees; K=0.5 for 90<=|α|<135 degrees; K=0.25 for 135<=|α|<180 degrees) (Fig. 

4.7). Detailed geological information was not available for each transect. Instead, the work of 

Clayton and Shamoon (1998) was used to manually locate the coordinates of boundary points 

that divide geological areas of ‘high’ rock strength, ‘high average’, and ‘low average’, with 

values of 100, 10, and 1MPa, respectively, assigned to these categories. 

 

 

 

 
 

 

Figure 4.6: Relative position of MTR/MSL-known points and crossing point with average 

shoreline and transect.  
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Figure 4.7: Transect categorization examples in respect to wave exposure. 

 

 

 

4.2.4. Methodology: development of a semi-automated method for shore platform 

morphometric description 

This section describes a new method for selecting and extracting the morphometric 

characteristics of shore platform profiles from a large DEM dataset. The method is dependent 

on the existing shoreline classification provided by the Coastal Channel Observatory. In this 

classification it can be assumed that some profiles that are mapped as shore platforms 

(presumably in a desk-top aerial photograph exercise) may in fact be low-slope, but very 

‘rough’ rocky foreshores that might not be typically identified for research investigation by 

field workers interested in shore platforms. It is important that this study is comparable with 

the existing shore platform literature. Hence, to examine the comparability of the proposed 

method, this study conducted a preliminary application of the method to selected shore 

platform sites in southwest England known to the authors. 

Two well-recognized shore platform sites in North Devon and Cornwall, shown in Fig. 4.8, 

were selected for the ‘ground-truthing’. Fig. 4.9 shows ten consecutive cross-shore profiles 

for each of the sites with seaward and landward margins. Table 4.3 shows the average 
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PG/PW/PR values at each site. Of note, non-shore-normal profiles (dot lines) are excluded in 

the calculations presented in Table 4.3. Most of the extracted cross-shore profiles exhibit a 

low-gradient intertidal slope, extending from seaward at around the MLWS elevation to a 

cliff-platform junction between MSL and MHWS elevations, particularly at Hartland Quay 

(Fig. 4.9a). Gradually sloping cross-shore profiles at Porthleven often occur at lower 

intertidal elevations, and cliff-platform junctions sometimes occur even below MSL, resulting 

in very steep cliff profiles or narrow ramps/ledges at upper intertidal elevations (Fig. 4.9b). 

Examples of very rough intertidal profiles, which vary markedly at intertidal elevations, 

occur at both sites (e.g. No.2 and No.6 profiles in Hartland Quay and No.6 profile in 

Porthleven), and should be categorized as non-platform profiles.   

 

  

 

a) 

 
 

 

b) 

 
 

 

Figure 4.8: Shore platforms at a) Hartland Quay in North Devon and b) Porthleven in Cornwall 

(Photos from Google Earth: https://www.google.com/earth/) 

 

 

 

 

 

 

https://www.google.com/earth/
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Figure 4.9: DEMs with ten consecutive transects (black lines) and shoreline (white lines) and profiles 

at: (a) Hartland Quay and (b) Porthleven. (1) Seaward and landward margins for each transect are 

shown as triangles and square marks, (2) dot lines in DEMs show transects with large deviation from 

averaged shoreline which are removed in the average estimations presented in Table 3, and (3) dot 

lines in cross-shore profiles indicate MHWS, MSL, and MLWS elevations respectively. Of note, 

different horizontal and vertical scales are used to show both whole cross-shore (transect 1) and 

intertidal cross-shore profiles (transects 2-10). 
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Table 4.3: Summary of average intertidal profile characteristics of shore-platform transects in 

Hartland Quay - North Devon and Porthleven. Note that average calculation only considers 

‘shore-normal’ profiles (excluding dot lines). 

 

 

 

 

North Devon Porthleven 

 PG 

 [degrees] 

PW 

[metres] 

PR PG 

 [degrees] 

PW 

 [metres] 

PR 

Whole 2.5 146 0.18 1.6 174 0.27 

Upper 6.3 36 0.11 32.0 17 0.08 

Central 2.6 69 0.12 16.8 80 0.15 

Lower 1.7 110 0.13 0.9 158 0.18 

 

 

 

 

The average PG of the whole, central and lower intertidal profiles at Hartland Quay is 

between 1.7 and 2, whereas the upper intertidal profile slopes at 6.3 degrees on average, 

because of the influence of a steeper gravel/boulder beach at the site (Table 4.3 and Fig. 4.8a). 

At Porthleven the PG of the lower intertidal profiles is less than 1 degree, whereas the cross-

shore profile slopes steeply in upper and central portions (32.0 and 16.8 degrees respectively), 

due to the presence of the cliff face at upper intertidal elevations (Fig. 4.9b). The average PR 

at both sites is highest for the whole intertidal profile and lowest for the upper intertidal 

section, but there is no clear consistency in PR found between the two sites (PR at different 

elevations were almost consistent in North Devon whereas there was an increasing trend of 

PR with the elevation at Porthleven). It should also be noted that most of the PR values 

exceed the minimum vertical accuracy of the DEMs used in this study. Hence, the roughness 

estimates are unreliable and cannot be used to inform observations of micro-surface 

morphology (e.g. see Dornbusch et al., 2008; Dornbusch and Robinson, 2011).  

Initial ground truthing revealed that calculations using profile points at particular tidal levels 

(e.g. MSL, MHWS) occasionally resulted in inappropriate estimates of shore platform 

features; for instance, due to the presence of non-shore platform features such as 

gravel/boulder beaches, steep cliffs or ramps/ledges at upper intertidal elevations. To 

appropriately extract shore platform profiles, this study developed a method to automatically 
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identify the cliff-platform junction (CP) and subsequently characterize the shore platform 

morphology by analysing the section of profile extending between CP and the seaward-most 

point (SP) corresponding with MLWS. Several conditions were used to find the CP in 

relation to some SP and a landward point (LP) on the profile. (1) The width between CP and 

SP and the gradient of the CP-SP slope were set as > 100 m and < 10 degrees, respectively, 

so that the CP occurs at a wide range of elevations, without tidal elevational constraints, up to 

about 17 m (~ tan10
 
degrees x 100 m) above MLWS. (2) The height and the gradient of CP-

LP slope was set as > 3 m and > 45 degrees, respectively, as this study focused on shore 

platforms backed by a moderately higher and steeper cliff. Of note, the search for the LP was 

conducted up to 3 m horizontal distance from CP due to computational efficacy. The 

resulting CPs were often found at elevations above higher intertidal elevations, even with the 

possible occurrence of high tide beaches in profiles. To remove the possible effect of beaches 

at higher intertidal elevations, a landward-most point at MSL (CP-MSL) was used as the CP 

when (1) CP elevation was higher than MSL or (2) CP-LP slope was > 5
 
degrees assuming 

that CP-LP slope was non-shore platform slope (< 5
 
degrees). When all CP/CP-MSL, SP, and 

LP were found, PG, PW, and PR were estimated using a profile extending between CP/CP-

MSL and SP. 

In total 612 transects out of possible 5541 transects (11%) were identified as shore-normal 

shore platform profiles with clear cliff-platform junctions. A large reduction of possibly 

useful shore platform profiles occurred because the CPs occur in a variety of geometric 

conditions in nature, whereas the CP-search was conducted automatically with a fixed 

geometric rule. This study also verified the modified method by manually checking all the 

profiles, and confirmed that the selected 612 profiles and their SP and CP locations were 

sensible. For example, possible high tide beaches at higher intertidal elevations in No.4 and 

No.10 profiles from Hartland Quay were removed with the automated method, whereas the 

CP below MSL in No.1 and No.4 profiles from Porthleven were appropriately selected (Fig. 

4.10). 
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Figure 4.10: Selected profiles from Hartland Quay and Porthleven: (a) whole profile and (b) intertidal 

profile. Number in each figure matches with those used in Fig. 4.9. Circle, square, and triangle markers 

represent CP, SP and CP-MSL, respectively. Of note, (1) CP-MSL is not shown when slopes between 

CP and SP slope are used in calculation, (2) horizontal and vertical axis represent distance along 

transect in metres and elevation in metres, and (3) dot lines in intertidal profiles indicate MHWS, MSL, 

and MLWS elevations. 

 

 

 

4.2.5. Results 

This section examines the morphology of 612 shore platform profiles identified around the 

southwest coast of England in respect to geographical location and possible environmental 

controls on morphological development. 

4.2.5.1. Region-wide comparison of shore platform morphology 

The estimated PG, PW, and PR of the selected 612 shore platform profiles along about 700 

km of coastline from north to south are plotted in Fig. 4.11. The figure further divided the 

coastline into ten even segments and plotted the mean and standard deviation of each segment. 

The trend lines were estimated based on a linear regression analysis using the mean values of 

the segments. 
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(a)  

 
 

(b) 

 
 

 

Figure 4.11: (a) PG, PW and PR of shore platform profiles in SW England. Triangle markers 

and their error bars show mean values and standard deviations of all the data in each even 

segment, and dots lines show linear trend lines. (b) A map of south west England with area lines 

indicating the relative position of A, B and C. 

 

 

 

 

Results are scattered, and the standard deviation is high, but there are general region-wide 

trends observed in shore platform morphology. For example, there is a gradual decreasing 

alongshore trend in PG from the north (line A) to south-west (line B) and south-east (line C). 

A similar decreasing trend is apparent both in PW and PR, although the trend is less clear, 

particularly with PR contrastingly increasing from south-west (B) to south-east (C). In very 

general terms, the data indicate that from north (A) to south-west (B) and south-east (C), 

shore platforms become flatter, narrower, and smoother. Some clustering of data points is 
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apparent in Fig. 4.11, particularly between 100-150 km distance alongshore. Testing confirms 

that when those points are omitted the same decreasing PG/PW/PR trends still occur. 

4.2.5.2. Correlation with environmental conditions 

Statistical analyses were undertaken to explore potential relationships between shore platform 

morphology and MTR, wave height and rock strength. It is important to note at the outset that 

the quality of data available for these analyses varies: the estimate of MTR and MSL for each 

transect is relatively reliable, whereas only offshore wave conditions and transect orientations 

were considered to estimate nearshore wave conditions, and rock strength data are coarse 

with no account taken of local structural controls (e.g., strike, dip, thickness of beds, and 

fracturing). Fig. 4.12 presents scatter plots and box plots of PG/PW/PR calculated across the 

shore platform profiles, in relation to MTR, wave height and rock strength; trend lines 

calculated using a linear regression analysis and correlation coefficients, and p-Values 

calculated using an analysis of variance (ANOVA) are also reported in the same figure. 

 

 

 

(a) 

 
 

(b)  
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(c)  

 
 

 

Figure 4.12: Scatter plots and box plots of PG, PW and PR of shore platform profiles in relation to: (a) 

MTR, (b) wave height and (c) rock strength. Correlations coefficients (R) and p-Values (P) are reported 

at the top-right of each scatter and box plot. Dot lines represent trend lines drawn from a liner 

regression analysis. Box plot shows median values (mid lines in the boxes), 25 and 75 percentile values 

(box outline), minimum and maximum values excluding outliners (whiskers), and 1.5 interquartile range 

(IQR) outliers (plus markers). 
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Trends exist between platform morphology and the different potential process controls (MTR, 

wave height and rock strength). However, there is considerable scatter and correlation 

coefficients are generally around 0.3 or less. As Fig. 4.12 shows, many relationships have 

very small p-Values, implying statistical significance (e.g. PG-MTR relation), but 

significance should be interpreted cautiously given that there is a low degree of correlation, 

and that p values are influenced strongly by large sample sizes. Overall, however, there are 

interesting trends in the relations investigated. For example, PG increases with both MTR and 

rock strength. This relationship is also demonstrated by the box plots, although it is notable 

that, when grouped, increases in MTR/rock strength result in a stepped rather than regular 

increase in PG, raising the possibility of threshold effects (for instance, compare box-plots 

above and below 7 m MTR and 10 MPa or below and 100 MPa rock strength). In contrast, a 

negative decreasing trend was detected between PG and wave height. Generally, the data 

indicate that flatter platforms occur where the tidal range is smaller, rock strength is weaker, 

and where there are larger waves. The PW trend line also increases with MTR, but in contrast 

to PG, it increases with wave height and decreases with rock strength. These results are 

physically sensible (e.g. wider platforms occur where waves are bigger, tidal range is larger, 

and rocks are weaker), and exists despite difficulties associated with usefully measuring PW. 

For instance, PW in some instances is calculated as the horizontal distance between SP and 

CP, but in other instances, it is the horizontal distance between SP and CP-MSL (e.g. when 

possible high tide beach profiles occur). PR increases with MTR and rock strength, in 

contrast to a negative trend between PR and wave height. Correlation coefficients and p-

values are smaller and larger, respectively, in the PR-related relations, but, again in a broad 

view, there is physical sense to the direction of trends: rougher platforms occur where there 

are harder rocks, smaller waves and larger tidal ranges (because wave attack operates for less 

time across a larger band of rocks). 

4.2.6. Discussion 

The results in section 4.3.5 demonstrate that LiDAR-derived DEMs can be used to 

systematically extract and analyse shore platform morphology at regional scales (i.e. 

hundreds of kilometres). This is a new spatial scale of analysis in rocky shore studies; the 

vast majority of previous work has focussed on descriptions of profile morphology across 

hundreds of metres to tens of kilometres at discrete field sites. The discussion below (i) 

considers process controls on shore platform development in the study area (~700 km of 
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coast in southwest England) and (ii) describes a new simple empirical model describing shore 

platform gradient. 

4.2.6.1. Process controls on shore platform morphology 

Previous field and modelling studies have suggested associations between platform 

morphology (e.g. PG, PW, PR) and various aspects of the process environment (Table 4.4). 

Perhaps the most widely known of these is a general positive correlation noted in field 

surveys by Trenhaile (1972, 1974, 1987, 1999) between PG and MTR. In addition, positive 

correlations have been noted between PG and rock strength (e.g. Trenhaile, 2005), PW and 

MTR (e.g., Trenhaile and Layzell, 1981; Trenhaile, 2000, 2005), and PW and wave intensity 

(e.g., Sunamura, 1978a; Trenhaile, 1999, 2005). Trenhaile (2005) also showed that PG 

decreases with PR, which indirectly suggests a positive correlation between PR and MTR. 

 

 

Table 4.4: Examples of previous studies regarding environmental controls on platform morphology and 

the trends in this study 

 

Shore 

platform 

morphology 

Process  

Trend 

observed in 

this study 

Trend found in 

previous study 
Reference Study  type 

PG MTR Positive Positive Trenhaile (1972, 1974, 

1987,1999) 

Field 

observations 

 Rock 

strength 

Positive Positive Trenhaile (2005) Modelling 

study 

      

PW MTR Positive Positive Trenhaile and Layzell (1981), 

Trenhaile (2000, 2005) 

Modelling 

study 

 Wave 

intensity 

Positive Positive Sunamura (1978a), Trenhaile 

(2005) 

Modelling 

study 

  Positive Positive Trenhaile (1999) Field 

observations 

      

PR MTR Positive Positive Trenhaile (2005) Modelling 

study 
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Direct quantitative comparison of the trends observed in field studies with those found in this 

study is difficult, owing to different classification and description methods. However, the 

overall qualitative consistency between previous findings and the systematic and automated 

analysis of LiDAR data is noteworthy. The results are also somewhat surprising (in the sense 

that trends exist at all) because: (1) there are many potential sources of variability that exist 

from transect to transect; and (2) the study has only taken very approximate representations 

of the process environment at each site. 

Observed relationships between shore platform morphology and controlling processes (i.e. 

MTR, wave height, and rock strength) exhibit considerable scatter (Fig. 4.12), and caution 

needs to be exercised in any attempt to link correlation with causation. It is unsurprising that 

scatter exists given the approximate way in which environmental conditions were estimated 

at each transect. For example, offshore wave conditions mediated by shoreline orientation 

were used to estimate nearshore wave conditions, whereas complex transformations in wave 

energy are known to occur as waves transform inshore toward each transect, and these are not 

fully accounted for in the analysis. This study also neglects any possible formative role for 

storm waves, which have been linked to erosion on many rocky coasts (e.g. Bartrum, 1926; 

Edwards, 1941, 1951; Cotton, 1963; Sunamura, 1978a; Trenhaile, 1980) including the 

southwest of England (Earlie et al., 2015). Further, Trenhaile (1987) highlighted that in 

nature sometimes opposite trends occur between platform morphology and the expected 

environmental control owing to factors such as local variability in rock structure (e.g. 

bedding orientation, joint density, presence/absence of faults, etc.) which can be locally 

dominant (e.g. Trenhaile, 1972; Dickson, 2004; Naylor and Stephenson, 2010; Cruslock et al., 

2010; Moses, 2014). It is evident that local rock structure in the studied coasts is highly 

varied (e.g., May, 1980) and must account for at least some of the scatter in the results. 

Inheritance of platform morphology from previous sea-level positions can also result in 

unusual relationships between platform morphology and various aspects of the process 

environment. For example, Bird and Dent (1966) noted that in southeast Australia, wider 

shore platforms sometimes occur in more sheltered embayments. Brooke et al. (1994) showed 

that some platforms on this coast are inherited from previous sea-level highstands, and that 

these inherited platforms are sometimes wider in sheltered environments as they have 

suffered less erosion of their seaward edge during the present sea-level highstand. The role of 

inheritance in shaping the geomorphology of contemporary shore platforms in the southwest 
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of England is not clear; however, there is an abundance of evidence for the presence of raised 

shore platforms from previous inter-glacial period(s) (Orme, 1960). These highstand 

platforms ‘merge’ with the contemporary platforms and this may have contributed additional 

scatter to the correlations observed in this study.    

Factors such as varied rock resistance and inheritance lead Mii (1962) to conclude that shore 

platform morphology is a very ambiguous indicator of process. This statement has often been 

repeated (e.g. Stephenson 2000). This study has not attempted to account for complex 

potential sources of uncertainty in the analysis, so the fact that trends can be seen between 

platform morphology and various indicators of the process environment likely stems from the 

large spatial scale of analysis. For example, despite the overall consistency, there are many 

local inconsistent trends seen in Fig. 4.11. It appears therefore that selectively but 

systematically observing morphology over a large spatial area, encompassing a wide range of 

forcing processes, it is possible to observe the general nature of process-form dependency.    

The present study illustrates that shore platform morphology is dependent on multiple 

controls: all of the three controls analysed had some association to platform morphology, and 

there will be other controls that were not studied that are likely to be important as well (e.g. 

storm waves, weathering processes, inheritance from former sea-level positions). The section 

below describes a simple empirical model to describe shore platform gradient based on the 

three controls studied in this study. 

4.2.6.2. Empirical model of shore platform gradient 

Several empirical models exist describing shore platform morphology, including the wave 

erosion models of Tsujimoto (1987) and Sunamura (1992), which demarcates the 

development of sloping type-A and sub-horizontal type-B shore platforms in relation to the 

relative forces of wave erosion and rock strength. Here this study examines the empirical 

model of Trenhaile (e.g. 1999), which predicts mean PG in relation to MTR. The field data 

included in Trenhaile’s (1999) analysis cover a wide spectrum of tidal regimes from micro to 

mega tides. A strong correlation exists between PG and MTR across the entire MTR space, 

although scatter in the data mean that this correlation would not be obvious if analyses were 

conducted across a narrow tidal range (see Fig. 2 in Trenhaile, 1999). An improved model of 

PG for these data might benefit from consideration of additional environmental controls 

(beyond MTR). To examine this possibility, single- and multi-variate linear regression 
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analyses were undertaken, considering MTR, wave height and rock strength assuming no co-

correlation among independent variables. 

Equation 4.4 and 4.5 provide models of PG with no intercept, similar to the empirical model 

by Trenhaile (e.g. 1999), where X1, X2 and X3 represent MTR in metres, wave height in 

metres, and rock strength in MPa. Table 4.5 shows statistical summaries of the single- and 

multi-variate linear regression analysis with an ANOVA analysis, and Table 4.6 compares 

root mean square errors (RMSE) of PG models including Trenhaile’s (1999) with respect to 

field data from Trenhaile (1999) and SW England using LiDAR DEMs.  

1single 30.0 XPG           (4.4) 

)(10log19.013.031.0 321multi XXXPG        (4.5) 

 

 

Table 4.5: Statistical summary of (a) single- and multi-variate linear regression analysis and (b) ANOVA 

analysis. 

 

(a) Estimated coefficients 

  Estimate Standard 

Error 

tStat pValue 

      

PGsingle X1 0.30 0.01 68.13 1.4e-289 

      

 X1 0.31 0.01 22.81 9.3e-84 

PGmulti X2 -0.13 0.06 -2.20 2.8e-02 

 X3 0.19 0.04 5.27 1.9e-07 

 

 

(b) ANOVA analysis 

  SumSq DF MeanSq F pValue 

PGsingle 

Total 332.4 612 0.54   

Model 72.9 1 72.93 172.05 8.1e-35 

Residual 259.4 611 0.42   

PGmulti 

Total 341.9 612 0.56   

Model 98.7 3 32.89 82.66 7.0e-45 

Residual 242.7 610 0.40   
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Table 4.6: RMSE of various models using field data from Trenhaile (1999) and SW England 

(LiDAR DEMs). Bold values represent RMSEs of single-factor best fit linear models, and values 

in the brackets show percent deviation relative to the RMSE of single-factor best fit linear 

models. 

 

 

 
Data from Trenhaile 

(1999) 

Data from SW England using 

LiDAR DEMs 

Trenhaile’s model 

(PG=0.26X1) 
0.59  0.70 (+10%) 

PGsingle 0.67 (+13%) 0.65  

PGmulti - 0.62 (-5%) 

 

 

 

 

Table 4.5 shows that the estimated coefficients and the models themselves are significant at 

5% significance level (p-values < 0.05). More importantly, Table 4.6 shows that, although 

PGsingle fits better with SW England data (smaller RMSE compared to the equation provided 

by Trenhaile, 1999), PGmulti further reduces the RMSE of PGsingle by 5%. A 5% reduction in 

RMSE is not particularly large, but this is not at all unexpected given the coarse estimates of 

wave height and rock strength used. The expectation is that improved estimates 

(measurements and/or modelling) of a range of environmental controls, coupled with large-

scale morphometric analyses, would achieve better quantitative understanding of the relative 

importance of different controls on rocky coast morphology development.  

4.2.7. Conclusion 

This study describes a new semi-automatic method for analysing shore platform morphology 

over large spatial scales using LiDAR-derived surface elevation models. DEMs with 1 m 

spatial resolution and 0.1 m RMSE are sufficiently detailed to enable algorithmic calculation 

of shore platform gradient and platform width (but not platform roughness). The results from 

700 km of coast in southwest England are broadly consistent with previous field studies 

undertaken at a relatively small number of selected sites in which it has been shown that 

shore platform gradient is positively correlated with tidal range. In addition, the results 

suggest that shore platform gradient varies with wave height and lithology, and, in southwest 
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England, shore platform gradient is best predicted using an empirical model that considers 

tidal range, wave height and rock strength. There is considerable scatter in the relationships 

but this is not surprising given the extent of local variability that exists along the coast, and 

the very coarse way that process controls have been represented in this study (particularly 

wave height and rock strength). Rocky shore geomorphology is known to be influenced by 

many factors that have not been considered in this study (e.g. storm waves, local geological 

discontinuities, morphological inheritance from previous sea-level positions, etc.). In this 

regard it is encouraging that general relationships can be seen between shore platform 

geometry and metrics of tidal regime, wave climate and geology. This study concludes that 

this is likely attributable to the very large scale of analysis conducted. Given the widespread 

availability of high resolution coastal DEMs, it should be possible to conduct even larger 

scale analyses of rocky shore landforms and formative environmental controls, particularly if 

it is possible to combine such analyses with more detailed information (modelled or field) 

relating to process-controls, such as nearshore wave energy and 

geological/lithological/structural variability. In this way, large-scale analysis of coastal 

DEMs might address the call from Naylor et al. (2010) for rocky shore evolution models to 

improve calibration of model coefficients using field data.  
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4.3. Model validation using the empirical relation obtained from SW England data 

(Section 4.2) 

 

This section examines outputs from the new exploratory model developed in Chapter 3 

alongside the empirical relation derived in Section 4.2 from the SW England. This work is an 

extension beyond that published in Matsumoto et al. (2016a, 2016b, 2017).  

In total 300 model simulations using the developed model are conducted in this section, in 

order to produce a range of cross-shore platform profiles comparable to the observed 

platform profiles in SW England coastline using DEMs (e.g. Fig. 4.11). The results of these 

simulations are firstly used in a correlation analysis between modelled shore platform 

gradient (PG), and model variables (i.e. MTR, wave height and material resistance). This is 

followed by a multi-variate linear regression analysis on the modelled profiles and variables, 

in order to derive a multi-variate relation of PG (PGmulti) and compare with the DEM-based 

relation derived in Section 4.2.  

4.3.1. Model run settings 

Table 4.7 shows the value of model parameters used in the model simulations. These values 

are selected based on the values determined along the SW England coastline (see Fig. 4.12). 

Five different values of the weathering efficacy constant (K), representing maximum 

weathering rates of 1-100 mm/year (weathering process alone), were selected due to 

uncertainty of weathering rates at the study site.  

 

 

 

Table 4.7: Variables and their values used in this study 

 

 

Wave height 

(H) 

Mean tidal range  

(MTR) 

Material 

resistance (FR) 

Weathering efficacy 

(K) 

0.5 m 4 m 5e-2  1e-2 (1 mm/year) 

1.0 m 6 m 1e-1  5e-2 (5 mm/year) 

1.5 m 8 m 5e-1  1e-1 (10 mm/year) 

2.0 m  1e-0  5e-1 (50 mm/year) 

  5e-0  1e-0 (100 mm/year) 
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For the shape functions (i.e. Punbroken/Pbreaking/Pbroken), the triangular shape function (Ptri) (see 

Fig. 3.3 in Chapter 3) was used for the breaking and broken wave pressures, assuming that 

the maximum pressure occurs at around still water level (SWL) (e.g. Trenhaile, 1987). In 

contrast, a rectangular shape function (Prec) (see Fig. 3.3 in Chapter 3) was used for the 

unbroken waves. Preliminary simulations confirmed that there was little influence of Vshift 

(vertical elevation shift of maximum breaking wave pressure, see Fig. 3.3) on the results 

described below; accordingly, no vertical shift (Vshift) of the breaking wave pressure was 

considered. 

The model simulations were initiated with a linear slope (45 degrees), similar to other 

numerical shore platform studies (e.g. Trenhaile, 2000), and run over 6000 model iterations 

(years) assuming that most of rocky shores at SW England developed during mid-late 

Holocene periods when sea levels were at or close to the present elevation (Shennan and 

Horton, 2002). The maximum horizontal profile width of 300 m was applied due to 

computational efficacy. 

4.3.2. Results of numerical simulations and discussion 

The simulation results were categorized accordingly to intertidal mean profile gradient (PG) 

and maximum profile width (PW), calculated using positions of the landward-most cell 

within the intertidal elevations and the seaward-most cell at mean low water spring (MLWS). 

In total, 161 model runs out of 300 simulations produced profiles similar to those used to 

derive the empirical relation in Section 4.2 (PG<5 degrees, and 50 m<PW<300 m) (see Fig. 

4.12 and section 4.2.5.2). Consequently, the following analyses used the 161 modelled 

profiles. 

4.3.2.1. Shore platform gradient in relation to model variables 

The correlations between PG, and MTR, wave height (H) and material resistance (FR) were 

examined based on a linear regression analysis and an ANOVA analysis (Fig. 4.13). As 

suggested by trend lines in scatter plots, PG increased with MTR and FR, and decreased with 

H, consistent with the DEM-based observations in SW England (Fig. 4.12). The correlation 

coefficients (R) of the relations produced by numerical simulations and the DEM-based 

estimations were also similar, with R of PG-MTR, PG-H, and PG-FR being at 0.35 and 0.34, -
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0.08 and -0.17, and 0.33 and 0.28, respectively (Table 4.8). In contrast, p-values of the 

ANOVA analysis on the three relations based on numerical simulations were generally a few 

orders of magnitude larger than those estimated using DEMs (Table 4.8). This was probably 

because of the consideration of a wider range of (maximum) weathering rates (1-100 

mm/year). Nonetheless, the relative magnitudes of the p-values of the three relations were 

consistent between numerical simulations and DEM-based analysis: smallest and largest p-

values occurred in PG-MTR and PG-H relations (Table 4.8). 

 

 

 

 
 

Figure 4.13: Scatter plots and box plots examining correlations between PG, and MTR, wave height 

(H) and material resistance (FR), with correlation coefficients (R) and p-values (P) reported. Box plot 

shows median values (mid lines in the boxes), 25 and 75 percentile values (box outline), minimum and 

maximum values excluding outliners (whiskers), and 1.5 interquartile range (IQR) outliers (plus 

markers). FR values were scaled to match with values used in the study in Section 4.2. 
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Table 4.8: Comparison of correlation coefficients based on a linear regression analysis and p-values 

based on an ANOVA analysis of PG-MTR, PG-H, PG-FR relations between simulation-based and 

DEM-based estimations.  

 

 

 Correlation coefficient 

( Simulation-based / DEM-based ) 

p-value 

( Simulation-based / DEM-based ) 

PG-MTR 0.35 / 0.34 3.5e-05 / 3.8e-25 

PG-H -0.08 / -0.17 6.2e-01 / 3.2e-07 

PG-FR 0.33 / 0.28 2.1e-04 / 2.0e-15 

 

 

4.3.2.2. Multi-variate PG model based on numerical simulation 

A multi-variate linear regression analysis was applied to the dataset produced by numerical 

simulations. Eq. 4.6 shows a derived multi-variate PG model (PGmulti) in relation to MTR 

(X1), wave height (X2), and material resistance (X3), and Table 4.9 shows results of an 

ANOVA analysis and comparison between simulation-based and DEM-based PGmulti. Aside 

from the estimated coefficients of X2 (wave height), which was not significant at 5% 

significance level (p-value>0.05), all other estimated coefficients and the model itself were 

significant at 5% significance level (Table 4.9a). More importantly, the estimated coefficients 

were generally similar to those in Eq. 4.5, which was derived using DEMs, including 

positive/negative signs, except for that of X3, as indicated in the error value (Table 4.9b). 

 

)(10log61.007.028.0 321multi XXXPG        (4.6) 

 

 

 

 

Table 4.9: (a) Statistical summary of multi-variate linearn regression analysis and ANOVA analysis, 

and (b) comparison resutls between simulation-based and DEM-based PGmulti. 

 

 

    (a) 

Multi-variate linear regression analysis   ANOVA analysis 

 Estimate 
Standard  

Error 
tStat pValue   SumSp DF MeanSq F pValue 

X1 0.28 0.03 8.73 3.5e-15  Total 230.01 205 1.43   

X2 -0.07 0.13 -0.52 6.0e-1  Model 58.78 3 19.6 18.08 3.9e-10 

X3 0.61 0.12 4.95 1.9e-06  Residual 171.23 158 1.08   
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    (b)  

 
Estimated coefficients of PGmulti  Errors 

Simulation-based DEM-based  Absolute  Relative (to DEM-based) 

X1 0.28 0.31  0.03 10% 

X2 -0.07 -0.13  0.06 46% 

X3 0.61 0.19  0.42 221% 

 

 

 

 

It is difficult to directly compare the coefficient of X3 between Eq. 4.5 and 4.6, as numerous 

factors may be influential. For example, local rock structure is important along many natural 

coasts, including SW England (May, 1980), but no structural influence was taken into 

account in the model simulations. In addition, PGmulti in Eq. 4.5 was derived using very 

coarsely estimated rock strength with values of 1, 10, and 100 MPa (see section 4.2.3.4). 

Hence, there should be numerous chances of reducing errors when a range of factors relating 

rock strength are considered both in the model simulations and DEM-based analysis. 

The aim of this chapter was to validate the exploratory-type numerical model developed in 

Chapter 3. Murray (e.g. 2003) suggests that successful exploratory models should effectively 

reproduce observing trends qualitatively but not quantitatively. Given this, qualitative 

matches between Eq. 4.5 and 4.6 should provide a support for the validity of the developed 

model. 
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4.4. Summary and conclusion 

Rocky shore morphology considerably varies regionally and exhibits complex relations with 

rocky shore processes (Trenhaile, 1987). In these circumstances, better 

understanding/predictions of rocky shore morphology should be achieved through broad 

region-wide morphological examinations. Furthermore, numerical models applicable to broad 

rocky shore types should be validated based on such region-wide morphological observations 

in which complex process-morphology relations exist. This study utilizes LiDAR derived 

DEMs in order to systematically analyse rocky shore morphology over an extend area (~700 

km). The DEM-based study successfully derives a multi-variate empirical process-

morphology relation (model) which reduces errors in PG estimation of an existing single-

variate empirical process-morphology relation (e.g. Trenhaile, 1999). Furthermore, the 

developed exploratory-type numerical model reproduces a qualitatively consistent process-

morphology relation to that by the DEM-based study, and therefore should meet a criteria of 

the “robust test” described by Murray (e.g. 2003). As highlighted in Chapter 3, the new 

model is (i) capable of producing a range of profile geometries, (ii) model behaviours are 

robust and internally consistent, and (iii) model outcomes are generally consistent with 

previous field-based shore platform studies. With the validity of the new model demonstrated 

in this chapter, numerous opportunities should be provided for studies using the developed 

numerical model to address UNSOLVED research questions in rocky shore studies. 
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Chapter 5: Model application 1 

5.1. Introduction 

This chapter presents an application of the model developed in Chapter 3 and validated in 

Chapter 4. The main body of this chapter is a reproduction of a journal article (Matsumoto et 

al., in review) investigating the relative dominance of wave erosion and weathering processes 

in shore platform development. It contains a stand-alone introduction including reviews of 

previous shore platform studies concerning the wave versus weathering debate, methods 

briefly describing the model and model runs setting, results of model simulations, discussion, 

and conclusion.   
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5.2. Modelling the relative dominance of wave erosion and weathering processes in 

shore platform development 

 

Citation: Matsumoto, H., Dickson, M.E., Kench, P.S., Modelling the relative dominance of 

wave erosion and weathering processes in shore platform development. Submitted to 

Earth Surface Processes and Landforms. 

  

5.2.1. Introduction 

Shore platforms are low-gradient, normally intertidal rock surfaces that front sea cliffs; their 

distribution is widespread globally (Trenhaile, 1987; Sunamura, 1992). In general, two types 

of shore platform geometries are recognized: a gently sloping (<5 degrees) platform that 

gradually descends below low tide levels with no marked break in slope, and a sub-horizontal 

(<1 degree) platform that normally terminates at a marked scarp at the seaward margin. These 

two morpho-types are generally differentiated by tidal range, with sloping platforms mainly 

occurring in large meso- to mega-tidal rock coasts, while the majority of sub-horizontal shore 

platforms occur in micro to low-meso tidal environments (Trenhaile, 1987).  

Research over the past century has identified wave erosion and subaerial weathering 

processes as key drivers of shore platform evolution, but there has been longstanding debate 

over the relative dominance of these processes (Stephenson et al., 2013). A summary of key 

papers in the debate is provided in Table 5.1. Early studies emphasized the dominance of one 

process over another (e.g. Dana 1849; Bartrum, 1916, 1924, 1926; Wentworth 1939), 

whereas latter work often recognised roles for both waves and weathering, sometimes 

describing one process as primary and the other secondary (e.g. Edwards, 1941, 1951; Bird 

and Dent, 1966; Kirk 1977). Very few quantitative measurements were available to support 

early research, such that discussion on formative processes was necessarily speculative, and 

generally inconclusive (Stephenson, 2000). The process revolution facilitated more detailed 

quantitative data including laser-level topographic surveys, micro-erosion meter 

measurements, and direct measurements of processes, including wave height transformation 

(e.g. Stephenson and Kirk, 2000a, b; Trenhaile and Kanyaya, 2007; Kennedy et al., 2011; 
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Ogawa et al., 2011), although Stephenson et al. (2013) point out that compared to other fields 

of geomorphic research, the number of detailed quantitative studies is still not large. 

  

 

Table 5.1: Selected list of existing literature concerning the relative importance of waves and 

weathering in shore platform development. Lithological information is included in italic letters where 

available. 

 

Authors Dominant 

process 

Description 

Dana (1849) Wave The ‘Old Hat’ shore platform (resistant sandstone) is cut by waves at “the 

level of greatest wear” (p. 109) in rock that is weathered. 

Bartrum 

(1924, 1926) 

Wave Shore platform (unjointed volcanic conglomerate) “is developed only in 

relatively exposed situations. Its carving is ascribed to vigorous storm-

waves, which have their maximum efficiency as erosive agents near times 

of high water” (Bartum, 1926. p.806), with no significant cliff weathering. 

Bartrum 

(1916, 1926) 

Weathering The ‘Old Hat’ shore platform (resistant sandstone) “originates primarily as 

a consequence of progressive weathering of the sea-cliffs down to the level 

of the platform, which is slightly below that of normal high water” 

(Bartrum, 1926. p.806). Weak wave action removes the products of 

disintegration. 

Wentworth 

(1939) 

Weathering Sub-horizontal bench (limestones) formed by solution associated with fresh 

water. 

Edwards 

(1941, 1951) 

Wave Shore platforms (Jurassic arkoses and mudstone) “are initiated and 

maintained by storm wave erosion. Their surfaces undergo planation and 

lowering, chiefly by the scouring action of waves of translation, but 

increasingly by water-layer weathering as the platforms age and widen” 

(Edwards, 1951. p. 41). 

Bird and 

Dent (1966) 

Weathering Broad horizontal shore platforms (shales, siltstones, mudstones, fine-

grained sandstones, schists, phyllites  and homogeneous basalts) “are best 

developed on fine-grained rock formations subject to rock decomposition 

by weathering processes … releasing weathered debris which is washed 

away by the sea during high spring tides and occasional storms” (p. 78). 

Hansom 

(1983) 

Weathering “… rapid cliff retreat by frost weathering associated with the removal of 

debris by waves may lead to efficient formation of intertidal rock platforms 

(mineralized and altered tuffs and agglomerates, and basaltic andecites). 

There is also the possibility of platform planation by differential frost 

action in the intertidal zone …” (p.222). 

Sunamura 

(1978a) 

Wave “The shore platforms (volcanic rock such as breccia) on the promontories 

were the product of the action of the breaking waves immediately in front 

of the cliff under stormy conditions … the platform along the sheltered 

waters were created by the interaction of broken waves and rock 

weathering, and their elevation was controlled by the level of permanent 

saturation” (p. 221). 

Stephenson  

and Kirk 

(2000a, b) 

Weathering Owing to rock weakening, “the development of shore platforms at 

Kaikoura (limestone and mudstone) is attributed to subaerial weathering 

with waves serving to remove weathered material. Wave process alone 

cannot cause the development of shore platforms …” (p. 54). 

Trenhaile 

and Kanyaya 

(2007) 

Wave “Calculated pressures generated within the rock along joints and other 

discontinuities suggest that wave conditions are suitable for mechanical-

wave erosion … platform may have been cut by waves near the high tidal 

level and subsequently lowered by weathering to its present elevation” (p. 

298) 
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Trenhaile 

(2008a, b) 

Wave “Downwearing by weathering and the removal of fine-grained sediment, 

which can be measured with MEMs and TMEMs, is too slow to have 

played an important role in the formation of shore platforms in meso- to 

macrotidal environments”(2008a, p. 38). “Wave erosion was more 

important in the past, although weathering and debris removal is often 

dominant today” on shore platforms in microtidal environments (2008b, p. 

105) 

Kennedy et 

al. (2011) 

Weathering “Rock weathering is clearly an active process within the Bay of Islands. 

Waves act as an important physical agent in removing weathered rock as 

well as directly eroding the platforms along the joint lines.” (p. 693) 

 

 

An important direct analysis of the wave versus weathering question was provided by 

Stephenson and Kirk (2000a, b) who measured wave force and rock strength on shore 

platforms at Kaikoura, New Zealand. Their work suggested that weathering processes (e.g. 

salt weathering and wetting and drying) are crucial in shore platform development, as waves 

alone are incapable of eroding rocks without weathering (i.e. weathering-induced rock 

weakening). This finding lies at the heart of the waves versus weathering debate. It has long 

been advocated that it is likely that waves and weathering work synergistically to generate 

rock platforms (e.g. Dana, 1849), but there has been little specific quantitative consideration 

of exactly how this occurs. Stephenson (2000) posed an important question: “…weathering 

reduces the compressive strength [of rocks] to the point where waves can cause erosion. In 

such a case does a platform have marine [wave erosion] or subaerial [weathering] origin?” 

(Stephenson, 2000, p315). A resolution to this question will help settle the century-long wave 

versus weathering debate. 

Numerical modelling has the potential to play a key role in investigating the question posed 

by Stephenson (2000), as models can potentially simulate long-term shore platform 

development while fully accounting for the wave erosion and weathering contributions. The 

most valuable modelling contribution to date has utilised Trenhaile’s (2000) model, which 

was originally conceived as a “wave erosion model” in which waves can cause rock erosion 

without weathering. In later analyses weathering was considered as a separate process driver, 

and its effect was evaluated (Trenhaile, 2008a, b). However, waves and weathering were not 

treated as synergistic processes; modelled profiles were iteratively modified, insensitively to 

wave conditions, at rates observed in field studies using (T)MEM (e.g. Kanyaya and 

Trenhaile, 2005). This approach does not consider weathering-induced rock weakening in a 

way that facilitates an answer to Stephenson’s (2000) question. 
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At present there is a relatively basic understanding of the detailed mechanics of, and physical 

relationships between, wave erosion and weathering-induced rock-weakening processes 

(referred to simply as ‘weathering’ below). Accordingly, the aim of this study is to 

numerically explore the combined range of wave erosion and weathering contributions in the 

development of shore platform profiles under a range of wave and weathering conditions. 

This is achieved by forcing the developed numerical model in Chapter 3 and 4 that is capable 

of achieving shore platform development across the full range of erosion conditions. At either 

end of the process continuum lie: (i) wave erosion without any weathering; and (ii) complete 

physical disintegration of rock by weathering, with waves simply removing unconsolidated 

debris. By examining the full erosion parameter space for model shore platform development, 

there is an opportunity to shed new insights on the long-standing debate concerning the 

relative dominance of wave and weathering processes. 

5.2.2. Methods 

5.2.2.1. The numerical model 

This chapter uses the numerical model of rocky shore profile evolution, which considers both 

wave and weathering processes, described in Chapter 3 and 4. It is based on an exploratory 

modelling approach (Murray, 2003, 2007), in which a limited number of processes are 

selected and mathematically represented in a simplified manner, with the overarching aim of 

increasing the clarity of insights that the model can produce. The model simulates annually 

averaged changes of a cross-shore profile with positions specified in horizontal (x direction) 

and vertical (y direction) coordinates. The physical representation of the modelled rocky 

shore is schematized on a 2-dimensional across-shore grid cell (10 cm), with each cell being 

categorized into either sea/air or rock (or land). Material resistance (FR) represents the 

physical strength of rocks and is assigned to all rock cells. In each model iteration, the 

erosion force acting on all surficial rock cells is estimated considering the interactions of tides, 

waves, and rock-weathering processes. When erosion occurs on rock cells, or FR of rock cells 

becomes zero or less, rock cells are changed to sea/air cells. Cross-shore profile development 

is simulated by connecting all the surficial rock cells in each iteration (see Fig. 3.2 in Chapter 

3). The model considers wave erosion (both back-wearing and down-wearing) and 

weathering processes as the driving processes, through numerical representation using a set 

of governing equations (see Fig. 5.1).  
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Figure 5.1: Basic equations representing wave erosion and weathering processes. 

 

 

 

Wave erosion is described in the model following Sunamura’s (1992) conceptual framework 

in which erosion occurs when wave assailing force (Fw) becomes equal to or exceeds FR 

(Fw≥FR). Back-wearing FW (FW-BW) is estimated considering three components: wave height 

(H), wave pressure (P), and tidal duration distribution (Td). The model considers three 

different wave types (unbroken, breaking and broken waves), and assumes that waves 

transform from unbroken waves to breaking waves, followed by broken waves. Wave 

reformation across the platform is not simulated. The wave height of breaking and broken 

waves decays exponentially, once waves break at a breaker point (cell) where water depth 
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from still water level (SWL) is equal to or smaller than H/0.78 (e.g. Komar, 1988). In 

contrast, wave pressure varies depending on wave types; the largest and smallest wave 

pressures occur in breaking and unbroken waves, while broken waves exert intermediate 

force (e.g. Sunamura, 1992). These are represented using scaling coefficients, where Cbreaking 

> Cbroken > Cunbroken.  

Compared with previous studies described in Chapter 3 and 4, the model incorporates several 

refinements in how the breaking and broken waves are modelled. First, in contrast to previous 

fixed rate of breaking and broken wave height decay, the decay rate (γ) is parametrized, with 

smaller and larger γ achieving more and less rock erosion by breaking and broken waves. 

This parameterisation allows the model to change wave erodibility, but it is also consistent 

with the approach of the models by Trenhaile (e.g. 2000). Second, the model dynamically 

changes both the breaking wave distance (D) and the scaling coefficient (Cbreaking-new) of 

breaking wave pressure depending on the gradient of the local submarine slope at the breaker 

point. This refinement is intended to increase D and decrease Cbreaking-new when the gradient of 

the local submarine slope becomes small, and captures the concept that breaking waves exert 

less pressure (after Battjes, 1974; Trenhaile, 2000) over a wider distance when the local 

submarine slope becomes gentler. These refinements are mathematically represented as 

follows: 

cos10HD           (5.1) 

sinbreakingnew-breaking CC         (5.2) 

where α is gradient of the local linear submarine slope extending between the breaker point 

cell at a horizontal location of x0 and a surficial submarine rock cell at horizontal location of 

(x0-H), and H is an input wave height. Equation 5.1 produces 0-20 m horizontal range of a 

breaking wave for waves with 2 m wave height. Equation 5.2 sometimes produces smaller 

coefficients of breaking waves (Cbreaking-new) than those of broken waves (Cbroken) when α<<1. 

In this case, the value of Cbroken is applied to Cbreaking-new.  

The tidal duration distribution (Td), which is the number of hours per year in which the water 

level is at a given intertidal elevation, is used to estimate annually averaged Fw (e.g. 

Trenhaile, 2000). However, horizontal back-wearing FW-BW extends vertically even with a 

single water level due to vertically extending wave pressure (P). Consequently, the model 
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accounts for this process in two parts: first, P is vertically discretized and horizontally 

redistributed depending on profile geometry (see Fig. 3.5 in Chapter 3); second, the total 

amount of FW-BW (FW-BW-total) to a surficial rock cell at (x, y) is estimated considering FW-BW at 

other intertidal elevations (y’) (see Eq. 3.6 in Chapter 3). Down-wearing FW (FW-DW) is 

estimated considering FW-BW at SWL (FW-BW-SWL) with FW-BW-SWL exponentially decreasing 

with water depth. The total amount of FW-DW (FW-DW-total) for the submerged rock is a 

summation of FW-DW at various elevations within the intertidal range. 

Intertidal rock weathering is integrated into the model by iteratively reducing FR of intertidal 

surficial rock cells. The rate and spatial efficacy of FR reduction due to the weathering 

process is set using a weathering efficacy constant (K) and a weathering efficacy distribution 

(W). Based on the work by Porter et al. (2010a, b, c) which investigated wetting and drying 

on shore platforms, W has its peak at mean high water neap (MHWN) with efficacy 

decreasing above and below this level  (see Fig. 3.6 in Chapter 3). Complete disintegration of 

rocks sometimes occurs when FR becomes zero or smaller than zero due to weathering.  

A cliff mass failure process is included in the model, but the model assumes no influence of 

debris from cliff mass failure on other processes considered. Hence, cliff sections above a 

basal notch are automatically removed (i.e. changed to sea/air cells) every model iteration. 

5.2.2.2. Model run settings 

The model described in this chapter is capable of producing shore platforms on the full 

spectrum of wave versus weathering processes; that is, platforms produced entirely by wave 

action, and platforms produced entirely through weathering. The model can also be run with 

parameter values that produce profiles that are not shore platforms (e.g. mean profile gradient 

>5 degrees). Initial tests were run to identify the parameter space that allowed shore platform 

formation across the full wave versus weathering dominated spectrum. Tests showed that for 

FR of 5e-2 (FR is rock resistance), no erosion occurred in model runs when γ = 1e+1 and K = 

0 (γ is wave decay rate and K is weathering rate), whereas for γ = 1e-2, waves alone can 

produce shore platforms (<5 degrees), and with K = 0.5xFR, weathering alone can produce 

shore platforms. Accordingly, model scenarios used γ values of 1e-2, 1e-1, 1e-0, and 1e+1, 

and K values of FRx5e-1, FRx5e-2, FRx5e-3, and 0 (Table 5.2). Of note, in order to examine a 

broad range of conditions, a wider range of weathering rates (0-50mm/year) was selected, 

compared to those used in other modelling studies (e.g. Trenhaile 2008a, b) which is based on 
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the weathering rates observed using (T)MEMs (e.g. Trenhaile and Porter, 2007). Of note, 

with the γ values of 1e-2, 1e-1, 1e-0, and 1e+1, wave height decreases 67-100% over 200 m 

distance which is generally consistent with previous field-based shore platform observations 

(e.g. Ogawa et al., 2011). 

  

 

Table 5.2: Variables and their values used in this study 

Wave attenuation  

constant (γ) 

Weathering efficacy 

constant (K) 

Material 

resistance (FR) 

Mean tidal 

range (MTR) 

  1e+1 (γ0, No wave erosion) 0              (K0, No weathering) 5.0e-2 (FR1) 1 m (MTR1) 

  1e-0  (γ1) FR x 5e-3 (K1, 0.5 mm/year) 7.5e-2 (FR2) 8 m (MTR8) 

  1e-1  (γ2) FR x 5e-2 (K2, 5 mm/year) 1.0e-1 (FR3)  

  1e-2  (γ3) FR x 5e-1 (K3, 50 mm/year) 2.5e-1 (FR4)  

  5.0e-1 (FR5)  

 

 

Five material resistance (FR) values, with FR of 5e-2 being minimum, were selected (Table 

5.2), and all the combinations of K and FR values were tested to assess different rock 

susceptibility to weathering (e.g. Kanyaya and Trenhaile, 2005). Two different values of 

mean tidal range (MTR) were selected in order to compare modelled profiles at different tidal 

settings, similar to previous numerical modelling studies (Trenhaile, 2008a, b) (Table 5.2). A 

rectangular shape function was used for the unbroken wave pressure distributions (Punbroken), 

with upper and lower limits set at 0.5H (see Fig. 3.3 in Chapter 3). In contrast, a triangular 

shape (same 0.5H upper and lower limits) with maximum occurring at mean sea level (MSL) 

was used for breaking and broken wave pressures (Pbreaking and Pbroken), assuming that the 

greatest pressure occurs at around mean water surface (after Trenhaile, 1987). These are 

consistent to shape functions used in Chapter 4. The same scaling coefficients of 10 and 0.01 

used in the previous studies (Chpater 3 and 4) were applied to Cbreaking and Cunbroken 

respectively. In addition a coefficient of 1 was applied to Cbroken in order to also increase the 

erodibility of broken waves. This modification compensated for Trenhaile’s (2000, p164) 

assertion that “broken waves therefore accomplish most of the mechanical wave erosion on 

fairly gently sloping shore platforms”. Simulations were all undertaken with a single wave 

height value (2 m), with which (e.g. 1.5 m, 2.5 m, etc.) Chapter 3 showed that a range of 
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shore platform profiles emerged. The use of a single wave height in simulations provided a 

constant against which the relative role of weathering could be distinguished.  

All simulations were runs over 6000 model iterations (years) at a constant sea level, allowing 

profile development over a period of quasi eustatic sea level stability, such as the mid-late 

Holocene. Model runs were initiated with a linear slope (45 degrees) similar to other 

numerical studies on rocky shore development (e.g. Trenhaile, 2000). A maximum profile 

width of 300 m was set, and the model simulations were terminated when profile 

development reached 300 m in width to save computation time. 

5.2.3. Results 

5.2.3.1. Modelled shore morphology 

A variety of cross-shore profiles emerged from the 160 model runs, ranging from narrow (~1 

m) to wide (~300 m), sloping (>5 degrees) to flat (<1 degree), and intertidal to subtidal 

platforms (Fig. 5.2). Of note, a key difference in the emergent profiles in this study, 

compared to other numerical modelling studies examining the wave versus weathering debate 

(e.g. Trenhaile, 2008a, b), is the occurrence of subtidal profiles: 20% of model runs produced 

profiles whose subtidal profile was wider than their intertidal profile width. In total, 62% of 

model runs produced either intertidal or subtidal platform profiles of <5 degree gradient that 

have analogues with field observations (see Fig. 5.2). For example,  partly submerged gently 

sloping profiles with no clear seaward boundary (Fig. 5.2a, P1) emerged from the model, 

which are often found in micro-tidal rock coasts where weaker rocks predominate (e.g. 

Tsujimoto, 1987) (Fig. 5.2b, P1). Profiles with a sub-horizontal surface and an eroding 

seaward edge (Fig. 5.2a, P2) are similar to the relatively narrow sub-horizontal platforms 

described on some open coasts in Victoria, Australia (Hills, 1949) (Fig. 5.2b, P2), whereas 

more commonly sub-horizontal platforms are described as having a stable seaward edge (Fig. 

5.2a and 5.2b, P3)(e.g. Dickson, 2006). Profiles similar to the well-known “Old Hat” shore 

platforms in Bay of Islands, New Zealand (Fig. 5.2b, P4) (see Kennedy et al., 2011), 

characterised by a relatively narrow (<50 m) sub-horizontal shore platform also occured in 

simulations (Fig. 5.2a, P4). Sloping shore platforms with a range of profile widths (Fig. 5.2a 

and 5.2b, P5 and P6) also occur in many macro and mega tidal rock coasts. 
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5.2.3.2. Accounting for wave erosion and weathering contributions 

In this modelling study the contribution of wave erosion and weathering processes in each 

iteration was estimated by summing (i) FR values of all the rock cells eroded by wave erosion 

(i.e. FW ≥ FR), and (ii) FR values of all the surficial rock cells reduced by weathering. This 

approach differs from that taken in previous modelling studies. It considers and evaluates 

both the gradual effect of weathering-induced reduction in FR, and the sudden moment when 

FW exceeds FR leading to rock erosion. 

 

 

 

 
 

 

Figure 5.2: (a) Examples of modelled cross-shore profiles and (b) comparable shore platforms around 

the globe. (P1) Submerged shore platform at Taito, Japan, (P2) sub-horizontal shore platform at 

Mornington Peninsula, Victoria, Australia (from Kennedy, 2015), (P3) wide sub-horizontal platform at 

Tatapouri, Gisborne, New Zealand (from Dickson and Stephenson, 2014), (P4) “Old Hat” sub-

horizontal shore platform at Bay of Island, New Zealand (from Dickson and Stephenson, 2014), (P5) 

wide sloping shore platform at Staithes, North Yorkshire, UK, and (P6) relatively narrow (<100 m) 

sloping shore platform at Langland bay, near Swansea, UK. 
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Results show that full range of wave erosion contributions (0-100%) were possible in 

modelled shore platform profile development, but there were several notable trends (Fig. 5.3). 

First, as expected, wave erosion contributions increased with wave erodibility. Second, also 

as expected, the contribution of wave erosion decreased with weathering rate and material 

resistance. Third, subtidal shore platform profiles only occur in micro-tidal runs (MTR1), and 

generally had larger wave erosion contributions (>80%). Simulations also reveal distinct 

morphological outcomes for different combinations of processes (Fig. 5.3). For example, 

wave erosion was generally more important in the development of subtidal shore platform 

profiles (P1) as well as sub-horizontal platform profiles with a receding seaward edge (P2), 

but less important in the development of sub-horizontal platform profiles with a stable 

seaward edge (P3 and P4) (Fig. 5.3a). In contrast, in mega-tidal runs (MTR8) the importance 

of waves varied substantially in model runs that produced the same profile type; for instance, 

in Fig. 5.3b it can be seen that sloping profiles in mega-tidal environments (P5 and P6) had 

examples of waves being both more-dominant and less-dominant than weathering. 
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Figure 5.3: Wave erosion contribution in the development of shore platform profiles in relation to wave 

erodibility (γ), weathering efficacy (K), material resistance (FR) for (a) micro-tidal (MTR1) and (b) mega-

tidal (MTR8) environments. Grey markers indicate profiles that are largely subtidal whereas white 

markers are largely intertidal platforms. Annotations refer to profile types noted in Fig. 5.2.   

 

 

 

5.2.3.3. Temporal patterns 

It has been suggested that the relative contribution of wave erosion and weathering processes 

might change through time due to morphological feedbacks that occur during profile 

development, such as platform widening and lowering (e.g. Dickson, 2006; Trenhaile, 2008a, 

b). This concept was studied by resolving the relative contributions of weathering and wave 

erosion during platform development in the model simulations (Fig. 5.4). Results show that 

different platform morphologies exert a strong control on the relative dominance of wave 

erosion and weathering processes, particularly when tidal range was small (1 m) (Fig. 5.4a). 

Furthermore, for some platform types, temporal transitions in the dominance of processes 

occur during the initial profile development after which process dominance remains stable. 

All results of MTR1 runs in Fig. 5.4a, except for runs with γ0 (no wave erosion), showed a 

large initial decrease in the importance of wave erosion, by more than 50%, because initially 
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wave action was crucial for modifying the profile shape of the starting 45 degree slope. 

Subsequent transitions in the importance of wave processes exhibited clear dependency on 

morphological types: wave dominance gradually declined through time for P1 and P2 profiles, 

whereas wave contribution patterns became nearly constant immediately after the initial 

sharp drop for P3 and P4 profiles, but ceased (i.e. waves only removed weathered debris) 

before and after 2000 modelled years, respectively (Fig. 5.4a). Temporal changes of 

weathering dominance were also dependent on morphological types: weathering patterns 

were almost stable throughout simulations for P1 and P2 profiles, while there was an initial 

gradual increase in the weathering dominance particularly for P4 profiles (Fig. 5.4a).  

In contrast to the clear relationships between morphological types and temporal changes of 

wave and weathering dominance in MTR1 runs, trends were less clear in MTR8 simulations. 

For example, both gradual and sharp decreases of wave erosion contributions occurred in P5 

profile development, while weathering dominance was almost stable or slightly increased 

through time for P5 and P6 profiles (Fig. 5.4b). These results indicate that morphological 

feedbacks on temporal changes of process dominance are more distinctive in small tidal 

settings than larger tidal settings.  

 

 

 
 

 

Figure 5.4: Temporal patterns of wave erosion and weathering in the development of shore platform 

profiles described in Fig.5.2 and Fig. 5.3, in the case of (a) MTR1 and (b) MTR8.  Results were 

normalized using the maximum value in each result and plotted every one 30
th

 of the total simulation 

period. 
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5.2.3.4. Relation between shore platform morphology and wave process 

dominance 

Across all model runs that produce shore platform profiles it is possible to examine the 

relative importance of wave erosion (and weathering) for different profile shapes. 

Significantly, results  show a clear negative correlation between wave erosion contributions 

and platform width as described by the ratio between the relative width of the intertidal 

platform (I) and the intertidal plus subtidal platform profiles (IS, Fig. 5.5). The trend was 

particularly clear for micro-tidal platforms (MTR1, R=0.96) when there was a large range of 

I/IS, but was also apparent for mega-tidal coasts (MTR8, R=0.68). Results indicate that when 

a large portion of the platform was subtidal (e.g. Fig. 5.2a P1 and P2), waves were a more 

important driver of profile evolution, but higher platforms (e.g. Fig. 5.2a, P3 and P4) require 

a greater proportion of weathering-induced rock-weakening before erosion occurred. While 

the result is intuitive, differences between simulations highlight the strength of the modelling 

approach in evaluating process mechanisms. For instance, in different model runs, there were 

opposite patterns in the dominance of waves for profile shapes of P5 and P6. The prospect 

here, discussed further below, is that different parameter settings can produce similar profiles 

shapes through contrasting wave versus weathering erosion regimes.  

 

 

 
 

 

Figure 5.5: Scatter plots examining relations between modelled profile geometries and wave erosion 

contributions in the case of (a) MTR1 and (b) MTR8. I/IS ratio represents intertidal profile width 

divided by intertidal plus subtidal profile width. 
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5.2.4. Discussion 

5.2.4.1. Process dominance in micro- and mega-tidal coasts 

Recent hydrodynamic studies of wave processes on sub-horizontal shore platforms have 

shown that in micro-tidal settings, the presence of a stable seaward edge results in extreme 

wave-energy dissipation at the platform edge, owing to strong depth limitation, such that 

under fair-weather conditions relatively little wave energy propagates across the platform 

surface to the cliff toe (e.g. Marshall and Stephenson, 2011; Ogawa et al., 2011, 2012, 2016) 

(Fig. 5.6a). A natural corollary is that over time weathering must become dominant (e.g. 

Stephenson and Kirk, 2000b), and on some very wide platforms waves may simply be an 

agent of debris removal (Dickson et al., 2013). In contrast, if the seaward edge of the 

platform is destroyed (or recedes) on micro-tidal coasts, waves may retain a more important 

role in platform development (e.g. Hills, 1949; Tsujimoto, 1987).  

Results from the model experiments are generally consistent with these statements. Profiles 

with a stable seaward edge (P3 and P4) owe less than 20% of their platform morphology to 

wave erosion, whereas sub-tidal platforms (P1) and those with an eroding seaward edge (P2) 

have more than 80% of their profile development due to wave erosion (Fig. 5.3a and 5.5a). In 

contrast, in large tidal environments water depth restrictions on the shore platform are less, 

such that wave breaking is not so confined to the seaward edge; waves can break closer to 

cliff toe (Fig. 5.6b) (Trenhaile and Kanyaya, 2007). 

Previous modelling work has suggested that in this type of environment (macro-tidal, sloping 

platform) wave processes are dominant (e.g. Trenhaile, 2008a). The model results also show 

wave dominance across many model scenarios, but further suggest that the relative 

importance of wave erosion and weathering is strongly dependent on wave erodibility, 

weathering rate, and material resistance parameters (Fig. 5.3b and 5.5b). Previous shore 

platform studies have inferred dependencies of process dominance on weathering rates and 

material resistance (e.g. Trenhaile, 2008a, b; Kennedy et al, 2011) but paid little attention to 

wave erodibility. Little is known about under which conditions waves erode rocks 

(Stephenson et al., 2013), and hence indeterminacy of wave erosion conditions should be 

taken into account in the wave versus weathering argument. 
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Figure 5.6: Conceptual spatial variability of wave process modulation in the case of (a) small and (b) 

large tidal settings, redrawn after Trenhaile and Kanyaya (2007). 

 

 

 

5.2.4.2. Equifinality in shore platform development 

The results suggest that both wave-dominant and weathering-dominant regimes can produce 

similar shore platform profile geometries under certain circumstances (Fig. 5.3b and 5.5b). 

These often occur in large tidal range rock coasts when wave and weathering processes 

synergistically operate at different levels (e.g. wave/weathering processes are more active 

than weathering/wave processes). Cruslock et al. (2010) showed that wave action and ice 

scour can produce similar meso-scale (cm-m) erosion landforms in structurally similar shore 

platforms in Sweden and the UK. Collectively, these observations highlight geomorphic 

equifinality in shore platform development, where different erosional mechanisms can 

produce similar morphologies (e.g. Haines-Young and Petch, 1983). The model results attest 

to geomorphic equifinality in shore platform development at larger scales, but only in large 

tidal environments. In small tidal environments a clear process demarcation develops with 

varied rock resistance and wave erodibility. If rock resistance is high or wave erodibility is 

low, wave processes are heavily constrained by the presence of an abrupt seaward scarp that 

forces wave breaking and minimises the amount of energy that reaches the cliff toe. These 

environments are typically weathering-dominated. If rock resistance is low or wave 

erodibility is high, the narrow tidal range results in a narrow vertical distribution of wave 

energy that rapidly lowers the shore platform, forcing it to be largely sub-tidal (e.g. Hills, 

1949). Weathering processes do not operate at subtidal elevations, and so the platform 
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becomes wave dominated. In contrast, in large tidal environments where wave processes are 

less modulated by shore morphology (Fig. 5.6), both wave and weathering processes 

contribute to profile development in similar manners, with which “wetting and drying can 

provide an additional or alternate explanation to that of wave erosion for the relationship that 

has been reported between tidal range and platform gradient” (Trenhaile, 2004, p1049). In 

these cases, process dominance simply depends on the relative roles of wave and weathering 

processes and can be either wave-dominated or weathering-dominated even in the 

development of similar shore platform geometries, which results in process ambiguity.  

This study employed a model setup that was sufficiently broad to explore process ambiguity, 

and shed new light on the wave versus weathering debate. A much broader range of 

conditions could potentially be explored. For instance, this study modelled shore platform 

development only under stable sea level, but in reality, sea level and the associated process 

regime has varied during the Holocene, and in some cases shore platforms may even have a 

residual morphological imprint arising from platform development through multiple glacial 

and interglacial periods (Trenhaile, 2002b). Other simplifications further limit the potential 

pathways through which shore platform morphology can develop in the model. For instance, 

storms are not represented in the model, nor is local variability in rock resistance (e.g. 

multiple lithological strata within a single profile). It is clear that in natural settings, similar 

observed shore platforms morphological states could be reached by many potential means.  

5.2.4.3. Relative dominance of wave erosion and weathering processes in shore 

platform development 

Kirk (1977, p572) quoted the work of Mii (1962) in remarking that “…morphology is a 

notoriously ambiguous indicator of process ...”. The model results provide evidence to 

support this cautionary statement, but the model also provides an opportunity to conceptually 

constrain the conditions where process dominance is determinable or ambiguous (Fig. 5.7). In 

particular, there is a critical mean tidal range (Tc) below which process dominance can be 

determined depending on morphological types.  Subtidal shore platforms or intertidal shore 

platforms with a receding seaward edge (Area1) are wave-dominated, while intertidal shore 

platforms with a stable seaward edge (Area2) are weathering-dominated. The former (Area1) 

are more common in smaller tidal environments but the latter (Area2) becomes more 

dominant with increasing MTR within a range of MTR<Tc, as less waves interact with the 

seaward edge. In contrast, above Tc the development of shore platforms, which are generally 
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sloping due to the positive correlation between mean slope gradient and tidal range (e.g. 

Trenhaile, 1999), can be either wave- or weathering-dominated (Area3). 

 

 

 
 

 

Figure 5.7: Conceptual demarcation between modelled shore platform development after 6000 

iterations (years) and the wave and weathering process regime that creates those forms.  

  

 

In field settings the critical mean tidal range (Tc) and associated process dominance 

demarcation will be influenced by numerous factors, and therefore would differ from place to 

place. The simulations that inform Figure 5.7 are also constrained to stable Holocene sea 

level and a wave environment without storms. Field observations may be difficult to 

reconcile with this model owing to these differences. For instance, Sunamura (1991) and 

Dickson (2006) both refer to the important control of shoreline water depth in the 

development of narrow supra-tidal shore platforms in micro-tidal settings. The implication is 

that such platforms should be produced by weathering, but intense wave action during storms 

might also be important, and this factor has not been considered in the modelling (Fig. 5.7). 

In contrast, Fig. 5.7 is generally consistent with previous field studies in regard to relatively 

wide (several tens of metres) shore platforms on micro tidal coasts, as exemplified in Fig. 5.2. 

5.2.5. Conclusion 

This chapter adapts a new numerical model to explore the long-standing wave versus 

weathering debate in shore platform development. Refinements in the model described in 

Chapter 3 and 4 are made that specifically consider factors that have not been incorporated in 
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previous modelling studies. In particular, the model: parameterizes the erosional efficacy of 

wave erosion and weathering processes; accounts for the gradual surficial weathering-

induced intertidal rock degradation as a weathering contribution, and; considers subtidal 

morphological development using a grid discretization scheme and spatially varied wave 

pressures. The model then simulates shore platform profile development under a broad 

parameter space in which at one extreme waves can produce platforms without rock 

weakening, while at the other, waves require rock weakening in order to erode rock and 

produce shore platforms. This approach makes it possible to shed new light on the question 

posed by Stephenson (2000, p315) after more than a century of debate over the relative 

dominance of wave erosion and weathering processes in shore platform development: 

“…weathering reduces the compressive strength [of rocks] to the point where waves can 

cause erosion. In such a case does a platform have a marine [wave erosion] or subaerial 

[weathering] origin?” This chapter finds that: (i) sloping shore platforms in large-tidal 

settings can have either a marine (wave erosion) or subaerial (weathering) origin, depending 

on the erosional efficacy of these processes; (ii) in contrast, in small-tidal environments, 

waves may dominate where platforms are subtidal or have a receding seaward edge, but 

relatively wide or wide sub-horizontal shore platforms with a stable seaward edge are likely 

to have primarily a subaerial (weathering) origin. An equally important result is clear 

recognition of equifinality in shore platform development: modelled platforms of similar 

geometry were sometimes wave dominated, and sometimes weathering dominated. Given the 

ambiguity that exists in the model, and which is much more widespread in nature, it is hardly 

surprising that there has been such longstanding debate regarding the formative controls of 

platform development. Modelling helps to frame the problem and identify areas in which 

clear statements about process dominance are possible. However, it is also clear that a higher 

resolution understanding than we currently have of the mechanics of the processes through 

which waves physically achieve rock erosion, and through which weathering achieves rock 

weakening in coastal environments is required (Stephenson et al., 2013).  
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Chapter 6: Model application 2 - Modelling the development of 

uplifted marine terraces: an investigation of feedbacks between 

intertidal erosion processes, RSL changes, and shore morphology 

6.1. Introduction 

In Chapter 1 several unresolved research questions in rocky shore geomorphology were 

identified (see Table 1.1). The long-standing wave versus weathering debate was addressed in 

Chapter 5. In this chapter emphasis is placed on important research questions concerning the 

extent to which rocky shore morphology is inherited from changes in the relative level of 

land and sea.  

To what extent are relative sea level (RSL) changes an important driver of shore profile 

development on rock coasts? This question has long been in the mind of geomorphologists 

working on rocky shores, but relatively few studies have had means of specifically addressing 

the question. The geomorphic importance of RSL change due to tectonism was dramatically 

demonstrated in the recent November 2016 earthquake in Kaikoura, South Island, New 

Zealand, when the coastal landscape was instantaneously changed as intertidal shore 

platforms were uplifted several tens of centimetres to several meters, profoundly changing 

the nearshore erosion-process regime, and in some instances creating marine terraces that are 

now inherited features (Stephenson et al., 2017). The purpose of Chapter 6 is to use the 

numerical model developed in this thesis to specifically investigate the development of 

uplifted marine terraces, including the interplay between intertidal wave erosion and 

weathering processes, episodic RSL changes due to tectonic uplift events, and shore 

morphology. This provides insights into how tectonic activity and synchronous RSL changes 

can alter rocky shore evolution pathways. 

Uplifted marine terraces occur commonly on tectonically active coastlines. They consist of 

multiple elevated, gently sloping or sub-horizontal shore platform surfaces that are formed 

during periods when RSLs were different from today. Reviews of literature pertaining to the 

modelling and marine terrace development are provided in Chapters 1 and 2. Uplifted marine 

terraces are often used in the search of paleo-tectonic activity. However, as terraces preserve 

records of past erosion, they could also provide unique opportunities to investigate previous 

erosion processes controlling rocky shore development. 
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Many previous studies on marine terraces have combined topographic surveys and 

radiometric surface dating to give insights into the marine terrace development (e.g. Bradley 

and Griggs, 1976; Shishikura, 2014). However, difficulties exist as there are numerous 

factors affecting marine terrace morphology other than tectonic uplift, including river incision 

and mass wasting (e.g. Anderson et al., 1999). In addition, marine erosion processes have the 

potential to truncate and eliminate terraces in some instances (Trenhaile, 1987). Numerical 

modelling can be useful under these circumstances, as models can simulate the development 

and degradation of terrace morphology through time, and thus reconstruct possible pathways 

of terrace development. However, previous modelling studies have been primarily concerned 

with terrace development arising from the interplay between wave erosion and RSL changes 

(Cinque et al., 1995; Anderson et al., 1999; Trenhaile, 2002a, 2014b), and do not consider 

gradual weathering processes. This is potentially an important omission, as numerous recent 

studies (including that described in Chapter 5) identify the crucial role of weathering 

processes in rocky shore development (e.g. Stephenson and Kirk, 2000b; Trenhaile and 

Kanyaya, 2007). Another potential drawback of previous modelling studies relates to the 

limited RSL changes associated with tectonic activity; gradual RSL changes due to tectonic 

activities have been tested in the previous studies, but instantaneous episodic changes in RSL 

have not been considered. 

The primary aim of this chapter is to investigate how the intertidal erosion regime (consisting 

of wave erosion and weathering processes) on shore platforms responds to episodic changes 

in RSL due to tectonic uplift events, and describe how changes in the intertidal erosion 

regime influence the development of uplifted marine terraces. This aim is examined using a 

combination of numerical model simulations and published field data from a suite of uplifted 

Holocene marine terraces along the north-eastern coastline (~10 km) of Mahia Peninsula, 

North Island, New Zealand (Berryman, 1993a). The marine terraces at Mahia are distinctive 

in that the number of preserved terraces varies, with three to five flights of terraces occurred 

along a short section (10 km) of coastline (Berryman, 1993a), and at some locations there is 

no uplifted terrace (i.e. only a modern micro-tidal shore platform occurs) (Beetham and 

Kench, 2011; Ogawa et al., 2012). Berryman (1993a) attributed marine terraces at Mahia 

Peninsula to multiple tectonic uplift events during the mid-late Holocene, but little is known 

about reasons why the number of preserved terraces differs along the short stretch of 

coastline. The model simulations in this chapter enable an analysis of the interplay between 

RSL change scenarios and the erosion processes (i.e. terrace-destroying ‘destructive’ erosion, 
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and shore-platform-building ‘constructive’ erosion) that permit the sequences of observed 

terraces at Mahia. This analysis supports a detailed view on the extent to which RSL is an 

important driver of shore profile development on some rock coasts. 

6.2. Study site 

6.2.1. General physical setting 

Mahia Peninsula is located 80 km east of Hikurangi Trough where the Pacific Plate is being 

subducted beneath the Australian Plate; it is one of the most tectonically active regions in 

New Zealand (Fig. 6.1a) (Berryman, 1993a, b). The predominant composition of Mahia 

Peninsula is Miocene siltstone, mudstone, and flysch, with Plio-Pleistocene limestone resting 

on Miocene siltstone at the west side of the peninsula (Berryman, 1993a, b). Late Pleistocene 

marine terraces cover approximately 40% of the Peninsula, whereas uplifted Holocene 

marine terraces occur between the north-eastern and south-eastern fringes of the Peninsula 

(Fig. 6.1b) (Berryman, 1993a, b). The oceanographic setting is characterized by a semi-

diurnal micro-tidal regime with a mean spring tidal range of 1.7 m. On average, the north-east 

coast experiences offshore wave heights of 0.8-0.9 m, with wave periods between 9-10 

seconds, and seasonal storm wave heights greater than 3 m have been observed (Ogawa et al., 

2012). 

 

 
 

Figure. 6.1: Maps showing locations of (a) Mahia Peninsula, and (b) study sites of Table Cape, 

Nukutaurua Road, Auroa Point, Putiki Point and Oraka after Berryman (1993a) and Ogawa et al. 

(2012). 
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6.2.2. Holocene marine terraces and shore platforms at Mahia Peninsula 

Uplifted Holocene marine terraces and sub-horizontal shore platforms occur on the north-

eastern coastline of Mahia Peninsula, but are notably absent from the southwest coast where 

the land is particularly exposed to marine erosion (Fig. 6.1b) (Berryman, 1993a). Figure 6.2b 

shows sites studied by Berryman (1993a). There is considerable variability in the number and 

elevation of preserved uplifted terraces at each study site. Four distinct sub-horizontal 

terraces occur at Table Cape, whereas five terraces are preserved at Nukutaurua Road and 

Auroa Point (Fig. 6.2a and b). The morphology of the four seaward-most terraces at Table 

Cape (TC1-TC4) and Nukutaurua Road (NU1-NU4) are similar, with the height of TC3 and 

NU3 being less than 2 m relative to the terraces immediately below (i.e. TC2 and NU2). 

Conversely, the relative heights of TC2 and NU2, and TC4 and NU4 are generally larger than 

2 m. Only three terraces are preserved at Putiki Point (Fig. 6.2c) and there is no terrace at 

Oraka, where instead a wide (>150 m) intertidal sub-horizontal shore platform extends from 

the abrupt seaward edge of the platform up to the toe of a steep sea cliff (~20 m in height) 

(Beetham and Kench, 2011; Ogawa et al., 2012). Of note, there is little information available 

for the terrace width from the existing literature, probably owing to a large alongshore 

variation in terrace width (see Fig. 7a and 7c in Berryman, 1993a). Accordingly, this study 

places little attention on terrace width except for that of profiles at Oraka. 

 

 

 

 
 

 

Figure. 6.2: Cross-shore profiles of uplifted Holocene marine terraces at (a) Table Cape, (b) 

Nukutaurua Road, (c) Putiki Point, and (d) a sub-horizontal shore platform at Oraka, redrawn based 

on information obtained from Berryman (1993a), Beetham and Kench (2011), and Ogawa et al. (2012) 

(no horizontal information is available for (a), (b), and (c)). 
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6.2.3. Holocene tectonic uplift events at Mahia Peninsula 

Berryman (1993a) suggested that five tectonic uplift events are responsible for the 

development of the uplifted Holocene marine terraces at Mahia Peninsula. He determined the 

vertical displacement and timing of these events by (i) measuring terrace height and (ii) 

radiocarbon dating shells sampled from terraces at Putiki Point, Auroa Point, Nukutaurua 

Road and Table Cape (Fig. 6.3). Dates were quoted in terms of the Libby’s half-life of 5568 

years, with corrections made for isotopic fractionation by normalizing to δ13C of -25% 

relative to Pee Dee Belemnite (Jansen, 1984; Berryman, 1993a). Berryman (1993a) also 

found a general tendency of westward tilting along the north-eastern coastline, shown in the 

altitude and age distribution of the marine terrace sequence from Table Cape to Putiki Point 

(Fig. 6.4). In Fig. 6.4, the uplifted terraces at Auroa Point are higher than those at Nukutaurua 

Road even with the westward tilting. Berryman (1993a) noted that this is presumably because 

of folding at Auroa Point. 

 

 

 
 

 

Figure 6.3: Vertical displacement of the five tectonic uplift events at Putiki Point, Auroa Point, 

Nukutaurua Road, and Table Cape estimated by Berryman (1993a) 
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Figure. 6.4: Elevation and age of the marine terraces at Putiki Point, Auroa Point, Nukutaurua Road, 

and Table Cape, based on the vertical displacement of the five tectonic uplift events in Fig. 6.3, and 

information in Fig. 11 in Berryman (1993a). The location of Oraka is added, and trend lines are 

extended to this location assuming that westward tilting is continuous. 

 

 

 

6.2.4. Holocene sea level in New Zealand 

Gibb (1986) suggested that mean sea level in New Zealand reached current level about 6500 

years B.P., and has remained relatively stable since this time (<0.5 m fluctuations). These 

findings were based on 82 radiocarbon dated sea level indicators from eight tectonically 

stable sites around New Zealand. Over the subsequent 30 years, Gibb’s (1986) predictions 

have formed a benchmark for Holocene sea level studies in New Zealand (Kennedy, 2008), 

although there is evidence that a sea level highstand occurred during the mid-late Holocene at 

various locations around northern New Zealand (e.g. Woodroffe et al., 1983; Hicks and 

Nichol, 2007; Dougherty and Dickson, 2012).  

Recently Clement et al. (2016) proposed a new Holocene sea level curve through the use of a 

glacial isostatic adjustment model (GIA) at four different regions around New Zealand. The 

GIA model considers (i) time-dependent shoreline migration, (ii) an accurate treatment of 

sea-level change in regions of marine-grounded ice, and (iii) feedbacks between GIA and the 

rotational state of the Earth. The predictions by Clement et al. (2016) are different from those 

by Gibb (1986), with a Holocene sea level highstand commencing at around 8100-7240 years 

B.P. in North Island, New Zealand. This work suggests that the sea level around Mahia 

Peninsula may have reached up to around 2 m above present sea level by approximately 4000 

years B.P., before gradually dropping to the present level (personal communication, February 
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14, 2017; also see Fig. 6J in Clement et al., 2016). This interpretation is generally consistent 

with other observations from northern New Zealand that suggest a mid-Holocene sea level 

highstand. 

6.3. Numerical model and model run settings 

This chapter uses the numerical model developed and validated in Chapter 3 and 4, and 

further refined in Chapter 5 (see Section 5.2.2.1 for details). As described in previous 

chapters, the model considers both wave erosion and weathering processes as an erosion 

driving process, and therefore differs from existing “wave erosion models” used in the 

previous numerical modelling studies on uplifted marine terrace development (e.g. Anderson 

et al., 1999; Trenhaile, 2014b). The model estimates the assailing force of waves (FW) that 

directly attack modelled profiles, while the resistance of surficial rocks (FR) is weakened 

iteratively due to weathering, and eventually rocks (cells) are eroded when FW≥FR (see 

Section 3.2.3 for details). In the model, wave erosion and weathering processes operate 

within the intertidal zone. Their spatial efficacy depends on wave height (H), wave pressure 

(P), a tidal duration function (Td), and a weathering efficacy function (W). Each of these 

processes is fundamentally influenced by RSL change not only because of the direct vertical 

shifts of the intertidal zones, but also other factors such as changes in nearshore water depth 

and weathering exposed surface areas (e.g. Stephenson et al., 2017). 

Table 6.1 shows the basic model parameters and their values used in this chapter. A wave 

height (H) of 1 m and mean tidal range (MTR) of 2 m were selected as broadly representative 

of average conditions experienced at the Mahia field site (see Beetham and Kench, 2011 and 

Ogawa et al., 2012); it is assumed that the uplifted Holocene marine terraces at Mahia 

Peninsula developed under erosion conditions similar to those at present. A wave height 

decay rate (γ) of 1e-1 and weathering efficacy constant (K) of 2e-2 were selected. These 

values represent conditions where (i) seaward edge erosion occurs but not to the extent where 

subtidal profiles emerge when FR is 1e-1 (e.g. P1 profiles in Fig. 5.2a in Chapter 5), and (ii) 

weathering processes are capable of eroding rocks at a maximum rate of 20 cm per year when 

FR is 1e-1, based on the sea-cliff erosion rates (~25 cm per year) observed at the north-east 

coastline of Mahia Peninsula (Miller et al., 2007; Dickson et al., 2016). Consistent with 

Chapter 5, a triangular pressure shape function (Ptri) with upper and lower limits of 0.5H and 

no vertical shift (Vshift=0) was applied to breaking and broken waves, whereas a rectangular 

pressure shape function (Prec) was used for unbroken waves. 
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Table 6.1. Model variables and their values used in this study 

  

 

Variable Value 

Wave height (H) 1.0 m 

Mean tidal range (MTR) 2.0 m 

Rock resistance (FR) 1e-1 

Breaking wave height decay (γ) 1e-1 

Weathering efficacy constant (K) 2e-2 

 

 

 

This study simulates uplifted Holocene marine terrace and shore platform development at 

Mahia Peninsula by considering tectonic uplift events with known timings but unknown 

magnitude. This enables a broad investigation into the influence of a range of RSL scenarios 

due to tectonic uplift events to varied uplifted marine terrace and shore platform morphology 

at Mahia Peninsula. A Monte Carlo approach (e.g. Eckhardt, 1987) was employed to produce 

a wide range of RSL scenarios associated with tectonic uplift events. Five episodic 0-4.5 m 

range of RSL drops were considered to represent five tectonic uplift events at Mahia 

Peninsula, after Berryman (1993a). The timings of the modelled five tectonic uplift events 

were fixed at 250(U1), 1600(U2), 1900(U3), 3500(U4), and 4500(U5) modelled years B.P. 

At each time step, the modelled RSL was immediately reduced by a uniformly distributed 

random number between 0 and 4.5 m (Fig. 6.5). RSL change due to Holocene sea level 

fluctuations was also considered, using the predicted Holocene sea level at Mahurangi 

Estuary, North Island, New Zealand (see Fig. 6J in Clement et al., 2016) (Fig. 6.5). In total, 

10,000 model simulations representing a range of different RSL scenarios were conducted.  
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Figure 6.5: Range of RSL change due to the five tectonic uplift events after Berryman (1993a), and 

modelled approximated Holocene sea level curve after Clement et al. (2016). 

 

 

 

Several other changes were also made to the model settings in order to conduct a large 

number of model simulations in a relatively short amount of computing time. These included 

using (i) a cell size of 1 m (instead of 10 cm used in Chapter 3, 4 and 5) for horizontal 

direction, and (ii) an iteration interval of ten years (instead of a single year used in the 

previous chapters). All model runs were initiated with a linear slope (45 degrees), similar to 

other numerical modelling studies of marine terrace development (e.g. Trenhaile, 2014b), and 

run over an equivalent time period of 8000 years.  

6.4. Results 

This section summarises the range of modelled uplifted marine terrace morphologies that 

emerged from numerical simulations considering the broad RSL scenarios that represent the 

five tectonic uplift events (Section 6.4.1). This is followed by analyses of the effects of the 

RSL changes on varied marine terrace morphology (Section 6.4.2), modelled uplift histories 

in comparison to the estimated uplift histories at Mahia Peninsula by Berryman (1993a) 

(Section 6.4.3), and the roles of intertidal wave erosion and weathering processes in terrace 

development (Section 6.4.4) 

6.4.1. Modelled cross-shore terrace profiles 

A range of cross-shore profiles with zero to five preserved terraces emerged from a total of 

10,000 simulations (Table 6.2). Hence, the model produced profiles across the full range of 

uplifted Holocene marine terraces and shore platforms observed along the study site (north-
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eastern Mahia Peninsula). More than half of the model runs (54.8%) produced three 

preserved terraces (MT-3). Two or four preserved terraces (MT-2 and MT-4) also occurred 

frequently (23.9% and 16.3% of model runs respectively). The least common profiles were 

those with zero (MT-0), one (MT-1) and five (MT-5) preserved terraces (0.4%, 3.9% and 

0.8% respectively). 

 

 

 

Table 6.2: A summary of the number of modelled cross-shore profiles having different numbers 

of preserved terraces. 

 

The number of  

preserved terraces  

0 

(MT-0) 

1 

(MT-1) 

2 

(MT-2) 

3  

(MT-3) 

4 

(MT-4) 

5 

(MT-5) 
Total 

The number of  

model runs 
36 393 2385 5483 1625 78 1000 

Rate 0.4% 3.9% 23.9% 54.8% 16.3% 0.8% 100% 

 

 

  

 

The width and height of model terraces varied, but in general, the mean and standard 

deviation (SD) decreased with the number of preserved terraces (Fig. 6.6 and Table 6.3). Of 

note, ‘terrace height’ refers to the elevation of the terrace relative to the elevation of the 

terrace immediately below (Fig. 6.6). Wider and higher terraces (>400 m wide and >5.7 m 

height) emerged when there was no terrace (MT-0) or only one terrace (MT-1), whereas 

terraces were at most around 130 m (mostly less than 100 m) wide and 5.1 m (mostly 

between 2 and 4 m) high where four (MT-4) or five (MT-5) terraces were preserved. The SD, 

which indicates variations of the modelled terrace width and height among the same profile 

types, was greater in MT-0 and MT-1 profiles (>99 m and >2 m) than in MT-4 and MT-5 

profiles (<75 m and <2 m). Both the mean and SD values for width and height of terraces in 

MT-2 and MT-3 profiles were generally smaller than those in MT-0 and MT-1 profiles and 

larger than those in MT-4 and MT-5 profiles. 

The results in Table 6.3 are intuitive: over a given period of time, an increase in the number 

of preserved terraces coincides with a reduction in the width and height of each terrace. When 

no terrace is preserved, shore platform (terrace) width is maximised because intertidal erosion 

has removed any remnants of previous uplift events. In this case there is no terrace height, 
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because the surface remains as an intertidal shore platform. At the other extreme, where five 

terraces are preserved, terrace height is minimised because each terrace records an uplift 

event, and intertidal erosion has not artificially increased the observed terrace height. 

Similarly, terrace width is minimised, because intertidal erosion has not cannibalised any 

terrace (which results in the merging of two or more terraces).   

 

 

 
 

Figure 6.6: Sketch describing width and height of modelled terraces. TEX denotes TerraceX, where X 

is a number. 

 

 

 

Table 6.3: Mean and standard deviation of width and height of modelled preserved terraces in 

different marine terrace types. The numbers in brackets show the standard deviation. 

 

 Type TE0 TE1 TE2 TE3 TE4 TE5 

Width MT-0 594 (109) - - - - -  

 MT-1 177 (99) 409 (159) - - - - 

 MT-2 105 (74) 139 (85) 319 (150) - - - 

 MT-3 57 (43) 134 (44) 115 (74) 211 (82) - - 

 MT-4 53 (36) 133 (43) 78 (36) 91 (63) 131 (75) - 

 MT-5 49 (29) 132 (37) 44 (19) 26 (17) 105 (64) 121 (65) 

        

Height MT-0 - - - - - - 

 MT-1 - 5.7 (2.4) - - - - 

 MT-2 - 4.1 (2.1) 5.5 (2.0) - - - 

 MT-3 - 3.0 (1.3) 5.3 (1.9) 5.0 (2.0) - - 

 MT-4 - 2.8 (1.1) 5.1 (2.0) 3.3 (1.4) 2.9 (1.3)  - 

 MT-5 - 2.8 (1.1) 3.3 (1.0) 1.1 (0.1) 3.9 (1.0) 2.4 (0.3) 
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6.4.2. The morphological effects of tectonically induced RSL changes on marine 

terrace types  

Figure 6.7 shows results from a percentile analysis examining the relationship between the 

amount of vertical displacement from each of the five tectonic uplift events and the six 

modelled marine terrace types. The results indicate, as expected, that the number of preserved 

uplifted terraces is higher when there is a larger amount of vertical displacement from 

tectonic uplift events. For instance, the median vertical displacement was generally less than 

1 m for MT-0 (except at U5), around 2 m or less for MT-1 and MT-2, and larger than 2 m for 

MT-3 and MT-4. MT-5 has a narrower range of possible uplift histories, and the median 

result indicates that uplift at U4, U2 and U1 was between 2 and 3 m, and the lowest uplift 

occurred at U3 was at ~1 m.  

Model results also show that a wide range of uplift events could have led to the preservation 

of two and three terraces (MT-2 and MT-3), as indicated with upper and lower 90 percentile 

curves respectively occurring close to the upper (4.5 m) and lower (0 m) limits. In contrast, 

the possible uplift histories are constrained at specific points in time for MT-0, MT-1, MT-4, 

and MT-5 profiles (Fig. 6.7). For instance, where five terraces are preserved (MT-5), it is 

clear that the third and fifth uplift event (U3 and U5) must have been around 1 m and 

between 2 and 3 m respectively. Where four terraces were preserved (MT-4), the uplift event 

at U5 must have been between 1 and 4 m. For the case of no preserved terrace (MT-0), model 

results provide a clear picture of the possible uplift history: uplift events one to four (U1-U4) 

must have resulted in less than 1 m uplift, whereas the oldest uplift event (U5) could have 

been larger. These results suggest that some of the uplifted marine terrace morphology, such 

as MT-0 and MT-5, can have occurred only under certain tectonic uplift scenarios. 
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Figure 6.7: Percentile analysis examining the relationship between vertical displacement amount from 

the five tectonic uplift events and different marine terrace types.     

 

 

 

6.4.3. Comparison between modelled and measured uplift history 

Qualitatively, there is high general consistency between modelled uplift histories in this study 

and uplift histories inferred by Berryman (1993a) from field measurements at Mahia 

Peninsula (Fig. 6.8). Two lines of evidence demonstrate this consistency: (1) the pattern of 

relative vertical displacement at U2, U3, and U4 for MT-4 and MT-5 is similar between 

model simulation results and field observations at Table Cape, Nukutaurua Road, and Auroa 

Point, where four and five terraces are preserved (Fig. 6.8b and 6.8c); (2) field measurements 

of vertical displacement at U1, U2, and U4 at Putiki Point, Table Cape, Nukutaurua Road and 

Auroa Point are all within the range of modelled RSL changes (between upper and lower 90
th

 

percentile values) for MT-3, MT-4, and MT-5 profiles. In addition, modelled vertical 

displacement at U1 and U3 for MT-3 profiles is smaller than for MT-4 and MT-5 profiles 

(Fig. 6.8a) which is consistent considering the westward decrease of vertical displacement 

from Table Cape to Putiki Point (Fig. 6.4).  
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Notable systematic differences do occur between some model simulation results and values 

measured in the field: modelled RSL change at U3 for MT-4 and MT-5 is around 1m, 

whereas measured vertical displacement is higher, around 2m at Table Cape and between 1 

and 2 m at Nukutaurua Road and Auroa Point (Fig. 6.8b, c); similarly, modelled RSL at U5 

for MT-3 and MT-5 is between 2 and 3 m, whereas measured RSL change is as high as 4.5 m 

at Putiki Point and between 3 and 4 m at Nukutaurua Road and Auroa Point (Fig. 6.8a and 

6.8c). These differences however can be ameliorated considering field study errors of around 

1 m suggested by Berryman (1993), in association with vertical displacement estimations in 

the previous field study (see p1352 in Berryman, 1993a for detail).  

 

 

 

 
 

Figure 6.8: Comparison between modelled and measured uplift histories, represented by vertical 

displacement from the five tectonic events, for (a) MT-3 and marine terraces at Putuki Point, (b) MT-4 

and marine terraces at Table Cape, and (c) MT-5 and marine terraces at Nukutaurua Road and Auroa 

Point. The simulation results of (a) MT-3 and (b) MT-4 include only uplift histories responsible for the 

development of comparable terraces to those at Putiki Point where terraces comparable to TE1 and 

TE3 are destroyed, and to those at                                                                   Table Cape where terraces 

comparable to TE5 are destroyed. 
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6.4.4. The role of intertidal erosion processes in terrace development 

In order to investigate the contributions of wave erosion and weathering processes to the 

terrace development and preservation or destruction, additional model simulations which 

consider a range of process efficacy of wave erosion and weathering processes, similar to 

Chapter 5, were conducted (Table 6.4). The results of additional simulations using RSL 

scenarios producing MT-4 and MT-5 profiles (median lines in Fig 6.8b and 6.8c) show that if 

the rate of weathering is low, wave erodibility must be high (γ3) to create a larger number of 

terraces (Table 6.4). For instance, when the weathering rate is low, wave erodibility must be 

high for TE2 to occur in MT-4 profiles and TE2 and TE4 to occur in MT-5 profiles. In 

contrast, if the weathering rate is high (e.g. 20 cm/year), these terrace can occur regardless of 

wave erodibility. On this basis, it can be inferred that (i) both wave erosion and weathering 

can be critical in terrace development and preservation and destruction depending on process 

efficacy, and (ii) rapid weathering processes (e.g. maximum erosion rate of 20 cm/year by 

weathering alone) were vital for the preservation of the field terraces comparable to TE4 and 

TE2, at Table Cape, Nukutaurua Road, and Auroa Point, when wave erosion efficacy was 

low.  

 

 

 

Table 6.4: Preservation of TE4 and TE2 in case of different wave erodibility and weathering rate conditions 

in simulations using modelled RSL scenarios (median) for MT-4 and MT-5 profiles presented in Fig. 6.8. 

Parameter combinations of γ=1e-1 and K=2e-2 are those used in the simulations in Section 6.4.1, 6.4.2, and 

6.4.3. 

 

 
MT-4 MT-5 

Weathering rate (K) Weathering rate (K) 

Wave height attenuation constant 

(γ) 

2e-3 

(2cm/year) 

2e-2 

(20cm/year) 

2e-3 

(2cm/year) 

2e-2 

(20cm/year) 

     1e-0 (γ1) (fast) - TE2 TE2 TE4 & TE2 

     1e-1 (γ2) (intermediate) - TE2 TE2 TE4 & TE2 

     1e-2 (γ3) (slow) TE2 TE2 TE4 & TE2 TE4 & TE2 
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6.5. Discussion 

The results in Section 6.4.1, 6.4.2, and 6.4.3 suggest that, with constant process efficacy 

conditions regarding wave erosion and weathering processes, various RSL change scenarios 

associated with the five tectonic uplift events resulted in developing a range of uplifted 

Holocene marine terrace and shore platform morphologies like those observed in Mahia 

Peninsula. The following section firstly argues potential factors contributing to the 

development of varied uplifted marine terrace morphology as a result of RSL changes 

(Section 6.5.1). This is followed by detailed analyses investigating how wave erosion and 

weathering processes respond to episodic RSL changes forced by tectonic uplift events, and 

interact with shore morphology during uplifted marine terrace development (Section 6.5.2). 

Lastly, Section 6.5.3 discusses shore platform development on tectonically active rock coasts. 

6.5.1. Roles of episodic RSL changes on the varied uplifted marine terrace morphology 

Trenhaile (2014b) presents a geometric condition for complete terrace removal as follows: 

tanoldnew EWW          (6.1) 

where Wnew, Wold, E, and α are width of new and old terraces, vertical displacement from 

tectonic uplift events, and slope gradient respectively (Fig. 6.9). Applying Eq. 6.1, and further 

assuming that (i) vertical displacement from the five tectonic uplift events and slope gradient 

are constant (E’ and α’ ) and (ii) the width of the new and old terraces (Wnew and Wold) is 

proportional to the duration (T) between two consecutive tectonic uplift events (e.g. f(T)), it 

is apparent that TE4 and TE2 should have been destroyed because of the subsequent new 

terrace development (i.e. Wnew ≥ Wold where Wold is either width of TE4 or TE2, Table 6.5). 

However, Monte Carlo simulations suggest that TE4 and TE2 can be preserved depending on 

RSL scenarios (Fig. 6.8), and Berryman (1993a) reports that field terraces comparable to TE4 

and TE2 are preserved at Table Cape, Nukutaurua Road and Auroa Point.  
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Figure 6.9: Geometric relation with respect to the preservation and destruction of old terraces, 

modified and redrawn from Trenhaile (2014b). 

 

 

Table 6.5: Terrace preservation/destruction based on timings of the five tectonic uplift events identified 

by Berryman (1993a) and Eq. 6.1. U6 and U0 represent 8000 and 0 years B.P. 

 

 

 
Old terrace width  

(Wold) 

New terrace width 

(Wnew) 

Terrace preservation / 

destruction (Wnew ≥ Wold ?) 

TE5 W5 = f(U6-U5) = f(3500)+E’/tan(α’) W4 Wnew < Wold (Preserved) 

TE4 W4 = f(U5-U4) = f(1000)+ E’/tan(α’) W3 Wnew > Wold (Destroyed) 

TE3 W3 = f(U4-U3) = f(1600)+ E’/tan(α’) W2 Wnew < Wold (Preserved) 

TE2 W2 = f(U3-U2) = f(300)+ E’/tan(α’) W1 Wnew > Wold (Destroyed) 

TE1 W1 = f(U2-U1) = f(1350)+ E’/tan(α’) W0 Wnew < Wold (Preserved) 

TE0 W0 = f(U1-U0) = f(250)+ E’/tan(α’) - - 

 

 

 

 

A possible explanation is that terrace width (i.e. Wnew and Wold) depends not only on T (the 

duration between two consecutive tectonic uplift events), but also on the amount of episodic 

RSL changes and associated changes in intertidal erosion regime. The following section 

investigates this possibility in detail, and further discusses how field terraces comparable to 

(missing) TE2 and TE4 (Table 6.5) at Table Cape, Nukutaurua Road and Auroa Point have 

been preserved. 

6.5.2. Interplay between intertidal processes, episodic tectonic uplift, and shore 

morphology 

Figure 6.10 provides a conceptual framework for marine terrace development under (1) wave 

erosion in tide-less seas, (2) tidally modulated wave-driven cliff erosion and shore platform 

formation, and (3) tidally modulated cliff erosion and shore platform formation in the 

presence of both wave erosion and weathering processes. Scenarios are presented where (a) 



Chapter 6: Model application 2 

144 

 

sea-level is constant, (b) where episodic RSL change is larger than MTR, and (c) where 

episodic RSL change is smaller than MTR. Given wave erosion in tide-less seas, similar to 

that employed in the numerical models of uplifted marine terrace development (e.g. Anderson 

et al., 1999), rates of terrace development reduce through time due to an increase of wave 

interaction with bottom bedrock under constant sea level (Fig. 6.10a-1); this mode of 

development is similar to the static-equilibrium mode of shore platform evolution described 

by Sunamura (1992) and discussed by Dickson et al., (2013). Similarly, in situations where 

wave erosion occurs within the intertidal zone (e.g. Trenhaile, 2002a, 2014), rates of terrace 

development slow down gradually (Fig. 6.10a-2) because waves dissipate more energy with 

increasing terrace width (Trenhaile, 2000). In contrast, in situations where intertidal 

weathering processes efficiently operate along with intertidal wave erosion, as has been 

described in this thesis, weathering processes continue to weaken the rock until waves erode 

it away. In this case, and assuming that there is sufficient energy available to remove cliff-toe 

debris, then terraces keep widening even waves do not have sufficient energy to break down 

un-weathered rocks (see Dickson et al., 2013) (Fig. 6.10a-3). When RSL change is larger 

than MTR (Fig. 6.10b), these different temporal modes of terrace development continue even 

after a tectonic uplift event because erosion processes are simply reset; new terraces evolve in 

a similar manner as the development of old terraces before RSL change. 
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Figure 6.10: Comparison of marine terrace development under wave erosion at (1) tide-less seas (e.g. 

Anderson et al., 1999), (2) intertidal wave erosion (e.g. Trenhaile, 2014), and (3) intertidal wave erosion 

and weathering (e.g. developed model in this thesis), in case of (a) constant sea level, (b) RSL change large 

than MTR and (c) smaller than MTR.   

 

 

 

Figure 6.10c further illustrates how different consequences of RSL change occur when the 

vertical displacement of RSL change is smaller than MTR (for the cases that consider 

intertidal processes, Fig. 6.10c-2 and c-3). When terraces are elevated by tectonic uplift to 

levels that are within the vertical range of MTR, they are exposed to direct actions of wave 

erosion and weathering processes. In this case, old terraces are degraded both horizontally 

and vertically, depending on the erosional efficacy of intertidal processes. Weathering 

processes are important, particularly when wave erosion efficacy is small, for two main 

reasons: (1) weathering processes weaken rocks allowing waves to erode weathered rocks; 

(2) uplift can result in a dramatic increase in the surface area of rock that is exposed to 

intertidal weathering processes (Fig. 6.10c-3’). In contrast, uplift has effect of reducing water 

depth at the seaward edge of the platform, and depth restrictions of wave height result in 
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wave-erosion being largely confined to the seaward margin of old terraces (Stephenson et al., 

2017).  

This situation occurred in model runs where TE2 terraces are preserved when (i) vertical 

displacement at U3 is less than MTR (i.e. ~1 m) (see Fig. 6.8b and 6.8c) and (ii) weathering 

efficacy is high and wave erosion efficacy is low (Table 6.4). Considering that the observed 

vertical displacement at U3 at Table Cape, Nukutaurua Road and Auroa Point is less than 

MTR (Fig. 6.8b and 6.8c), it is likely that field terraces comparable to (missing) TE2 has 

been widened due to activation of intertidal erosion processes, and therefore preserved.  

The morphology of (uplifted) old terraces influences the development of new terraces, 

because the spatial area subjected to intertidal processes varies (Fig. 6.11). When old terraces 

are wide and gently sloping, the efficacy of intertidal processes is increased due to a larger 

area exposed to intertidal processes (compared with narrower and steeper old terraces). In 

these instances, weathering processes are more important because of the mechanism 

described in Fig. 6.10c-3’, which results in greater rock deterioration and lower terrace 

surfaces, allowing reinvigorated wave erosion, ultimately creating a wider terrace surface 

than when old terraces are narrow and steep.  

 

 

 
 

Figure 6.11: Sketches illustrating terrace width after RSL change in case of (a) wide and gentle terrace 

surface, and (b) narrow and steep terrace surface.  
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Previous modelling studies have suggested that wide and gently sloping terraces are expected 

to emerge with gradually increasing RSL (e.g. Trenhaile 2014b). Simulations in this chapter 

also produce wide and gentle terrace profiles during gradual eustatic RSL rise between 8000 

and 4500 years B.P. before the first recognised tectonic uplift event occurred at U5 (4500 

years B.P.) (Fig. 6.12). It is therefore likely that, after the tectonic uplift event at U5, field 

terraces comparable to (missing) TE4 at Table Cape, Nukutaurua Road and Auroa Point have 

been widened through the mechanism described in Fig. 6.11, leading to field terrace 

preservation. 

 

 
 

 

Figure 6.12: Example of cross-shore profile at 8000 (initial) and 4500 (U5) years B.P. 

 

6.5.3. Tectonic interruptions in shore platform development 

Dickson et al. (2016) suggests that recent profile development at Oraka is likely dominated 

by weathering with waves continuously removing cliff debris at the cliff toe, and that the sea 

cliffs retreat at relatively fast rates (~25 cm per year). If such conditions have lasted over 

several thousand years with a stable sea level, the profile width at Oraka should be more than 

1 km. However, the profile width at Oraka is only ~150 m (e.g. Beetham and Kench, 2011; 

Ogawa et al., 2012), and simulation results also show that the mean width of MT-0 profiles, 

similar to those at Oraka where there is no preserved uplifted terrace, is far less than 1 km (at 

around 580 m) (Table 6.3). A possible explanation for this disparity might be the truncation 

of profiles due to RSL changes, and associated temporary interruptions to sea cliff erosion 

(e.g. Kennedy and Beban, 2005).  
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Previous numerical modelling studies on marine terrace development suggest that profiles 

can shorten and sometimes disappear with falling RSL due to marine erosion (e.g. Trenhaile, 

2002a, 2014b). The present study suggests that minor decreases in RSL due to tectonic uplift 

events (<1.0 m) occurred at U4-U1 (Fig. 6.7). This scale of uplift is plausible, given that there 

is an overall decreasing trend of tectonic uplift events from east to west along the north-

eastern coastline at Mahia Peninsula (Fig. 6.4) (Berryman, 1993a). In addition, there seems to 

have been a gradual decrease of eustatic sea level around New Zealand during the late 

Holocene from about 4000 years B.P. and present time (Clement et al., 2016). Therefore 

there are numerous potential factors that could shorten shore platform profile width, and thus 

explain why the profile width at Oraka is shorter than 1 km. 

The analyses conducted in this chapter do not consider the potential importance of large 

infrequent wave erosion processes such as storm waves, which are often associated with 

wave quarrying at seaward sections of shore platforms (e.g. Hansom, 1983; Hall 2011). This 

might further explain the width disparity between modelled (~580 m) and observed (~150 m) 

profiles, because such infrequent storm waves are not considered in this model. However, 

caution needs to be paid because such storm waves are also conducive to erosion at landward 

sections of the platform (e.g. Edwards, 1951; Trenhaile and Layzell, 1981), which can further 

alter profile width. Further investigations of the possible effects of storm waves are necessary. 

6.6. Conclusion 

Both wave erosion and weathering processes are recognised as important processes in rocky 

shore development. This chapter provides results from a numerical investigation into the 

development of uplifted marine terraces using a model that considers both intertidal wave 

erosion and weathering processes. Analyses of simulation results considering a range of 

episodic RSL change scenarios and a range of process efficacy suggest that both wave 

erosion and weathering processes are important in the formation and preservation or 

destruction of terraces, particularly when the vertical displacement from tectonic uplift events 

is less than MTR. The analyses also suggest that weathering processes can be critical when 

wave erosion efficacy is small, by deteriorating rocks and facilitating wave erosion, 

potentially leading to different uplifted marine terrace morphology. This is an important 

consideration for efforts globally to interpret marine terrace sequences, because many rocky 

shore models are primarily driven by wave erosion and do not suitably represent weathering 

processes.  
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The findings in this chapter are directly relevant to the recent observations of Stephenson et 

al. (2017) following the Kaikoura earthquake, in which it is suggested that the interplay 

between tectonism, wave erosion and weathering processes (and biological controls) can alter 

the trajectory of rocky shore evolution. Biological processes have been neglected in this 

chapter, and should be incorporated in numerical modelling work in the future. This 

limitation notwithstanding, this chapter adds to the literature by describing the process-form 

interplays that can influence the morphological development of terrace profiles. Key controls 

include: process efficacy, amount of vertical displacement from tectonic uplift events, the 

emergent terrace morphology and its morphological feedbacks on erosion processes. 

Slow rates of rocky shore development and a lack of evolutional evidence has hindered 

progress of understanding rocky shore inheritance (e.g. Stephenson et al., 2013). Field 

observations are useful in some settings (e.g. Trenhaile et al., 1999; Blanco-Chao et al., 2003), 

but few techniques have been available to specifically investigate how inherited rocky shore 

landforms evolve. This chapter demonstrates that, when combined with morpho-

chronological data, it is possible to numerically reproduce inherited rocky shore landforms, 

and reveal the likely developmental mechanisms. Holocene marine terraces occur globally 

and are important sites of paleo-seismic reconnaisance. Hence, the approach developed in this 

chapter is likely to find widespread application. 

 



Chapter 6: Model application 2 

150 

 



Chapter 7: Conclusion 

151 
 

Chapter 7: Conclusion 

7.1. Introduction 

Despite the long history of rocky shore studies, several important rocky shore research 

questions remain to be answered (Trenhaile, 2002b; Naylor et al., 2010; Stephenson et 

al., 2013). Modern technological advancement in the last two decades has led to process-

based studies that have significantly improved our understanding. However, slowly 

changing rocky shore nature with little evolutional evidence preserved has hampered 

rapid progress in rocky shore understanding (e.g. Stephenson et al., 2013). Numerical 

modelling is of great importance in this regard due to its capability of examining broad 

evolutional parameter space, and potentially reconstructing full trajectory of long-term 

rocky shore evolution. However, as identified in Chapter 1 and 2, existing numerical 

models have several drawbacks, and therefore previous numerical investigations have 

not yet fully examined key rocky shore research questions. 

The overall aim of this thesis was to (i) develop and validate a numerical model that is 

applicable to broad rocky shore morphologies, and (ii) apply the model to two of the 

major research questions in rocky shore studies. This thesis describes the development 

and validation of a new exploratory-type numerical model of rocky shore profile 

evolution. The modelling approach follows the exploratory modelling approach described 

by Murray (2003, 2007) in which emphasis is placed on developing simplified numerical 

models with processes only likely to be fundamental to the system’s evolution considered 

and represented in a simplified manner. Initial model tests examined model behaviours 

concerning robustness and internal consistency, and consistency of model outcomes with 

previous field-based shore platform observations (Tsujimoto, 1987; Trenhaile, 1999; 

Dickson, 2006). The approach to model validation utilises an empirical relation derived 

in this study from a systematic, large-scale morphological rocky shore analysis: the 

empirical data described in Chapter 4 is the largest data-set utilized in rocky shore 

studies to date. This thesis then describes two model application studies each 

investigating (i) the relative dominance of wave erosion and weathering processes in 

shore platform development, and (ii) the interplay between wave erosion and 

weathering processes, relative sea level (RSL) changes, and shore morphology in the 

formation of uplifted marine terraces. 
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The following sections firstly summarize suggestions for future research using the 

developed model and a systematic large-scale analysis (Section 7.2), and secondly 

synthesize the major findings (Section 7.3).   

7.2. Suggestions for future research 

i) Additional process consideration in the model 

Potentially important processes omitted in this study could be incorporated into the 

model. These include various wave characteristics (e.g. deep water wave height spectra, 

period and wavelength) (e.g. Trenhaile, 2000) and water depth considerations associated 

with wave transformation (e.g. Marshall and Stephenson, 2011; Ogawa et al., 2011), 

various cliff failure mechanisms and influence of cliff deposits (e.g. Robinson, 1977a, b, c; 

Lee and Clark, 2002), rock structures (e.g. discontinuities, tilting, strata) and associated 

erosional mechanisms (e.g. joint block removal) (e.g. Naylor and Stephenson, 2010), 

biological processes (e.g. Naylor et al., 2012), and low-frequency high-magnitude events 

such as storm waves (e.g. Edwards, 1951; Claire et al., 2015) and tsunami. These 

additional processes however should carefully be selected and implemented, because 

dominant processes vary from place to place whereas little is known about process 

efficacy quantitatively (Stephenson et al., 2013). The approach employed in this thesis to 

address such difficulties was to follow the exploratory modelling approach (e.g. Murray, 

2003, 2007); the model considers only processes likely fundamental to the system’s 

evolution and represent them in a simplified manner. Future model refinements should 

follow the same approach. 

ii) Detailed process descriptions in the systematic large-scale morphological analysis 

A number of potentially important factors were ignored in the wave height and rock 

strength estimations in the systematic large-scale analysis of rocky shore morphology in 

Chapter 4. These included detailed nearshore wave transformation and rock properties 

such as rock structures, both of which have been identified to be important in some 

instances (e.g. Stephenson and Kirk, 2000a; Naylor and Stephenson, 2010; Kennedy, 

2016). Better understanding of general process-morphology relations should therefore be 

achieved through detailed process estimations (of waves and rocks). 

The analysis can be further extended by considering additional morphological features 

such as cliff height (e.g. Trenhaile, 1999), abrupt seaward scarps (Kennedy, 2015), and 



Chapter 7: Conclusion 

153 
 

submarine topography (e.g. Kennedy, 2016), and other processes such as previous sea 

level history (Trenhaile, 2002b). It is also important to consider wider environmental 

(e.g. micro-tidal) and physical settings (e.g. various rock types). These extensions, 

however, may produce additional complexity owing to an increase in data size and the 

number of variables. In this case, better analytical techniques may be necessary but 

advanced computer-based analytical techniques such as machine learning could be 

usefully applied (e.g. Goldstein and Coco, 2014). 

iii) Influence of previous sea levels on shore platform development  

A stable sea level was used throughout the study presented in Chapter 5, with no 

historical sea level fluctuations taken into account. As a result, insights found in this 

study regarding the relative dominance of wave erosion and weathering processes in 

shore platform development are applicable only to shore platforms evolved over the 

period of quasi eustatic sea level stability, such as the mid-late Holocene. A number of 

shore platforms around the globe are found to have been inherited from the time when 

sea levels were different from today (e.g. Trenhaile et al, 1999; Blanco-Chao et al., 2003). 

Future research could examine dominant processes of inherited shore platforms by 

conducting broad simulations considering a range of previous sea level histories. 

iv) Combined approaches of numerical modelling with detailed field observations  

It is probable that most of the recent numerical modelling studies on rocky shore 

inheritance seek general relations between previous sea level patterns and resultant 

contemporary morphology (e.g. Trenhaile, 2001a, c), with little reference to specific field 

data. In contrast, this research conducted model simulations specifically using observed 

marine terrace morphology and measured terrace ages (Chapter 6). The results are 

insightful, including a suggestion of a likely important process of weathering, and shed 

new light on rocky shore development with changing sea levels. These findings 

demonstrate that better investigations can be achieved from combined approaches of 

numerical modelling with detailed quantitative field observations. Recent technological 

advancement provides more opportunities to quantify morphological changes in the past 

(e.g. Hurst et al., 2017). Hence, successful outcomes of future studies regarding rocky 

shore development with changing sea level, and eventually rocky shore inheritance, 

could be achieved by utilizing numerical models and advanced quantitative rocky shore 

observations. 
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7.3. Major findings 

7.3.1. Findings from literature review 

Detailed reviews of existing literature concerning (i) numerical models of rocky shore 

evolution, (ii) spatial scale of previous field-based shore platform studies, and (iii) 

numerical modelling studies on shore platform and uplifted marine terrace development 

revealed a number of key findings: 

 It is important to select and develop appropriate model types according to the 

types of question, level of understanding, types of morphologies questioned. 

Considering a myriad of rocky shore processes with limited understanding of 

process efficacy, the exploratory modelling (Murray, 2003, 2007) is likely to be an 

important approach for the development of rocky shore evolution models. 

Nonetheless, few rocky foreshore models specifically following the exploratory 

modelling approach exist. 

 Previous numerical models concerning shore platform and uplifted marine 

terrace development primarily focus on wave erosion, and weathering processes 

are poorly considered or represented in ways incapable to investigate important 

rocky shore research questions. 

 Modern technology-applied shore platform studies continue to focus on 

traditional site-specific investigations or comparing results from a limited 

number of sites. These studies are useful in understanding local process-

morphology relations, but insights from these studies may not be applicable to 

general rocky shores. 

  

7.3.2. Development and validation of the new numerical rocky shore profile evolution 

model  

The first stage of this thesis focused on developing a new rocky shore profile evolution 

model and evaluating model behaviours using relations from existing field-based rocky 

shore studies and the empirical relation from LiDAR derived DEM-based analysis. Key 

findings from this research include: 
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 A total of 2088 initial model runs, considering wave height of 1.5 and 4.5 m, 

mean tidal range (MTR) of 1~8 m, material resistance of 5e-1~5e+1, weathering 

efficacy constant of 5e-5~5e-1 (equivalent to 1e-6~1e-0 mm/year maximum 

erosion rates by weathering alone), and 24 combinations of the pressure shape 

functions, revealed that, unlike other existing numerical models, the new model 

is capable of producing a wide range of shore profile geometries. These range 

from steep plunging cliffs with/without a notch, cliffs with narrow benches and 

ramps, to cliffs with a variety of shore platform geometries including type-A and 

type-B shore platforms. Factors contributing to various shore geometry 

generations were investigated, which revealed that various wave type 

considerations (i.e. unbroken, breaking, and broken waves) are the key 

components, consistent with the conceptual rock coast evolution model suggested 

by Sunamura (1992). 

 Model behaviours produced from the initial 2088 model runs are robust and 

internally consistent across a wide parameter space. In addition, model outcomes 

are qualitatively consistent with previous field-based shore platform observations 

(Trenhaile, 1999; Dickson, 2006); modelled shore platform gradient and elevation 

increases with mean tidal range and material resistance respectively, while 

modelled shore platform width decreases with material resistance.  

 The multi-variate process-morphology relation regarding shore platform gradient 

derived using results of a total of 300 model runs, considering wave height of 

0.5~4.5 m, MTR of 4~8 m, material resistance of 5e-2~5e+0, weathering efficacy 

constant of 1e-2~1e-0 (equivalent to 1~100 mm/year maximum erosion rates by 

weathering alone), a triangular pressure shape function for breaking and broken 

waves and a rectangular pressure shape function for unbroken waves, is 

qualitatively consistent with that derived from a LiDAR derived DEM-based 

rocky shore analysis; both modelled- and DEM-based shore platform gradient 

increases with mean tidal range and rock strength (resistance), and decreases 

with wave height. 

7.3.3. Systematic large-scale morphological rocky shore analysis 

Progress in general understanding of process controls on rocky shore morphology has 

been hampered due to significant local variability both in morphology and process 
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regime (e.g. Trenhaile, 1987). This thesis has demonstrated the advantage of systematic 

large-scale morphometric approaches in this context:  

 The multi-variate empirical model (relation) regarding shore platform gradient 

(PG) in relation to mean tidal range, wave height and rock strength, derived from 

a total of 612 cross-shore platform profiles around SW England coastline (~700 

km) obtained from LiDAR-derived DEMs, reduces errors by 5% of PG estimation 

by a conventional single-variate PG model (e.g. Trenhaile, 1999).  

 Due to its large area coverage, LiDAR-derived DEMs are of great use in 

systematic analyses of rocky shore morphology at large spatial scale potentially 

revealing general process controls of rocky shore development, as noted by 

Palamara et al. (2007). 

“If ALS [airborne laser scan] data prove useful for mapping shore platform 

morphology at this [local] scale, there is an opportunity to consider evolution of rocky 

coast landforms at the regional scale using a single data set. This is important, 

because at present most studies of rock coast geomorphology are site specific, and 

there has been substantial difficulty building common understanding of formative 

mechanisms owing to the wide variety of factors responsible for different forms at 

different sites.”  (Palamara et al., 2007, p946-947) 

7.3.4. The relative dominance of wave erosion and weathering processes in shore 

platform development 

There have been debates for more than a century over the relative dominance between 

wave erosion and weathering processes in shore platform development (e.g. Kennedy et 

al., 2011). Numerical models in previous studies used “wave erosion models” which are 

capable of producing shore platform profiles only by wave erosion processes and do not 

give “balanced” treatment of weathering processes (Trenhaile, 2001b, 2004, 2008a, b). In 

addition, previous studies did not consider rock weakening as weathering contributions, 

even though it has been recognized as a potentially important process (e.g. Stephenson 

and Kirk, 2000b; Trenhaile and Kanyay, 2007).  

 The approach to this issue in this thesis was different from those employed in 

existing studies. This study considers a wide range of process efficacy regarding 

wave erosion and weathering processes, in which, at either end of the process 
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efficacy spectrum, shore platform profiles are produced by waves or weathering 

alone. 

 Results of a total of 160 model runs, considering wave height of 2 m, MTR of 1 

and 8 m, material resistance of 5e-2~5e-1, weathering efficacy constant of (0~5e-

1)xFR where FR is material resistance (equivalent to 0~50 mm/year maximum 

erosion rates by weathering alone), a triangular pressure shape function for 

breaking and broken waves and a rectangular pressure shape function for 

unbroken waves, suggested that, in small tidal settings, waves dominate in the 

development of subtidal shore platforms as well as sub-horizontal shore 

platforms with a receding seaward edge, whereas sub-horizontal shore platforms 

with a stable seaward edge are generally weathering-dominated. In contrast, 

both wave erosion and weathering processes can dominate, depending on process 

efficacy, in sloping shore platform development at large tidal environments. The 

latter highlights equifinality at the scale of shore platforms, unlike the scales 

previously identified (Cruslock et al., 2010), potentially occurring in large tidal 

settings.  

These findings should be taken into account in the future wave versus weathering 

debates, given our limited understanding of mechanics through which waves physically 

achieve rock erosion, and weathering achieves rock weakening. 

7.3.5. Interplay between wave erosion and weathering processes, RSL changes, and 

shore morphology in uplifted marine terrace development 

Unravelling morphological inheritance (e.g. whether and to what degree contemporary 

rock shores are products of processes when sea levels were different from today) is one of 

the significant challenges in rocky shore research. Uplifted marine terraces preserve 

evidence of previous process operations when sea levels were different from today, 

potentially providing insights into rocky shore inheritance. However, difficulties exist as 

numerous factors influence uplifted marine terrace morphology and some terraces once 

emerge but later disappear due to subsequent marine terrace development. Numerical 

modelling is capable, in this regard, as it can detect such terraces once emerged but 

destroyed later, and therefore allow investigations of how erosion processes respond to 

RSL changes and changes in shore morphology, and contribute to terrace development 

and preservation or destruction.  
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 Monte Carlo simulations (a total of 10,010 model runs), considering wave height 

of 1 m, MTR of 2 m, material resistance of 1e-1, weathering efficacy constant of 

2e-3~2e-2 (equivalent to 2~20 cm/year maximum erosion rates by weathering 

alone), a triangular pressure shape function for breaking and broken waves and a 

rectangular pressure shape function for unbroken waves, RSL changes due to 

Holocene highstand and five tectonic uplift events with known timings at 4500, 

3500, 1900, 1600, and 250 years B.P. but unknown magnitude (0-4.5 m), and a 

range of wave erosion and weathering process efficacy, produced consistent 

terrace morphology (numbers of preserved terraces) and uplift histories identified 

in the previous field observations at Mahia Peninsula, North Island, New 

Zealand (Berryman et al., 1993a).  

 Results also suggest that intertidal weathering processes with large process 

efficacy (e.g. maximum erosion efficacy of 20 cm/year) were vital to some of the 

terrace development and preservation at Mahia Peninsula, given that wave 

processes alone were not capable of widening and therefore preserving the 

terraces. This is important, as existing numerical models neglect weathering 

processes, whereas the results suggest the critical roles of weathering processes 

in uplifted marine terrace development.  

 Stephenson et al. (2017) suggested that interplays between tectonism, wave 

erosion and weathering (and biological) processes can alter trajectory of rock 

shore evolution. The study further demonstrates that process efficacy, amount of 

vertical displacement from tectonic uplift events, emergent terrace morphology 

and its morphological feedbacks on erosion processes are the key components, 

controlling process interplays and therefore potentially altering evolutional 

pathways of uplifted marine terrace development.  

7.3.6. Issues in previous numerical modelling studies 

The recent review papers by Naylor et al. (2010) and Stephenson et al. (2013) identified 

issues in previous numerical modelling studies and suggested recommendations for 

future modelling studies. This thesis reveals further issues beyond those previously 

highlighted. 

 As demonstrated in this thesis and also emphasized in a number of studies (e.g. 

Trenhaile, 2000), numerical modelling is useful, potentially answering a number 
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of unsolved rocky shore research questions. However one of the fundamental 

shortcomings of the previous numerical studies is that there have been a limited 

number of rocky shore evolution models, and consequently only limited aspects of 

rocky shore evolution have been numerically investigated. For instance, over the 

last 15-20 years the models by Trenhaile (e.g. 2000) have been extensively used 

in foreshore rocky shore evolution studies, but no other models applicable to 

broad rocky shore types exists; SCAPE model (e.g. Walkden and Hall, 2005) or 

the models by Castedo et al. (e.g. 2011) are applicable only to soft rocky shores. 

This thesis demonstrates the importance of reconsiderations of numerical 

approaches employed in previous rocky shore studies. 

A number of research questions still remain to be answered in rocky shore studies, other 

than those addressed in this thesis (Table 1.1). These questions can be investigated 

through numerical simulations using the developed model in this thesis. 
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