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Executive Summary
This document describes potential application of geomorphic frameworks to the improved assessment of sea-level rise impacts. Assessment of coastal response to sea-level rise has demonstrated diversity that is beyond the capacity of widely used simple models to represent successfully. Use of increasingly conservative climate change scenarios to extend the use of these models to more complex coasts is ultimately an impractical solution, as the methods cannot distinguish relative sensitivity along the coast. This potentially leads to a breakdown of the principle of intelligent siting to avoid coastal hazards. Geomorphic frameworks are proposed as a robust means to facilitate an appropriate level of complexity in sea-level rise impact assessment.
The geomorphic framework acknowledges that coastal change occurs at every spatial and temporal scale, with active coastal processes influenced by geology, geomorphology and interaction with terrestrial hydrology. The approach uses geological and geomorphic information to identify scales, processes and their relationships, with which to describe projected coastal change. A hierarchical geomorphic framework is recommended, which allows capture of key processes that are active at different scales, cross-checking of feedback or inputs between scales and the use of sparse information that has been developed at different scales. The concept of shifting between scales through upscaling and downscaling is essential to help resolve differences that occur between local-scale engineering assessments and wider-scale geomorphic analyses.
The use of geomorphic frameworks has been demonstrated through development and application along the Western Australian coast, with focus on the southwest and northwest, as these areas have diverse morphology, yet both display compartmentalised behaviour. Landform analysis techniques used to identify geomorphic frameworks have been based on existing studies for: (i) sites for which small-scale or large-scale assessment has previously been undertaken; and (ii) sites where multiple scales of enabling information (geology, geomorphology, meteorologic and oceanographic analysis, sediment transport analyses, detailed bathymetry and seabed mapping) is available. A combination of generic description and site-specific examples is provided to demonstrate techniques for ‘real-world’ use of the frameworks across the wider Australian coast. The examples demonstrate how a hierarchical geomorphic framework, landform classification and mapping may be used to support planning of coastal land use or adaptation, policy and applications.
Landform assessment at multiple scales has suggested there is a relative transition of critical information from meteorological and oceanographic processes, through sedimentological information, towards coastal geology for increasingly large spatial units. This implies a multi-disciplinary approach is required for successful definition of geomorphic frameworks. In a similar manner, the coastal process cascade from storm response, through alongshore transport, to long-term coastal evolution needs to be considered when relating information developed at different scales.
Application of geomorphic frameworks to both the southwest and northwest coast of Australia have demonstrated the significant roles played by the geological framework, alongshore transport mechanisms and the energetics of shore—shelf sediment exchange. These dynamics have been summarised as behavioural models for coastal evolution, which demonstrate significant differences to the widely used coastal evolution model based on cross-shore exchange (see Figure below). Along the southwest, the role of nearshore rock reefs and coastal rock features are critical to compartmentalisation of the coast and its likely response to sea-level change.  For the Pilbara, intermittent delivery of sediment from large rivers and the capacity for exchange between the coast and tidal flats are key differences to the more general behavioural model.
Improvements in the available technology and recent advances in coastal science have facilitated more efficient definition and use of geomorphic frameworks. A key advance in technology has been the reduced cost for collecting detailed bathymetry, including multi-beam hydrographic techniques or airborne depth sounding (LiDAR and LADS), which has provided significant improvement to landform analysis capacity. The most relevant advances in coastal science involve consideration of landform relationships, which may be used with geomorphic frameworks to more strategically identify the most likely pathways for coastal response to sea-level rise along the diverse Australian coast.
The greatest benefit likely to be provided by application of geomorphic frameworks is the capacity for improved transfer of information collected at different scales. This enables more efficient use of sparse knowledge, and greater ability to identify conflicts between studies at different scales. The transfer of information from larger scales to smaller scales is particularly important for decision-making at a local planning or engineering scales, including the selection of appropriate means of local adaptation to sea-level rise.
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Behavioural Models Developed through Landform Analysis
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[bookmark: _Toc373225238][bookmark: _Toc373225279][bookmark: _Toc373758019]Introduction
[bookmark: _Ref373494438][bookmark: _Ref373494452][bookmark: _Ref372959349][bookmark: _Ref373101443]Potential sea-level rise is a global challenge, with assessment of possible coastal impacts [endnoteRef:1],[endnoteRef:2] and identification of adaptation pathways occurring at all levels of governance [endnoteRef:3],[endnoteRef:4]. Geomorphic frameworks have been proposed as useful for relating assessments developed at different spatial and temporal scales [endnoteRef:5]. A key philosophy behind the use of coastal geomorphic frameworks is the feedbacks between geomorphology, coastal mobility and dynamic coastal processes (see Appendix A). Correspondence between coastal change and coastal processes, albeit with some lags and distortions, is dependent on the geomorphic context. In this respect, it is considered that the frameworks may help refine coastal impact assessments, many of which are based upon simple conceptual models for response to sea-level rise [endnoteRef:6],[endnoteRef:7],[endnoteRef:8]. This document provides a description of geomorphic frameworks and demonstration of how their application may improve sea-level rise impact assessment in Australia. [1:  	IPCC. (2007) Climate Change 2007: The Physical Science Basis. Summary for Policymakers. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge.]  [2:  	CSIRO. (2007) Climate change in Australia. Technical Report, http://climatechangeinaustralia.com.au/resources.php.]  [3:  	National Climate Change Adaptation Research Facility: NCCARF. (2010) National Climate Change Adaptation Research Plan – Settlements and Infrastructure. ]  [4:  	Department of Climate Change. (2008) Local Adaptation Pathways Program.
(now Department of Industry, Innovation, Climate Change, Science, Research and Tertiary Education) http://www.climatechange.gov.au/climate-change/adapting-climate-change/climate-change-adaptation-program/local-adaptation-pathways]  [5:  	Eliot I, Nutt C, Gozzard B, Higgins M, Buckley E & Bowyer J. (2011). Coastal Compartments of Western Australia: A Physical Framework for Marine & Coastal Planning. Report to the Departments of Environment & Conservation, Planning and Transport. Damara WA Pty Ltd, Geological Survey of Western Australia and Department of Environment & Conservation, Western Australia.]  [6:  	Department of Climate Change: DCC. (2009) Climate Change Risks to Australia’s Coast: A First Pass National Assessment. Australian Government. Canberra.]  [7:  	Victorian Department of Planning and Community Development. (2012) Managing coastal hazards and the coastal impacts of climate change. Practice Note 53.]  [8:  	Mariani A, Shand TD, Carley JT, Goodwin ID, Splinter K, Davey EK, Fiocard F & Turner IL. (2012) Generic Design Coastal Erosion Volumes and Setbacks for Australia. Antarctic Climate & Ecosystems Cooperative Research Centre, Hobart, Tasmania.] 

It is acknowledged that this document largely provides examples of geomorphic processes active over scales of hundreds of metres to tens of kilometres. This is a result of the relative availability of studies at these scales. The limited number of larger-scale examples reflects the need to develop an improved understanding of larger-scale morphology and response to sea-level rise. Geomorphic frameworks are proposed as a fundamental means to describe relationships between these scales, and facilitate improved representation of coastal response to sea-level rise.
[bookmark: _Toc373225239][bookmark: _Toc373225280][bookmark: _Toc373758020]Background
Coastal response to sea-level variation has long been recognised for its occurrence over geological time scales, with its role in coastal management first recognised on subsiding coasts [endnoteRef:9],[endnoteRef:10],[endnoteRef:11]. Its importance to coastal management investigations was extended by recognition of decadal scale sea-level phenomena [endnoteRef:12].  Sea-level induced coastal change was given greater immediacy and its global importance highlighted in the 1980s through identification of relationships between greenhouse gas emissions and mean sea-level [endnoteRef:13]. Advancing science regarding this relationship was paralleled by impact assessments for different parts of the coast and consequent policy refinement in Western Australia [endnoteRef:14],[endnoteRef:15]. A general shift towards adaptive coastal management frameworks has occurred, placing strain upon existing planning structures, which in many instances are built with an assumption of long-term reliance upon inflexible management boundaries. The resulting range of information sources and varying treatment by agencies with disparate responsibilities produced a complex situation, mixing site-specific and more general studies, each with different biases. This made it difficult to synthesise this information into an assessment of potential sea-level rise impacts across Australia, or even within each state. [9:  	Zenkovich VP. (1967) Processes of Coastal Development. Edited by JA Steers and translated by DG Fry. Oliver & Boyd, Great Britain.]  [10:  	Kidson C. (1986) Sea-level changes in the Holocene. In: van de Plassche (Ed.) Sea-level Research: a manual for the collection and evaluation of data. Geo Books, Norwich.]  [11:  	Douglas BC. (2001) Sea-level change in the era of the recording tide gauge. In: BC Douglas, MS Kearney & SP Leatherman (eds), Sea-level Rise: History and Consequences. International geophysics series, Academic Press, San Diego, 75: 37–64.]  [12:  	Carrigy MA & Fairbridge RW. (1954) Recent sedimentation, physiography and structure of the continental shelves of Western Australia. Journal of the Royal Society of Western Australia, 38: 65-95.]  [13:  	Barth MC & Titus JG (eds). Greenhouse Effect and Sea-level Rise. Van Nostrand Reinhold, New York.]  [14:  	Department of Environment, Sport and Territories. (1995) Australian Coastal Vulnerability Assessment Case Studies.]  [15:  	May P, Waterman P & Eliot I. (1998) Responding to Rising Seas and Climate Change: A Guide for Coastal Areas. Coasts and Clean Seas Initiative. The Department of Environment. Commonwealth of Australia.] 

[bookmark: _Ref372946289]Through the Coalition of Australian Governments (COAG), there was a concerted effort between 2005 and 2009 to develop a more consistent Australia-wide coastal information base relevant to assessment of sea-level rise impacts. This information was summarised in Climate Change Risks to Australia’s Coast [endnoteRef:16], a large-scale assessment which has provided the basis for a number of smaller-scale sea-level rise impact assessments, ranging from regional through to very local. A key difference to the complex situation preceding the Australia-wide report is that reference to the broad-scale assessment and its range of scenarios allows more direct comparison between discrete studies.  [16:  	Department of Climate Change. (2009) Climate Change Risks to Australia’s Coast. Canberra.] 

[bookmark: _Ref373101677][bookmark: _Ref373101684][bookmark: _Ref373101686][bookmark: _Ref373101687][bookmark: _Ref373101688][bookmark: _Ref373155542]The contribution of Climate Change Risks to Australia’s Coast 16 to coherence between discrete assessments provides a direct parallel to the main benefit of incorporating geomorphic frameworks in sea-level rise impact assessments. Specifically, the frameworks may support upscaling or downscaling of coastal change assessment [endnoteRef:17]. This has been applied both qualitatively to landform-based vulnerability assessment [endnoteRef:18],[endnoteRef:19],[endnoteRef:20],[endnoteRef:21],[endnoteRef:22] and quantitatively to estimates of erosion due to sea-level rise [endnoteRef:23],[endnoteRef:24],[endnoteRef:25]. In the latter case, upscaling involves aggregating sediment transport rates and volumes to a larger scale, while downscaling involves additional knowledge to estimate how the overall pattern of accretion or erosion will be distributed at a finer scale.  [17:  	McLean RF. (2000) Australia's coastal vulnerability assessment studies: recent upscaling or downscaling? Proceedings of APN/SURVAS/LOICZ Joint Conference on coastal impacts of climate change and adaptation in the Asia-Pacific region, Kobe, Japan, November 14-16, 2000, 29-33.]  [18:  	Damara WA & the Geological Survey of Western Australia. (2011) Dongara to Cape Burney, Western Australia: Coastal Geomorphology. Prepared for the Department of Planning, Department of Transport and the City of Geraldton-Greenough. (superseded by Midwest study)]  [19:  	Eliot I, Gozzard B, Eliot M, Stul T & McCormack G. (2012) The Coast of the Shires of Gingin and Dandaragan, Western Australia: Geology, Geomorphology & Vulnerability. Damara WA Pty Ltd and Geological Survey of Western Australia, Innaloo, Western Australia.]  [20:  	Eliot I, Gozzard B, Eliot M, Stul T & McCormack G. (2012) The Mid-West Coast, Western Australia: Shires of Coorow to Northampton. Geology, Geomorphology & Vulnerability. Damara WA Pty Ltd and Geological Survey of Western Australia, Innaloo, Western Australia.]  [21:  	Eliot I, Gozzard B, Eliot M, Stul T & McCormack G. (2012) The Gascoyne Coast, Western Australia: Shires of Shark Bay to Exmouth. Geology, Geomorphology & Vulnerability. Damara WA Pty Ltd and Geological Survey of Western Australia, Innaloo, Western Australia.]  [22:  	Eliot I, Gozzard B, Eliot M, Stul T & McCormack G. (2013) Geology, Geomorphology & Vulnerability of the Pilbara Coast, In the Shires of Ashburton, East Pilbara and Roebourne, and the Town of Port Hedland, Western Australia. Damara WA Pty Ltd and Geological Survey of Western Australia, Innaloo, Western Australia.]  [23:  	Damara WA. (2011) Coastal Erosion Study: Assessment of Climate Change Impacts. Prepared for the Shire of Busselton, Final Report 96-00-01.]  [24:  	Damara WA. (2012) Coastal Hazard Mapping for Economic Analysis of Climate Change Adaptation in the Peron-Naturaliste Region. Prepared for the Peron-Naturaliste Partnership Coastal Adaptation Decision Pathways (PNP-CAPS) project, Report 169-01.]  [25:  	Coastal Zone Management: CZM, Damara WA, University of Western Australia & Oceanica. (2013) Cockburn Sound Coastal Alliance Vulnerability Study: Erosion and inundation assessment report. Prepared for Cockburn Sound Coastal Alliance.] 

[bookmark: _Ref373052452][bookmark: _Ref373052453]The capacity for improved assessment of coastal change through the use of geomorphic frameworks reflects a tension between coastal science and policy, where the complexity identified by science requires simplification to facilitate inclusion in policy. Reviews of Australian coastal zone policy have identified a convergence of approaches, particularly towards the use of coastal setback allowances, typically using variants of the method for sandy coasts [endnoteRef:26],[endnoteRef:27]. This method captures a simplified set of coastal processes and therefore presents systematically biased results in the estimation of change according to how well active processes are represented. The result is arguably reflected in the National Coastal Vulnerability Assessment project [endnoteRef:28], where high risk sites corresponded to a limited range of coastal morphologies 6. [26:  	Healy TR & Dean RG. (2000) Methodology for delineation of coastal hazard zone and development setback for open duned coasts. In: Herbich (ed). Handbook of Coastal Engineering. McGraw-Hill, ch 19: 1-30.]  [27:  	Walsh KJ, Betts H, Church J, Pittock AB, McInnes KL, Jackett DR & McDougall TJ. (2004) Using Sea-level Rise Projections for Urban Planning in Australia. Journal of Coastal Research, 20 (2): 586-598.]  [28:  	Sharples C, Mount R & Pedersen T. (2009) The Australian Coastal Smartline Geomorphic and Stability Map Version 1: Manual and Data Dictionary. School of Geography & Environmental Studies, University of Tasmania.] 

[bookmark: _Ref373231173][bookmark: _Ref373231175][bookmark: _Ref373143922][bookmark: _Ref359360298][bookmark: _Ref373717693]The need for wider representation of coastal morphologies has been reflected in recent progress of international coastal change assessment practices [endnoteRef:29]. At the simplest level, regional differences between coastal type (e.g. barrier dunes, floodplain, headland controlled or cliffed) require consideration when choosing assessment methodologies [endnoteRef:30]. More complex application of morphology has involved defining relationships between adjacent landforms. This has included conceptual models such as estuary–coast interaction [endnoteRef:31], or more highly resolved mapping of connections between landform elements and their associated sediment exchanges [endnoteRef:32],[endnoteRef:33]. [29:  	Stive MJF, Cowell PJ & Nicholls RJ. (2009) Impacts of Global Environmental Change on Beaches, Cliffs and Deltas. In: Slaymaker O, Spencer T & Embleton-Hamann C (eds). Geomorphology and Global Environmental Change. International Association of Geomorphologists. Cambridge University Press (ISBN-13: 9780521878128), Cambridge, UK, Ch. 6: 158-179]  [30:  	Abuodha PA & Woodroffe CD. (2010) Assessing vulnerability to sea-level rise using a coastal sensitivity index: a case study from southeast Australia. Journal of Coastal Conservation, 14, 189–205.]  [31:  	Stive MJ, Capobianco M, Wang ZB, Ruol P & Buijsman MC. (1998) Morphodynamics of a Tidal Lagoon and the Adjacent Coast, Proceedings of 8th International Biennial Conference on Physics of Estuaries and Coastal Seas, The Hague, the Netherlands,, pp. 397-407. Refers to model ASMITA (Aggregated Scale Morphological Interaction between a Tidal basin and the Adjacent coast)]  [32:  	French J & Burningham H. (2009) Mapping the connectivity of large scale coastal geomorphological systems: Coastal system mapping with Cmap Tools tutorial. Science Report SC060074/PR2. Joint DEFRA and Environment Agency Flood and Coastal Erosion Risk Management R & D Programme, Environment Agency and Department for Environment, Food and Rural Affairs, United Kingdom.]  [33:  	Whitehouse R, Balson P, Beech N, Brampton A, Blott S, Burningham H, Cooper N, French J, Guthrie G, Hanson S, Nicholls R, Pearson S, Pye K, Rossington K, Sutherland J and Walkden M, (2009). Characterisation and prediction of large scale, long-term change of coastal geomorphological behaviours: Final science report. Science Report SC060074/SR1. Joint DEFRA and Environment Agency Flood and Coastal Erosion Risk Management R & D Programme, Environment Agency and Department for Environment, Food and Rural Affairs, United Kingdom.] 

Recent research on the United States’ east coast has indicated the role of inner-shelf geology in the location of erosional ‘hotspots’ along the shore, and its effect on terrestrial landform development by providing a fixed framework for coastal processes [endnoteRef:34],[endnoteRef:35]. Such an understanding is also paramount for much of the mixed sand and rock shores of Australia’s coast, as demonstrated by application of water penetrating LiDAR to the inner continental shelf and nearshore waters of both southwest Australia and the Pilbara (see Section 6). [34:  	Riggs SR, Cleary JC & Snyder SW, (1995). Influence of inherited geologic framework on barrier shoreface morphology and dynamics. Marine Geology, 126: 231-234.]  [35:  	Riggs SR, Snyder, SW, Hine AC, Mearns DL & Snyder SW, (1996). Hardbottom morphology and relationship to geological framework of Onslow Bay, North Carolina continental shelf. Journal of Sedimentary Research, 66: 830-846.] 

[bookmark: _Ref373099431][bookmark: _Ref373099601][bookmark: _Ref373100061]Techniques recognising the effects of different morphologies within the assessment of coastal response to sea-level rise have been robustly debated 31,[endnoteRef:36]. Although a number of alternate approaches to estimate coastal response to sea-level rise have been established [endnoteRef:37], these are not widely used. One single technique is predominantly used, despite the author identifying its limited applicability [endnoteRef:38]. Typical reasons for this include convenience, simplicity, precedence in policy or insufficient evidence available to define an alternate pathway. In contrast to this position, landform mapping and interpretation of late Holocene features strongly suggest geomorphic response to sea-level change is far from uniform. It indicates there may be considerable benefits to incorporating geomorphic frameworks, specifically because of landform connectivity, into assessment of potential coastal change. [36:  	Fitzgerald DM, Fenster MS, Argow BA & Buynevich IV, (2008) Coastal impacts due to sea-level rise. Annual Review of Earth and Planetary Sciences, 36: 601-647.]  [37:  	Aagaard T & Sorensen P. (2012) Coastal profile response to sea-level rise: a process-based approach. Earth Surface Processes and Landforms, 37: 354–362.]  [38:  	Bruun P. (1988) The Bruun Rule of erosion by sea-level rise: a discussion on large-scale two- and three-dimensional usages. Journal of Coastal Research, 4 (4): 627-648. ] 

[bookmark: _Toc373225240][bookmark: _Toc373225281][bookmark: _Toc373758021]Coastal Landform Analysis
Landform analysis is an integral part of coastal change assessment. It has been fundamental to the development and progression of coastal modelling, although its role is becoming increasingly obscured through the parameterisation of landform characteristics, particularly gradients and bed roughness. Significant recent advances in both the science 32 and technology [endnoteRef:39],[endnoteRef:40] of landform analysis have provided opportunity for its improved use, including airborne and remote-sensed depth measurements through LiDAR and LADS. Further, the divergence of coastal modelling from its previous roots in landform analysis may facilitate the use of landform information as an independent support to modelling, through process identification or model verification (see Appendix A). [39:  	Zawada DG & Brock JC. (2009) A Multiscale Analysis of Coral Reef Topographic Complexity Using Lidar-Derived Bathymetry, Journal of Coastal Research, Special Issue 53, 6-15.]  [40:  	Long BF, Aucoin F, Montreuil S & Xharde R. (2010) Airborne LiDAR Bathymetry Applied to Coastal Hydrodynamic Processes, Proceedings of the International Conference on Coastal Engineering 2010, Shanghai, China.] 

[bookmark: _Ref373745872]There is a strong relationship between coastal landforms, the materials that comprise them and the environmental forcings that shape them [endnoteRef:41]. Consequently, a description of any of these three elements may explain much of the observed coastal geomorphology. The effectiveness of analysis focused on each individual element enables their use as partly independent primary tools for the approaches of coastal geology (and sedimentology), geomorphology and hydrodynamics. Technique selection when analysing a coastal system is often determined by information constraints: either available data or the practitioner’s knowledge. However, systems analysis should generally be undertaken with focus on the element that best explains observed variability, with all three represented. In general, this is a scale-dependent progression, with geology or sedimentology most applicable at coarse scales and hydrodynamics most applicable at fine scales, although advancements in numerical methods in recent decades has seen increased application of hydrodynamics to larger scales. [41:  	Wright LD & Thom BG. (1977) Coastal depositional landforms: A morphodynamic approach. Progress in Physical Geography,1: 412-459.] 

Analysis of coastal land systems and landforms focuses on the identification of landform characteristics as a means of determining likely dynamic behaviour in response to imposed change. The approach is necessarily cognisant of sedimentology, lithology and hydrodynamics, but fundamentally assumes that the morphology is more influential upon coastal change than other factors. A simple example of this behaviour is the increasing potential scales of coastal change due to sea-level rise for a beach actively supplied by river sediments, one controlled by headlands, an open coast beach or a low-lying barrier system.
In its most widely used application, which is to support numerical modelling, landform analysis involves identification of landforms and description of materials. However, the value of landform analysis may be significantly advanced through the use of a hierarchical geomorphic framework. When built around the concept of connectivity, or its counterpoint of compartmentalisation, the approach provides opportunity for multi-disciplinary use of the most scale-critical information; with potential for upscaling and downscaling as a means of more effectively using sparse coastal data.
[bookmark: _Ref373674647][bookmark: _Toc373758022]Complexity of Sea-level Rise Impacts
A key challenge faced by sea-level rise impact assessment is the complexity of landform response to sea-level rise. In addition to differences between coastal materials (mud, sand, gravel or rock) and differences between coastal landform types (e.g. reefs, beaches, cliffs, estuaries), there are also considerable landform interactions. These may occur between adjacent landforms or be the relationship of larger landforms to smaller landforms from which they are comprised. The result of complex landform response is that for any representation of change, there will be misrepresentations of a similar scale to the projection.
Commonly, simple methods of assessing coastal response to sea-level rise are applied that are intended to be conservative in scope, such as defining a constant (say 100m) setback allowance [endnoteRef:42]. A major problem of simple approaches is that relative coastal sensitivity is not distinguished, and hence there is underestimate of hazard at sensitive sites and overestimate of hazard at more stable locations. Application of greater conservatism reduces under-estimated responses, but correspondingly increases the over-estimated response. Hence, the more conservative the approach, the larger the challenge posed by sea-level rise appears to be. [42:  	Western Australian Planning Commission: WAPC. (2013) State Planning Policy 2.6: State Coastal Planning Policy. Prepared under Part Three of the State Planning and Development Act 2005, Perth.] 

There is an opportunity for increased assessment complexity to significantly clarify the scope of the challenge posed by sea-level rise. This includes improved targeting of areas that are sensitive to change, potential for identification of smaller scales of adaptive response and greater use of more stable coastal locations. 
Geomorphic frameworks offer a potential approach towards increasing assessment complexity, so as to achieve a better representation of likely coastal change. The use of a hierarchical framework, as proposed in this document, provides a systematic means of identifying and scaling the required level of complexity.
[bookmark: _Ref373711325][bookmark: _Toc373758023][bookmark: _Toc373225241][bookmark: _Toc373225282]Australian Context
[bookmark: _Ref373748126][bookmark: _Ref373757746][bookmark: _Ref373709509]The nature, scale and distribution of sedimentary coastal landforms around Australia provides indication of how the coast is likely to respond to sea-level rise, the key processes and the degree of complexity required to project change.  Previous classifications of estuarine and beach morphology have considered influences from weather systems, oceanographic processes, terrigeneous input, chemical and biological processes [endnoteRef:43],[endnoteRef:44],[endnoteRef:45]. In addition to these influences, the relative volume within coastal barriers suggests variation in the supply and retention of sediment along the Australian coast, which has been clustered into three sedimentological provinces and 17 sub-provinces [endnoteRef:46].  Different supply rates between the temperate and tropical regions suggest that some spatial variation may be attributed to the weather and oceanographic processes driving landform development. However, the considerable variation within these regions suggests additional factors are active, including the capacity for enhanced sediment retention and landward transfer due to nearshore reefs and rock platforms [endnoteRef:47]. [43:  	Galloway W. (1975). Process framework for describing the morphologic and stratigraphic evolution of deltaic depositional systems. In: Broussard M (ed.) Deltas: Models for Exploration. Houston Geologic Soc., Houston TX, pp 87-98.]  [44:  	Harris PT, Heap A, Bryce S, Porter-Smith R, Ryan D, & Heggie D. (2002) Classification of Australian clastic coastal depositional environments based upon a quantitative analysis of wave, tidal, and river power. Journal of Sedimentary Research. 72 (6): 858 – 870.]  [45:  	Short AD. (2006) Australian Beach Systems – Nature and Distribution. Journal of Coastal Research, 22 (1): 11-27.]  [46:  	Short AD. (2010) Sediment Transport around Australia—Sources, Mechanisms, Rates, and Barrier Forms. Journal of Coastal Research, 26 (3): 395 – 402.]  [47:  	Sanderson PG & Eliot I. (1999) Compartmentalisation of beachface sediments along the southwestern coast of Australia. Marine Geology, 162: 145-164.  ] 

[bookmark: _Ref373708546]A possible further cause of variation is suggested by the relative sea-level sequence over the late Holocene, with almost 85% of the Australian coast experiencing a highstand at some stage between 6,000 and 3,000 years before present, the exception being Tasmania and the southeast mainland [endnoteRef:48],[endnoteRef:49]. For those locations experiencing highstand, subsequent decline of sea-level may provide opportunity for increased shelf—shore transfer [endnoteRef:50]. [48:  	Wyrwoll K-H, Zhu ZR, Kendrick GA, Collins LB & Eisenhauser A. (1995) ‘Holocene sea-level events in Western Australia: revisiting old questions’. In: CW Finkl (ed.), Holocene cycles: climate, sea-level, and coastal sedimentation. Journal of Coastal Research, special issue no. 17: 321–326. Coastal Education and Research Foundation.]  [49:  	Wolanski E, Brinson MM, Cahoon DR &  Perillo GME. (2009) Coastal wetlands: A Synthesis In: Perillo GME, Wolanski E, Cahoon DR & Brinson MM. (Eds.), Coastal wetlands: an integrated ecosystem approach. Elsevier, Amsterdam. 1-61.]  [50:  	Stapor FW & Stone GW. (2004) A new depositional model for the buried 4000 yr BP New Orleans barrier: implications for sea-level £uctuations and onshore transport from a nearshore shelf source. Marine Geology, 204,  215-234.] 

Broad clustering of morphology and sediment availability suggests that key characteristics likely to influence coastal response to sea-level rise are:
· Weather and oceanographic processes driving coastal landform development, which therefore determine landform and seabed connectivity;
· The presence of geological structures capable of sediment retention; and
· Ongoing supply of sediment from marine or terrestrial sources, which includes both of the above factors and possibly the effect of relative sea-level on shelf—shore transfer.
These characteristics vary around the Australian coast, and are strongly related to the previously defined sedimentological sub-provinces 46. Landform analyses conducted for the western Australian coast suggest that variation of geological structures is likely to imply a finer classification scheme 5.
[bookmark: _Toc373758024]Focus of this Document
This document has been prepared to provide demonstration of potential applications of geomorphic frameworks to the assessment of coastal impacts of sea-level rise. A combination of generic description with site-specific examples is provided, to facilitate ‘real-world’ use across the wider Australian coast. However, due to the significant development and application of hierarchical frameworks to the Western Australian coast, along with the author’s professional focus, there is a geographic bias towards the Vlamingh (Cape Naturaliste to Mandurah) and Pilbara (Onslow to Port Hedland) Regions (see Figure 1).
Although both Vlamingh and Pilbara have largely carbonate coasts and have evident partitioning, the two Regions are starkly different with respect to the key characteristics likely to influence coastal response to sea-level rise (see Section 1.4). The Vlamingh Region is micro-tidal, experiences temperate conditions, has significant nearshore geological structures providing shelter, has low supply of terrigeneous sediment, and has retained a very large quantity of sediment in coastal barriers over the late Holocene 46.  In contrast, the Pilbara Region is mainly macro-tidal, experiences arid-tropical conditions including tropical-cyclone impact, has a high supply of terrigeneous sediment and has captured little sediment in coastal barriers over the late Holocene 46. Contrasts between the two Regions therefore help display the range of concepts necessary to consider when developing and applying geomorphic frameworks for the wider Australian coast. 
Techniques for use of geomorphic frameworks have been demonstrated using: (i) available information; (ii) sites for which small-scale or large-scale assessment has previously been undertaken; and (iii) sites where multiple scales of enabling information (geology, geomorphology, meteorologic and oceanographic analysis, sediment transport analyses, LiDAR/LADS bathymetry and seabed mapping) is available. The examples demonstrate how the coastal partition hierarchy, landform classification and mapping may be used to support coastal land-use or adaptation planning, policy and applications.
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[bookmark: _Ref363047553][bookmark: _Toc373750888]Figure 1: Western Australian Coastal Regions
Figure prepared by GSWA after Eliot et al. (2011) 5

[bookmark: _Toc373225242][bookmark: _Toc373225283][bookmark: _Toc373758025]Geomorphic Frameworks
In the context of coastal change assessment, a geomorphic framework uses geological and geomorphic information to define spatial and temporal limits within which we describe patterns of observed or projected change. Behavioural similarity or spatial connectivity, due to sediment transfers, potentially provide basis for clustering.  Increased tolerance of variability allows greater clustering and therefore enables definition of coastal compartments definition at any scale of coastal management. It is recognised that the type of information needed and its precision are likely to change with scale.
Selection of any single scale for assessment of coastal change defines (1) the key process-response characteristics; (2) the smallest scale of local features that can be resolved by the assessment; and (3) external factors that are not subject to the imposed change (see Figure 2a). For every different morphology or scale, a different suite of process-response characteristics is active. Application to each assessment results in a different domain which gives precise results, with consequent implications for the management tools required for decision-making (see Figure 2b). For example, high precision is required at infrastructure scale, where the need to distinguish between sea-level response and decadal cycles of erosion-recovery may be crucial when evaluating whether to adapt a coastal structure or retreat; while lower precision forecasts may be suitable for land-use planning.
Different approaches to balancing the assessment scale and the domain of precision define alternative geomorphic frameworks (see Figure 2c to 2e). Multiple process-response relationships may be developed for different morphologies, such as distinguishing between beaches, barrier coast, wetlands, estuaries and cliffs 29,30. This allows use of a single spatial scale, and allows precision at any point to be improved through more refined classification of morphology (Figure 2c).
Generic systems, including numerical modelling, are capable of simultaneously representing a broad range of conditions and processes. Applicability can be refined through the use of finer scale representation, or additional active processes (Figure 2d). The amount of effort required may dramatically increase for capture of fine scale and multiple processes.
Hierarchical assessment uses larger scales to inform smaller scales, with focus at each scale targeted to provide the overall required level of precision (Figure 2e). This approach includes nested numerical modelling, although a hierarchical framework can also be used for conceptual or analytic models. This document focuses on use of hierarchical geomorphic frameworks.
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[bookmark: _Ref363040972][bookmark: _Toc373750889]Figure 2: Approaches to Geomorphic Framework Definition
[bookmark: _Toc373225243][bookmark: _Toc373225284][bookmark: _Toc373758026]Coastal Compartmentalisation and Connectivity
Definition of internal spatial scales within a geomorphic framework requires consideration of the intended application and the required degree of precision that results from the combination of available information, process-response relationships and the scale of representation. Globally, there are examples of coastal compartmentalisation being applied at all scales ranging from the continental scale down to local embayment scales. The diversity of this extensive scientific base and the difficulty of transferring between applications suggest a need to vary the basis for compartmentalisation according to regional morphology and scale. 
[bookmark: _Ref373143104]Recent applications of coastal compartments in the United States of America [endnoteRef:51],[endnoteRef:52], United Kingdom [endnoteRef:53] and Europe [endnoteRef:54] have recognised scale dependencies, and have generally converged towards the use of coastal compartments based upon connectivity, although at scales that are varied to suit management purposes. On this basis, sections of coast for which coastal response is strongly related due to sediment transfer are defined as cells, compartments or tracts according to terminology and scale. In general, boundaries between these sections are associated with reduced transfer. Hence the concepts of connectivity and coastal compartments are strongly linked. [51:  	Inman DL & Masters PM. (1991) Coastal Sediment Transport Concepts and Mechanisms. Chapter 5 in: Coast of California Storm and Tidal Waves Study: State of the Coast Report. Los Angeles.]  [52:  	Patsch K & Griggs G. (2006) Littoral cells, sand budgets, and beaches: understanding California’s shoreline. Institute of Marine Sciences, University of California, Santa Cruz.]  [53:  	McGlashan DJ & Duck RW. (2002) The Evolution of Coastal Management Units: Towards the PDMU. Littoral 2002, The Changing Coast. 29-33.]  [54:  	MESSINA. (2006) Integrating the Shoreline into Spatial Policies. Practical Guide prepared as part of the Managing European Shorelines and Sharing Information on Nearshore Areas (MESSINA). Prepared by IGN France International, Isle of Wight Council, University of Szczecin, Community of Agglomeration for the Thau Basin and Municipality of Rewal. Produced for European Union.] 

Definition of coastal sediment cells is often paired with the definition of coastal sediment budgets. However, while sediment budgets are a useful tool to help describe connectivity and are most appropriately defined in the context of sediment cells, they are not intrinsic to defining coastal compartments.
A key advantage of linking coastal compartments to connectivity is the improved ability for scale transfer, through upscaling and downscaling (see Section 5), when using a hierarchical coastal frameworks (see Section 2.2). This provides a holistic perspective of the areas being evaluated and may significantly enhance the capacity to use sparse coastal data. 
[bookmark: _Ref363047170][bookmark: _Toc373225244][bookmark: _Toc373225285][bookmark: _Toc373758027]Hierarchical Frameworks
[bookmark: _Ref373140061]The concept of coastal compartments has been incorporated into different types of coastal management at many scales. While economic or jurisdictional boundaries occur frequently, issues that cross boundaries or cover multiple coastal compartments may become problematic for coastal management. Instead, it may be preferential to define sections of coast within which coastal management issues of interest remain largely discrete. Such an intent prompted the use of ‘natural boundaries’ in environmental management, stemming from catchment management [endnoteRef:55],[endnoteRef:56]. Extension of the natural boundary concept to the coast occurred for locations where modification of river systems affects sediment supply, subsequently viewed as a useful framework for coastal management [endnoteRef:57]. The concept extends further offshore within the framework of integrated coastal zone management [endnoteRef:58]. In the United Kingdom, shoreline management plans are directly related to coastal compartments, termed coastal management units 53. [55:  	Schoknecht N, Tille P & Purdie B, (2004). Soil-Landscape Mapping in South-Western Australia: Overview of Methodology and Outputs. Resource Management Technical Report 280. Department of Agriculture, Government of Western Australia.]  [56:  	van Gool D, Tille P & Moore G. (2005) Land evaluation standards for land resource mapping. Resource Management Technical Report 298, Department of Agriculture Western Australia.]  [57:  	Faniran A. (1980) On the definition of Planning Regions: the case for River Basins in Developing Countries. Singapore Journal of Tropical Geography,1, 9-15.]  [58:  	Cincin-Sain B. (1993) Sustainable development and integrated coastal zone management. Ocean and Coastal Management, 21: 11-44.] 

Coastal compartments using natural boundaries is used on national scales of coastal management in the United States and the United Kingdom[endnoteRef:59],[endnoteRef:60]. Major river systems were used for compartmentalisation along the United States’ western seaboard, with management divided into littoral cells in the order of 100km length [endnoteRef:61],[endnoteRef:62] between which sediment exchange is considered to be limited. A similar approach was undertaken within the United Kingdom, with smaller coastal management units based on constraints to sediment transport along the coast [endnoteRef:63],[endnoteRef:64], and less emphasis upon riverine sediment sources.  [59:  	Townend I. (1990) Frameworks for Shoreline Management. PIANC Bulletin 71.]  [60:  	Hansom JD, Lees G, McGlashan DJ & John S. (2004) Shoreline Management Plans and Coastal Cells in Scotland. Coastal Management, 32: 227-242.]  [61:  	Bowen AJ & Inman DL. (1966) Budget of littoral sands in the vicinity of Point Arguello, California. United States Army CERC Technical Memorandum No. 19.]  [62:  	Rosati JD. (2005) Concepts in sediment budgets. Journal of Coastal Research, 21(2): 307–322.]  [63:  	McGlashan DJ & Duck RW. (2002) The Evolution of Coastal Management Units: Towards the PDMU. Littoral 2002, The Changing Coast. 29-33. ]  [64:  	Cooper NJ & Pontee NI. (2006) Appraisal and evolution of the littoral ‘sediment cell’ concept in applied coastal management: Experiences from England and Wales. Ocean and Coastal Management, 49: 498-510.] 

[bookmark: _Ref373099911][bookmark: _Ref362678633][bookmark: _Ref373750590]Definition of coastal compartments using natural boundaries has previously been undertaken for Australia for the purposes of marine natural resource management [endnoteRef:65]. However, identification of compartments for coastal management purposes has only been undertaken for a relatively small proportion of the Australian coast [endnoteRef:66],[endnoteRef:67],[endnoteRef:68],[endnoteRef:69]. A major reason for this is jurisdictional, as state and local government agencies are principally responsible for coastal management, and therefore use smaller management scales that are not generally conducive to looking at larger scales. The limited use of coastal management compartments is also because needs change geographically, limiting justification of any single-scaled spatial framework across Australia, as different scales are appropriate for different management purposes or morphology. The notion that a hierarchy of coastal compartments and sediment cells, based on a consistent application of a geologic framework and morphologic criteria, might have application to different levels of coastal management jurisdiction and practice is comparatively new. [65:  	IMCRA Technical Group. (1998) Interim Marine and Coastal Regionalisation for Australia: An ecosystem-based classification for marine and coastal environments. Environment Australia. Canberra.]  [66:  	Davies JL. (1978) Beach sand and wave energy in Tasmania, In: Davies JL & Williams MAJ (eds), Landform Evolution in Australasia, ANU Press, Canberra.]  [67:  	Searle DJ & Semeniuk V. (1985) The natural sectors of the Rottnest Shelf coast adjoining the Swan Coastal plain. Journal of the Royal Society of Western Australia. 67: 116-136.]  [68:  	NSW Government. (1990) NSW Coastline Management Manual. the Public Works Department, Sydney. ]  [69:  	Roy PS. (1994) Holocene estuary evolution – stratigraphic studies from South-eastern Australia. In Dalrymple RW, Zaitlin BA & Boyd R (eds), Incised-valley systems: origins and sedimentary sequences. Society of Economic Palaeontologists and Mineralogists, Special Publication No. 51. Tulsa, OK. 241-263.] 

[bookmark: _Ref359404309][bookmark: _Ref373100400][bookmark: _Ref373100408][bookmark: _Ref359368663]A further challenge to the definition of coastal compartments is that coastal processes are fractal in nature, with many different related scales [endnoteRef:70],[endnoteRef:71],[endnoteRef:72]. Consequently, while all processes are active at all scales, some dominate the apparent process-response for each particular scale. The tendency for a single defined scale to be used for assessment of processes is common, with concerted effort required to identify and link processes active at all scales [endnoteRef:73]. This may be addressed by hierarchical classifications of morphology, such as the logarithmic scale progression of Schwartz [endnoteRef:74]. However, a purely scale-based approach (e.g. dividing a coast into even segments) potentially provides results that change with small boundary movements and implies clustering of smaller coastal units regardless of their degree of association. [70:  	Cowell PJ, Stive MJ, Niederoda AW, de Vriend HJ, Swift DJP, Kaminsky GM & Capobianco M. (2003) The Coastal-Tract (Part 1): A Conceptual Approach to Aggregated Modeling of Low-Order Coastal Change. Journal of Coastal Research, 19 (4), 812-827.]  [71:  	Cowell PJ, Stive MJ, Niederoda AW, Swift DJP, de Vriend HJ, Buijsman MC, Nicholls RJ, Roy PS, Kaminsky GM & Cleveringa J, Reed CW & de Boer PL. (2003) The Coastal-Tract (Part 2): Applications of Aggregated Modeling of Low-Order Coastal Change. Journal of Coastal Research, 19 (4), 828-848.]  [72:  	Cipriani LE & Stone GW. (2001) Net Longshore Sediment Transport and Textural Changes in Beach Sediments along the Southwest Alabama and Mississippi Barrier Islands, U.S.A. Journal of Coastal Research, 17(2), 443-458.]  [73:  	Ruggiero P, Kaminsky GM, Gelfenbaum G & Voigt B. (2005) Seasonal to Interannual Morphodynamics along a High-Energy Dissipative Littoral Cell. Journal of Coastal Research, 21(3): 553-578.]  [74:  	Schwartz ML (editor). (2005) Encyclopedia of Coastal Science. Encyclopedia of Earth Sciences Series. Springer, The Netherlands.] 

[bookmark: _Ref363419021][bookmark: _Ref372969068][bookmark: _Ref372969071][bookmark: _Ref372969073][bookmark: _Ref372969077][bookmark: _Ref372969078]A hierarchical system for coastal compartmentalisation has recently been proposed for planning and coastal management in Western Australia 5 (see Figure 3). This framework was developed in conjunction with larger scales for marine planning, recognising that compartments at different scales are useful for different forms of management. Implications of varying morphology have been included through some changes to the basis of compartments, according to larger scale characterisation. In particular, a transition from geology to geomorphology as a basis for natural boundaries was identified when shifting from largest to small scales. Compartment hierarchies were developed according to relative degrees of connectivity, with interpretation of coastal landforms [endnoteRef:75],[endnoteRef:76],[endnoteRef:77],[endnoteRef:78],[endnoteRef:79] providing significant supporting information. A key objective of the hierarchy is to provide the ability to upscale or downscale comparatively sparse coastal management information. [75:  	Gozzard JR. (2011) WACoast – Cape Naturaliste to Lancelin. Geological Survey of Western Australia, Digital Data Product.]  [76:  	Gozzard JR. (2011) WACoast – Lancelin to Kalbarri. Geological Survey of Western Australia, Digital Data Product.]  [77:  	Gozzard JR. (2011) WACoast – Rottnest Island. Geological Survey of Western Australia, Digital Data Product.]  [78:  	Gozzard JR. (2012) WACoast – Gascoyne. Geological Survey of Western Australia, Digital Data Product.]  [79:  	Gozzard JR. (2012) WACoast – Pilbara. Geological Survey of Western Australia, Digital Data Product.] 



[bookmark: _Ref363050614][bookmark: _Toc373750890]Figure 3: Planning Hierarchy Spatial Scales and Level of Information
[bookmark: _Toc300589618][bookmark: _Ref363366880][bookmark: _Ref373054941]Extract from Eliot et al. (2011) 5, based on WAPC (2013) [endnoteRef:80]. The shape indicates the increasing number of plans required at more detailed scales for a single region, from policy to site level. [80:  	Western Australian Planning Commission: WAPC, (2013). Statement of Coastal Planning Policy No. 2.6.  State Coastal Planning Policy, Prepared under Section 5AA of the State planning and Development Act 1928. WAPC, Perth.] 


Terminology for coastal hierarchies varies between locations, with the terms used in this document based on those recently developed for the Western Australian government (see Figure 4) 5. The hierarchical framework distinguishes between coastal compartments, which are essentially determined by geology, and sediment cells, which are determined by the connectivity of mobile sedimentary features and usually defined at smaller scales than compartments. Both compartments and sediment cells have a range of scales within them, which have been simply classified as primary, secondary or tertiary according to relative spatial and temporal scales. Generally, below the scale of sediment cells are landforms, with consideration of land systems, landform assemblages, landform units and landform elements representing aggregated through to constituent parts 56.
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	Regions: Areas with recurring patterns 
of landform and geology suitable for regional mapping at scales of approximately 1:250,000
	Land Systems: Areas of characteristic landform patterns suitable for mapping at regional scales of 1:100,000 to 1:250,000.
	Compartments: A local unit based on one or more landforms suitable for mapping at scales of 1:50,000 to 1:100,000
	Sediment Cells: A local unit based several linked landforms suitable for mapping at scales of about 1:25,000 to 1:50,000
	Landforms: A local unit based on one or more definite landforms suitable for mapping at scales of about 1:10,000 to 1:25,000


[bookmark: _Ref359366575][bookmark: _Toc373750891]Figure 4: Hierarchical Coastal Scales
Proposed by Eliot et al. (2011) 5 
In loose terms, the compartments suggest the methodologies suitable for assessment of coastal change, the sediment cells define the spatial scale of the assessment, and landforms provide the building blocks within which sediment exchange may occur. Evaluation of coastal response to sea-level rise most commonly faces issues of upscaling or downscaling around a sediment cell scale (see Section 5), due to the role sediment budgets play for local-scale planning or engineering assessments. 
In the Australian context, there is a relative lack of information and assessment at the compartment scale, although there is recognition that larger scale information may define external conditions for smaller scales (see Figure 2). Without such information, a sediment budget requires assumption of a net balanced area, i.e. a closed system. However, sediment cells need not be wholly closed coastal units, and it is often the relative exchange between cells that determines the distribution of erosive pressures.
[bookmark: _Toc373225245][bookmark: _Toc373225286][bookmark: _Toc373758028]Sea-level Rise and Coastal Impacts
[bookmark: _Toc373225246][bookmark: _Toc373225287][bookmark: _Toc373758029]Coastal Response to Sea-level Rise
The relationship between relative sea-level and coastal position has long been recognised, particularly on subsiding coasts. However, by the 1950s, the process had not generally been incorporated into commonly applied coastal modelling practice, largely due to the belief that its timescale was too gradual. Extension of the timescales of interest prompted the need to include variation of onshore sediment volume, which could not be adequately explained by alongshore transport modelling due to its assumption of mass conservation. 
[bookmark: _Ref363088308][bookmark: _Ref373046681][bookmark: _Ref359359831][bookmark: _Ref373099972][bookmark: _Ref373100020][bookmark: _Ref359359357] (
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)Significant extension to the alongshore modelling framework was made through development of a simple conceptual model by Bruun [endnoteRef:81] (see Figure 5). The model applied wave-controlled equilibrium profiles to consider a volumetric balance between the inner-shelf and coastal margin. The relative elegance of the model and its ease of application have determined that it remains a preferred conceptual model of choice, despite commentaries regarding its limitations [endnoteRef:82],[endnoteRef:83],[endnoteRef:84], including a detailed discussion by its original architect 38,[endnoteRef:85]. In the context of geomorphic frameworks, the most significant known limitation is for coasts with potential alongshore transport that varies spatially (e.g. irregular wave shelter or shore alignment). This is a characteristic common to slowly evolving coasts, those with relict features, or coasts with significant anthropogenic influence. However, the Bruun model validity may also be constrained by morphology, including tide-dominated coasts [endnoteRef:86], mixed rock-sand coasts [endnoteRef:87] and island or dune barrier coasts [endnoteRef:88]. [81:  	Bruun P. (1962) Sea-level rise as a cause of shore erosion. Journal Waterways and Harbours Division, American Society of Civil Engineers, 88: 117-130.]  [82:  	Dubois N. (1992) A Re-Evaluation of Bruun's Rule and Supporting Evidence. Journal of Coastal Research, 8 (3): 618-628.]  [83:  	Slott J. (2003) Shoreline Response to Sea-Level Rise: Examining the Bruun Rule. Nicholas School of the Environment and Earth Sciences. Department of Earth and Ocean Sciences.]  [84:  	Cooper JAG & Pilkey OH. (2004) Sea-level rise and shoreline retreat: time to abandon the Bruun Rule. Global and Planetary Change, 43: 157-171.]  [85:  	Bruun P. (1983) Review of Conditions for Uses of the Bruun Rule of Erosion. Coastal Engineering, 7: 77-89.]  [86:  	Van Rijn LC. (1998) Principles of Coastal Morphology. Aqua Publications, Amsterdam.]  [87:  	McNinch JE. (2004) Geologic control in the nearshore: shore-oblique sandbars and shoreline erosional hotspots, mid-Atlantic Bight, USA. Marine Geology, 211: 121-141.]  [88:  	Rosati JD & Stone GW. (2009) Geomorphologic Evolution of Barrier Islands along the Northern U.S. Gulf of Mexico and Implications for Engineering Design in Barrier Restoration. Journal of Coastal Research, 25 (1), 8-22.] 










[bookmark: _Ref354132180][bookmark: _Toc373750892]Figure 5: Concept of Shore–Shelf Exchange used for Bruun Model
[bookmark: _Ref363087459][bookmark: _Ref373100094][bookmark: _Ref363087121][bookmark: _Ref373100332]Manipulations and extensions of the Bruun model were undertaken to broaden its applicability [endnoteRef:89],[endnoteRef:90]. These have generally preserved the cross-shore nature of the model, but rarely acknowledged its need to be integrated with an assessment of alongshore transport 85.  It is consequently implicit that the model is most applicable at larger scales, with validation requiring spatial aggregation [endnoteRef:91] and estimation of inputs and losses (see Figure 6). The need for careful interpretation of information from different scales has been acknowledged [endnoteRef:92], with the concepts of timescale dilation[footnoteRef:1] and net zero-sum behaviour[footnoteRef:2] commonly used as convenient tools for geomorphic modelling. [89:  	Schwartz ML. (1967) The Bruun theory of sealevel rise as a cuase of shore erosion. Journal of Geology, 75(1): 76-92.]  [90:  	Hallermeier RJ. (1981) Seasonal Limit of Significant Sand Transport by Waves: An Annual Zonation for Seasonal Profiles. Coastal Engineering Technical Aid No. 81-2. United States Army Corps of Engineers, Coastal Engineering Research Center.]  [91:  	Rosen PS. (1978) A regional test of the Bruun Rule on shoreline erosion. Marine Geology, 26: M7-M16.]  [92:  	De Vriend H, Capobianco M, Chesher T, de Swart H, Latteux B & Stive M. (1993) Approaches to long-term modelling of coastal morphology: a review. Coastal Engineering, 21: 225-269.]  [1:  Timescale dilation is a convenient technique to describe the effect that timescales have upon the perception of net sediment transport. Shorter timescales are capable of displaying higher rates of transport, which reduce over longer timescales as oscillatory motions are smoothed out.]  [2:  Net zero-sum is a commonly applied assumption when modelling conditions of oscillatory transport. Use of this assumption is often a convenient means of simplifying model processes.] 
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[bookmark: _Ref363048872][bookmark: _Toc373750893]Figure 6: Schematic Behavioural Model with Cross-shore Balance
[bookmark: _Ref373100260][bookmark: _Ref373144639][bookmark: _Ref372969336][bookmark: _Ref372969340][bookmark: _Ref372969341]Cross-shore mechanisms for coastal response other than the Bruun model have been postulated such as nearshore bar or terrace growth, landward transfer of sediments or estuarine basin infill 82,[endnoteRef:93],[endnoteRef:94]. These mechanisms are based upon contemporary morphodynamics and stratigraphic evidence [endnoteRef:95],[endnoteRef:96],[endnoteRef:97],[endnoteRef:98]. Representation of these mechanisms typical uses a similar conceptual approach to the Bruun model: considering connectivity of adjacent landform units, such as dune–beach [endnoteRef:99] or coast–estuary interactions (Figure 7). A more detailed conceptual system for identifying and describing landform connectivity has been developed in the United Kingdom 32, following integration of analytic models for individual landform units [endnoteRef:100]. The mechanism of estuarine basin infill deserves particular note, due to the potential interaction of wave and tide-driven sediment transport 94. For estuaries or tidal channel networks with restricted entrances and low rates of fluvial sediment supply, sea-level rise may result in basin drowning, as evidenced by late Holocene evolution of the Pilbara coast [endnoteRef:101]. [93:  	Davidson-Arnott RGD. (2005) Conceptual Model of the Effects of Sea-level Rise on Sandy Coasts. Journal of Coastal Research, 21 (6): 1166-1172.]  [94:  	Van Goor MA, Zitman TJ, Wang ZB & Stive MJF. (2003) Impact of sea-level rise on the morphological equilibrium state of tidal inlets. Marine Geology 202: 211-227.]  [95:  	Logan BW, Brown RG, Treloar JM & Clifton PM. (1976) Investigations of the Sedimentology of Peel Inlet and Harvey Estuary. Department of Geology, University of Western Australia. Research Project RF 523902.]  [96:  	Treloar JM. (1978) Sediments, depositional environments and history of sedimentation of Peel Inlet. MSc Thesis, Geology Department, University of Western Australia.]  [97:  	Brown RG, Treloar JM & Clifton PM. (1980) Draft Report on Sediments and Organic Detritus in the Peel-Harvey Estuarine System. Sedimentology and Marine Geology Group, Department of Geology, University of Western Australia.]  [98:  	Woodroffe CD, Mulrennan ME & Chappell J. (1993) Estuarine infill and coastal progradation, southern van Diemen Gulf, northern Australia. Sedimentary Geology. 83: 257-275.]  [99:  Carter RWG. (1991) Near-future sea-level impacts on coastal dune landscapes. Landscape Ecology, 6: 29-39.]  [100:  	Walkden M & Rossington K. (2009) Characterisation and prediction of large scale, long-term change of coastal geomorphological behaviours: Proof of concept modelling. Joint Environment Agency/Defra Flood and Coastal Erosion Risk Management Research and Development Programme Science Report SC060074/PR1. Environment Agency, Bristol UK.]  [101:  	Semeniuk V. (1994) Predicting the effect of sea-level rise on mangroves in Northwestern Australia. Journal of Coastal Research, 10 (4): 1050-1076.] 
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[bookmark: _Ref359369258][bookmark: _Toc373750894]Figure 7: Cross-shore Response to Sea-level Rise
Modified from Dubois (1992) 82
Implications of restricted landform connectivity are relevant to both alongshore and cross-shore coastal response to sea-level rise. Hence, when appropriately defined, geomorphic frameworks may identify both the predominant coastal landforms susceptible to sea-level rise and restrictions to transport. In this context, the proposed hierarchical framework incorporating coastal compartments and sediment cells may provide a valuable tool in the projection of coastal evolution.
[bookmark: _Toc373225247][bookmark: _Toc373225288][bookmark: _Toc373758030]Implication of Generic Climate Change Impact Frameworks
[bookmark: _Ref363086696][bookmark: _GoBack]Approaches to sea-level rise impact assessment commonly follow generic climate change impact frameworks [endnoteRef:102],[endnoteRef:103],[endnoteRef:104]. These frameworks are relatively structured despite the recent science underlying contemporary climate change (see Figure 8). This reduces the amount of effort required to interpret the complexities of climate change projection from a global to a local scale [endnoteRef:105],[endnoteRef:106],[endnoteRef:107], and it has increasingly facilitated adoption of climate change scenarios within coastal planning and management 27,[endnoteRef:108],[endnoteRef:109]. [102:  	Australian Greenhouse Office. (2006) Climate Change Impacts & Risk Management:  A Guide for Business and Government. Broadleaf Capital & Marsden Jacob Associates.]  [103:  	Australian Greenhouse Office. (2007) Climate Change Adaptation Actions for Local Government. SMEC Australia Pty Ltd.]  [104:  	Australian Standards / New Zealand Standards. (2011) Australian Standard for Climate Change Adaptation. Draft Standard DR AS 5334.]  [105:  	IPCC (Intergovernmental Panel on Climate Change). (2001) Climate Change 2001: Impacts, Adaptation and Vulnerability. Cambridge University Press.]  [106:  	IPCC (Intergovernmental Panel on Climate Change). (2007) Climate Change 2007: The Physical Science Basis. Summary for Policymakers. Contribution of Working Group I to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge University Press, Cambridge.]  [107:  	CSIRO. (2007) Climate change in Australia. Technical Report. http://climatechangeinaustralia.com.au/resources.php]  [108:  	Good M. (2011) Technical Report: Government coastal planning responses to rising sea-levels, Australia and overseas. Antarctic Climate & Ecosystems Cooperative Research Centre (ACE CRC), Hobart, Tasmania.]  [109:  	Mariani A, Shand TD, Carley JT, Goodwin ID, Splinter K, Davey EK, Fiocard F & Turner IL. (2012) Generic Design Coastal Erosion Volumes and Setbacks for Australia. Antarctic Climate & Ecosystems Cooperative Research Centre, Hobart, Tasmania.] 
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[bookmark: _Ref363087941][bookmark: _Toc373750895]Figure 8: General Form of Coastal Climate Change Risk Assessments
A major limitation to the use of climate change impact frameworks is the constraint imposed by high levels of uncertainty, both with respect to projected change, and the corresponding environmental response. This encourages the use of simple analysis techniques, using adaptive frameworks within conservatively defined bounds. However, as discussed is Section 1.3, applications of fixed allowances or simple models for coastal recession lack discrimination, and become worse predictors of change with increased conservatism. Instead, application of conservative (high) climate change scenarios to a more complete process-based assessment may give a better means of tolerating uncertainty.
Selection of whether a conservative scenario is appropriate to sea-level rise impact assessment is strongly determined by the ultimate study end-use. The use may be broadly separated into three categories, which may affect the assessment approach:
1. Relative site sensitivity assessment;
2. Land-use planning; or
3. Adaptation planning.
 (
Environmental Change (e.g. MSL)
Timing
Action 
M.
1
Action 
M.2
Action 
M.3
Moderate
 Scenario
High
 Scenario
Action 
S.
1
Action 
S.2
Action 
S.3
Action 
S.4
The relative severity of the selected climate change scenario affects the range of adaptation options considered and their timing 
Possible timing errors
)These have progressively diminishing space and timescales as well as an increased requirement for precision. As discussed above, application of conservative (high) climate change scenarios to a process-based impact assessment may be an appropriate for indicative assessment of site sensitivity to compare geographic locations. However, the implications of timing and adequacy of proposed responses generally require both realistic (moderate) and conservative (high) climate change scenarios when developing adaptation plans (see Figure 9). Use of multiple scenarios with associated probabilities is recommended within generic risk-based impact assessment frameworks for assessment of options; however, this need may be offset in adaptation planning, where actions are based upon monitoring and triggers which can accommodate a progressive sea-level rise with only limited regard for likelihood.








[bookmark: _Ref354117529][bookmark: _Toc373750896]Figure 9: Effect of Scenario Selection upon Identified Adaptation Sequence
When either likelihood or timing is an important parameter, separation of the climate change response from natural coastal variability may under-represent the capacity for coastal change. The need for incorporating coastal variability into projections is significantly enhanced if the variability is a similar order of magnitude or larger than the response to climate change.
[bookmark: _Ref373052317][bookmark: _Ref359364184]An alternative approach to the probabilistic methods suggested by generic frameworks for climate change impact assessment is the application of uncertainty-based analysis [endnoteRef:110]. This approach incorporates uncertainty of process into the evaluation of possible outcomes, thereby highlighting the relative sensitivity to knowns and unknowns. The significance of this approach is amplified in this document because the uncertainty-based approach was applied on a regional scale to southwest Western Australia[endnoteRef:111] and has been used here to aid description of relationships between regional and local scale assessments of coastal change. [110:  	Cowell P, Thom B, Jones R, Everts C & Simanovic D. (2006) Management of Uncertainty in Predicting Climate-Change Impacts on Beaches. Journal of Coastal Research, 22 (1): 232-245.]  [111:  	Cowell PJ & Barry S. (2012) Coastal recession risk in the Busselton-Rockingham coastal cell due to climate change. University of Sydney. Prepared for Department of Climate Change and Energy Efficiency.] 

[bookmark: _Ref373053170][bookmark: _Ref373053176][bookmark: _Toc373225248][bookmark: _Toc373225289][bookmark: _Toc373758031]Coastal Processes, Modelling and Scales
[bookmark: _Toc373225249][bookmark: _Toc373225290][bookmark: _Toc373758032]The Coastal Process Cascade
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)Coastal change occurs at every spatial and temporal scale, with active coastal processes influenced by geology, geomorphology and interaction with terrestrial hydrology 70. This produces a process cascade in which for any given study scale, finer scale processes require aggregation 71, and coarser scale processes require consideration as extrinsic conditions (see Figure 10). Relationships between different assessment techniques may therefore be identified by the manner in which process information is aggregated or applied as an external forcing.







[bookmark: _Ref359366705][bookmark: _Toc373750897]Figure 10: Relationship of Study Scales to the Process Scale Cascade
Modified from de Vriend et al. (1993) 92
In principle, different levels of the coastal hierarchy may more strongly describe various aspects of coastal process-response. At the largest scale, compartments typically indicate how response models, conceptual or otherwise, should vary; intermediate scales imply the critical processes and connectivity; and at small scales the contributing elements and scales of the response model are clearly defined.
[bookmark: _Ref362675190]The importance of timescale assumptions has been highlighted on the southwest Western Australian coast through attempts to combine the Bruun model (see Figure 5) with observed and interpreted behaviour 25,111,[endnoteRef:112]. Patterns of erosion in response to sea-level rise over the twentieth century, and the apparent coastal dynamics over the late Holocene are not consistent with the conceptual model, particularly as rise up to 6000 years before present was associated with a large influx of sediment. The concept of timescale dependent dilation of the effective accommodation space (e.g. time dependence of closure depth in the Bruun model 90) has been used in part to argue why there is such a significant difference in behaviour. However, interpretation of landform stability also suggests the efficiency of shore–shelf transfer is important, particularly on reef-sheltered or perched beach systems prevalent along the Western Australian coast. [112:  	Jones A. (2005) Potential coastal erosion of the Swan Coastal Plain due to long-term sea-level rise. Cities and critical infrastructure and risk assessment methods projects, Minerals and Geohazards Division, Geoscience Australia.] 

Importantly, the time dependence of process scales also determines the type of information required to provide validation of processes. Coastal monitoring techniques typically provide information only about short- to medium-term processes, with geomorphic or stratigraphic information required to obtain evidence of longer-term changes.
[bookmark: _Toc373225250][bookmark: _Toc373225291][bookmark: _Toc373758033]Geomorphic Feedbacks and Scale-effects
A crucial consequence of the coastal process cascade is a parallel sequence (in size) of geomorphic features, ranging from coastal compartment scale down to micro-scale features such as ripples. A key geomorphic relationship is for larger features to respond largely to longer timescale processes 41. However, at any particular scale, it is typical for smaller-scale morphology to provide a stabilising effect that partly or completely offsets the influence of sub-scale variations of environmental forcing, sediments or coastal structure. 
[bookmark: _Ref373220355]The balance of erosion and accretion is an obvious form of sub-scale stabilisation, which results in rotation on partitioned beaches. Other responses, in order of increasing scale, may include steepening of the beach face, beach cusps, berms or bars[endnoteRef:113]. These features have remarkable capacity to provide a stabilising influence, with each capable of modifying transport rates by a similar order of magnitude to overall transport rates. The presence of larger features is a general indication of high occurrence of conditions prompting sub-scale stabilisation. Consequently, they are more common in areas of bimodal forcing or structural features such as a change in beach alignment. For this reason, features such as beach cusps often recur at the same location. This mechanism is a major cause for the persistence of coastal features that otherwise seem out of balance with prevailing conditions. [113:  Prats FR. (2003) On the growth of nearshore sand bars as instability processes of equilibrium beach states. Universitat Politecnica de Catalunya. Department de Fisica Aplicada.] 

Sub-scale stabilisation commonly takes two forms:
· Supply-limited conditions are those where the hydrodynamics suggest a transport capacity higher than sediment being supplied from the adjacent landforms. In this situation the landform adjusts rapidly to reduce the transport rate but is constrained by the landform sediment volume [endnoteRef:114]. Examples include smoothing of the seabed, or formation of beach cusps. Deltas and barrier systems provide examples of large-scale supply-limited conditions, where the rate of sediment flux is more strongly a function of landform state than environmental forcing; or [114:  	Amos KJ, Alexander J, Horn A, Pocock GD & Fielding CR. (2004) Supply limited sediment transport in a high-discharge event of the tropical Burdekin River, North Queensland, Australia. Sedimentology, 51, 145–162.] 

· Rate-limited conditions, where the morphodynamics are limited by a maximum speed of geomorphic adjustment under strong but brief forcing conditions. Hence, for the brief period of forcing, the coastal configuration develops local source and sink areas, producing a trend towards a quasi-equilibrium state.  Rate-limited behaviour is classically associated with ephemeral features such as bars and spits 113 although it may also be associated with geologically constrained or relict landform features.
Occurrence of these types of geomorphic stabilisation is strongly related to process timescales (Figure 11). Transition from rate-limited, through quasi-equilibrium to supply-limited occurs as the process timescale extends or intensity increases. Quasi-equilibrium occurs when the landform responds directly to the process regime, and is often implied inherently in modelling. Dissociation between forcing processes and landform response occurs under either rate- or supply-limited conditions and therefore has implications for numerical modelling applications 70,71,92. 
[image: ]
[bookmark: _Ref373221931][bookmark: _Toc373750898]Figure 11: Process Intensity and Time Scale Influence on Geomorphic Response
[bookmark: _Toc373225251][bookmark: _Toc373225292][bookmark: _Toc373758034]Scale-relationships in Coastal Modelling
An extensive range of numerical and analytical models is available to describe coastal change for different timescales [endnoteRef:115]. For each there may be a distinct suite of processes, applicable coastal configuration, different formulation and particular bias. However, the models can be broadly classed into three types, being short-term, medium-term and long-term modelling approaches 92,[endnoteRef:116]. These generally correspond to storm response, littoral drift and coastal evolution respectively (see Table 1). This challenges application of any approach to a different time scale, or the integration of more than one approach. For example, a small error introduced in a short-term modelling approach may dominate projection if it is applied over a long timescale [endnoteRef:117]. Equally, the application of smooth response long-term modelling to short or medium time scales neglects the capacity for tipping point or state-jumping behaviour, and therefore under-represents coastal hazard. [115:  	Woodroffe CD, Cowell PJ, Callaghan DP, Ranasinghe R, Jongejan R, Wainwright DJ, Barry SJ, Rogers K & Dougherty AJ. (2012) Approaches to risk assessment on Australian coasts: A model framework for assessing risk and adaptation to climate change on Australian coasts, National Climate Change Adaption Research Facility, Gold Coast.]  [116:  	De Vriend H, Zyserman J, Nicholson J, Roelvink J, Pechon P & Southgate H. (1993) Medium-term 2DH coastal engineering modelling. Coastal Engineering, 21: 193-224.]  [117:  Stive MJF, Roelvink DJA & de Vriend HJ. (1991) Largescale coastal evolution concept. Proceedings 22nd International Conference on Coastal Engineering, New York, American Society of Civil Engineers, 1962–74.] 

[bookmark: _Ref363088396]Table 1: Assessment Characteristics Typically Associated with Model Timescale
	Model Timescale
	Short-term:
Sub-annual
	Moderate-term:
Annual-decadal
	Long-term:
Supra-decadal

	Main Process
	Storm response
	Littoral drift
	Evolution

	Main Direction
	Cross-shore
	Alongshore
	Cross-shore

	Scale in SW-WA
	Up to 60m erosion [endnoteRef:118] [118:  	Clarke DJ & Eliot IG. (1983) Mean sea-level variations and beach width fluctuation at Scarborough, Western Australia. Marine Geology, 51: 251-267.] 

	[bookmark: _Ref373099858][bookmark: _Ref373099496]20-100,000m3/y [endnoteRef:119],[endnoteRef:120] [119:  	Byrne A, Rogers M & Byrne G. (1987) Dawesville Channel, Western Australia – Coastal Process Studies. 8th Australasian Conference on Coastal and Ocean Engineering, Launceston, 30 Nov – 4 Dec, 1987.]  [120:  	Bicknell C. (2006) Review of Sand Bypassing at Dawesville and Mandurah. Coastal Engineering Investigation. Department for Planning & Infrastructure. Technical Report No 446.] 

	~1 m/y change 111

	Volumetric Order
	~100 m3/m/y
	~10 m3/m/y
	~1 m3/m/y

	Typical Key Assumptions
	Rate of change determined by deviation from an assumed equilibrium profile.
Alongshore flux is spatially nearly constant.
	Erosion-recovery cycles are balanced around assumed equilibrium profiles.
Impoundment occurs in few locations.
	Equilibrium profiles move cross-shore in response to net volume change.
No change to impoundment patterns.

	Examples
	Swart [endnoteRef:121] [121:  	Swart DH. (1976) Predictive equations regarding coastal transports. Proceedings of the 15th International Conference on Coastal Engineering, Honolulu, American Society of Civil Engineers, 1113–1132.] 

Vellinga [endnoteRef:122] [122:  	Vellinga P. (1984) Beach and Dune Erosion During Storm Surges. PhD Thesis. Delft University of Technology.] 

[bookmark: _Ref373100156]SBEACH [endnoteRef:123] [123:  	Larson M & Kraus NC. (1989) SBEACH: Numerical Model for Simulating Storm-induced Beach Change; Report 1. Empirical Foundation and Model Development. Technical Report CERC-89-9-RPT-1, Vicksburg, Mississippi: U.S. Army Engineer Waterways Experiment Station, Coastal Engineering Research Center.] 

[bookmark: _Ref373060922]XBEACH [endnoteRef:124] [124:  	Roelvink D, Reneirs A, van Dongeren A, van Thiel de Vries J, Lescinsky J & McCall R. (2009) Modeling storm impacts on beaches, dunes and barrier islands, Coastal Engineering, 56, 1133-1152.] 

	GENESIS [endnoteRef:125],[endnoteRef:126] [125:  	Hanson H & Kraus NC. (1989) Genesis: Generalized Model for Simulating Shoreline Change. Report 1 -  Technical Reference. US Army Corps of Engineers. Vicksburg, MS, USA.]  [126:  	Gravens MB, Kraus NC & Hanson H. (1991) Genesis: Generalized Model for Simulating Shoreline Change. Report 2 - Workbook and System User's Manual. US Army Corps of Engineers. Vicksburg, MS, USA.] 

SBAS [endnoteRef:127] [127:  	Rosati JD & Kraus NC. (1999) Sediment Budget Analysis System (SBAS). US Army Corps of Engineers. Coastal Engineering Technical Note IV-20.] 

Litpack
	Bruun 81
RDA 93
STM [endnoteRef:128] [128:  	Cowell PK, Roy PS & Jones RA. (1995) Simulation of large-scale coastal change using a morphological behaviour model. Marine Geology, 126: 45-61] 



The volume of sediment transport associated with each timescale reduces by an order of magnitude with each increasing step, suggesting that in the order of 90% of sand movement is associated with storm erosion and recovery. However, storm erosion-recovery cycles commonly produce oscillatory patterns of transport, potentially reducing net sediment movement by more than an order of magnitude over extended timeframes [footnoteRef:3]. The influence of alongshore transport is similarly an order of magnitude greater than evolutionary rates. However, the potential for resultant change is determined by the balance of littoral drift in and out from an area, and is therefore indicated by transport rate spatial gradients. On ‘open’ straight coast, this gradient is very small and therefore reduces to a similar order of magnitude to the potential evolution rates. For a partitioned coast, the interplay between coastal rotation and bypassing may require use of shorter timescales to describe alongshore transport than typical on an open coast. [3:  Common exceptions are introduced by relict or antecedent morphology, coastal structure limiting onshore-offshore movement (e.g. perched or terraced beaches) or engineered sections of coast. ] 

The compartmentalised nature of the Swan Coastal Plain provides locations where the alongshore transport gradient is high, such as the southern flank of Becher Point, north of Mandurah. This situation allows increased rates of change, and is reflected in the size of Holocene strandplains between Mandurah and Rockingham 111. However, this pattern is not evident in contemporary coastal change, suggesting that the compartment has locally reached a point of sediment saturation or reduced supply.
[bookmark: _Ref373220236]The Busselton-Rockingham recession study 111 notes that the Swan Coastal Plain displays apparently low rates of onshore sand feed compared with other beaches 45,[endnoteRef:129]. When combined with the potential for locally steep alongshore transport gradients such as caused by 90o change in shore alignment, there is suggestion that behaviour of a compartmentalised coast may differ significantly, particularly on a local scale, from the cross-shore dominated model prevalent in coastal modelling. [129:  	Cowell PJ, Stive MJF, Roy PS, Kaminsky GM, Buijsman MC, Thom BG & Wright LD. (2001) Shoreface Sand Supply to Beaches. Proceedings 27th International Conference on Coastal Engineering, New York: American Society of Civil Engineers, 2495- 2508. ] 

In their individual application, there is a characteristic switching of the main direction of coastal change between the three timescales, with short- and long-term change being cross-shore, while moderate-term change is mainly alongshore. This general behaviour is used conveniently in numerical modelling, through a zero-sum assumption over smaller timescales, to avoid the computational constraints offered by high-resolution modelling over long timescales. However, it often leads to interpretation problems and creates difficulty in public communication strategies when processes that are evident and actively managed (e.g. downdrift erosion) are not displayed by the model. Alternatives to provide improved modelling performance include nesting of multiple model scales that match key process scales, or sequential aggregation of model outputs, with disaggregation potentially required to communicate results effectively. Techniques of shifting scales through aggregation and disaggregation are termed upscaling and downscaling respectively (see Section 5).
Other key assumptions commonly used within coastal change modelling include equilibrium profile behaviour, small spatial gradients of alongshore sediment flux, limited capacity for impoundment and no change to (alongshore) impoundment patterns with net volume change. These complicate the different assumptions implicit in the three key approaches. Here impoundment refers to the storage of additional sediment within a landform, which may involve retention of alongshore transport (e.g. updrift of a headland), or vertical accumulation (e.g. within estuaries or on dunes).
Not all models used to represent the same suite of processes use the same set of assumptions, and it is typically through interpretation of morphology that a model practitioner will identify whether the model is appropriate. Alternatively, morphodynamic observations may be used post-modelling to verify short- or medium-term model performance, although often limited to describing overall change.
Few sets of observations can be used practically for verification of long-term modelling, particularly for representation of projected sea-level rise. Observations of medium-term change, particularly the ‘step’ change in mean sea-level from 1993 to 2012 due to a shift from El Niño to La Niña–dominated conditions can be used to suggest a qualitative vector for coastal change. However, the effect of timescale dilation suggests that long-term process-response is likely to be larger, along with the potential effect of changing patterns of sediment impoundment. The magnitude of dilation is a significant source of uncertainty, which is often quite arbitrary, such as a factor of two for closure depth 90, or zero dilation implicit in the zero-sum assumption often used to avoid cross-shore dynamics from medium-term coastal change modelling.
Scale relationship importance for sea-level rise impact modelling on a compartmentalised coast is demonstrated by the strong challenge to key assumptions at a boundary such as a headland, prompting the concept of ‘lag erosion’ (see Figure 12). Further challenge is brought about on a receding coast, as structures shift from being ‘saturated’ with sand, creating new areas of impoundment and causing spatially variable alongshore sediment transport. In parallel, effects of sea-level rise may be to reduce sand retention by coastal features such as reefs and perched beaches.
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[bookmark: _Ref359367502][bookmark: _Toc373750899]Figure 12: Influence of Compartments upon Coastal Change Sequence

[bookmark: _Toc373225252][bookmark: _Toc373225293][bookmark: _Toc373758035]Coastal Modelling Techniques
Diverse techniques for the prediction of coastal erosion, including responses to sea-level rise, are widely described in international literature, including empirical, statistical, analytic and numerical models. Three discrete forms of assessment are available:
· Proxy-based assessments (e.g. US coastal vulnerability assessments [endnoteRef:130],[endnoteRef:131],[endnoteRef:132])  [130:  	Thieler ER & Hammar-Klose ES. (1999) National Assessment of Coastal Vulnerability to Future Sea-Level Rise: Preliminary Results for the U.S. Atlantic Coast. U.S. Geological Survey, Open-File Report 99-593. Available online at: http://pubs.usgs.gov/of/of99-593/ ]  [131:  	Thieler ER and Hammar-Klose ES. (2000a) National Assessment of Coastal Vulnerability to Future Sea-Level Rise: Preliminary Results for the U.S. Pacific Coast. U.S. Geological Survey, Open-File Report 00-178. Available online at: http://pubs.usgs.gov/of/of00-178/]  [132:  	Thieler ER and Hammar-Klose ES. (2000b) National Assessment of Coastal Vulnerability to Future Sea-Level Rise: Preliminary Results for the U.S. Gulf of Mexico Coast. U.S. Geological Survey, Open-File Report 00-179. Available online at: http://pubs.usgs.gov/of/of00-179/] 

· Sediment budget-based assessments (e.g. SBAS, STM, GEOMBEST [endnoteRef:133]) [133:  	Stolper D, List JH & Thieler ER. (2005) Simulating the evolution of coastal morphology and stratigraphy with a morphological-behaviour model (GEOMBEST), Marine Geology, 218: 17-36.] 

· [bookmark: _Ref373099368]Process-based assessments, which include numerical modelling (at small 123 or large [endnoteRef:134] scales) and physical modelling. [134:  	Zhang W, Harff J, Schneider R & Wu C. (2010) Development of a modelling methodology for simulation of long-term morphological evolution of the southern Baltic coast. Ocean Dynamics, 60(5): 1085-1114.] 

Techniques within each of these forms are fundamentally distinguished by an array of classification schemes, which are generally determined by coast types (e.g. sandy, rocky, cliffed, embayed); driving conditions (wave or water level ranging); or geological origin [endnoteRef:135]. The Bruun conceptual model for erosion due to sea-level rise is a simple sediment budget-based model for sandy coasts based on cross-shore balance 81, later extended through definition of closure depth 90 in an effort to cover a wider range of situations. The validity of this model has been widely debated, including presentation of loose supporting evidence 91, commentary from the original author 38 and extensive critique from others 84. [135:  	Perillo GME & Piccolo MC. (2011) 1.02‑Global Variability in Estuaries and Coastal Settings. Treatise on Estuarine and Coastal Science, 7-36.] 

The simplification of assuming that coastal response to sea-level rise is entirely determined by cross-shore processes is prevalent within assessment methodologies, despite the importance of alongshore transport gradients being identified [endnoteRef:136]. Another dramatic simplification is brought about through use of the Bruun conceptual model, which exclusively considers infilling of the nearshore zone to be balanced by erosion of the beach and dune. Alternative coastal response pathways have been identified in scientific literature, including cross-shore processes of dune impoundment, overwash or bar growth (see Figure 7) 82, together with estuarine sedimentation and trapping of sediment updrift of rock headlands. Adequately capturing the relative importance of these processes is important for the coastal sediment volume (i.e. available land); tracking of coastal change to allow decision-making triggers; and identification of on-ground mitigation or adaptation pathways. [136:  	Van Rijn LC. (1996) Coastal Geomorphology. Aqua Publications.] 

Three levels of complexity for coastal modelling can be identified in geomorphic literature:
1. Landform elements (e.g. dune height, beach slope, presence of cuspate features) and active processes are assumed to continue unchanged;
2. Landform elements are assumed to remain constant, but a change in the balance of active processes is expected; and
3. Relationships between landform elements are considered to be dynamic, resulting from changes in active processes.
For practical reasons, the majority of coastal change assessments use the simplest approach, with the alternative approaches only applied where it is apparent that simpler methods are invalid, including occurrence of geomorphic tipping points [footnoteRef:4]. Where evidence regarding the system complexity is not collected and applied to the modelling process, assessment results may be systematically biased according to the relative validity of the approach. [4:  Geomorphic tipping points occur when there is a dramatic change in the incremental coastal response to a change in environmental forcing. Typically they occur when an environmental parameter reaches a threshold at which there is a fundamental change in active geomorphic processes. The most apparent geomorphic tipping points related to sea-level rise correspond to vertical thresholds on the shore profile such that the change in active or dominant processes acts to reinforce the effect of sea-level rise. One such threshold is the dune crest, where a sea-level rise may potential shift active processes from Aeolian to marine, with washover causing dune crest deflation and consequently amplifying the morphologic change.] 

[bookmark: _Ref359396913][bookmark: _Toc373225253][bookmark: _Toc373225294][bookmark: _Ref373712282][bookmark: _Toc373758036]Scale Transfer within Geomorphic Frameworks
The key benefit of using a hierarchical geomorphic framework is to provide significantly improved capacity for comparing sparse information evaluated over different scales. This is particularly important for evaluation of coastal information, which commonly only describes a portion of the coast. The techniques of shifting information between scales are termed upscaling, moving towards larger spatial units, and downscaling, moving towards finer spatial units (see Figure 13).
In the rare situations where there is sufficient information to wholly describe a larger spatial unit, upscaling may involve averaging or extracting the maximum value. However, in most cases, it requires a meaningful synthesis of the information, which may be a weighted sum, equation fitting or a spatial krig (geospatial interpolation). The process of upscaling therefore involves some loss of fine-scale information. Upscaling is commonly undertaken for the purposes of reporting, although this may obscure the technical merit of the assessment or devalue performance measures.
Downscaling is required where coarse information lacks internal variation. Consequently, some information must be added to provide a fair representation at a finer resolution. This may be as straightforward as defining internal trends based upon the overall trend of the coarse information, or more complex, such as recreating characteristics typically observed at a smaller scale, including the influence of rock.
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[bookmark: _Ref359367426][bookmark: _Toc373750900]Figure 13: Notional Concepts of Upscaling and Downscaling
[bookmark: _Toc373225254][bookmark: _Toc373225295][bookmark: _Toc373758037]Upscaling
Upscaling involves the translation of information from a fine scale towards interpretation at a larger scale, which involves a process of aggregation. It is a necessary process for holistic management when the effect of behaviour at a small scale may affect the wider distribution of change. Reasons for undertaking upscaling occur for both analysis of observations and projection of potential change, along with convenience for reporting. Interpretation of behaviour over different scales often uses conservation of volume, or a zero-sum assumption to distinguish between key processes.
Upscaling is primarily used to relate or differentiate processes or characteristics that are active over different scales. For example, historical shoreline change from 1941 to 2008 within southern Geographe Bay demonstrates significant local variation (see Figure 14), which can be largely explained by onshore sand feeds and large groynes at Siesta Park and Port Geographe. Aggregation over the whole section of coast indicates that there is a net rate of accretion, while aggregation over intermediate scales demonstrates the effective degree of bypassing occurring at each restriction to alongshore transport, and enables a sediment budget to be inferred. In this case, the distribution of shoreline change within each of these sub-cells also suggests that alongshore sediment transport provides a key mechanism for change in southern Geographe Bay over supra-decadal timescales.
[bookmark: _Ref373099547]Projection of coastal change that is modelled at a fine scale requires aggregation when there are locally significant perturbations in response and potential for that local change to interact with adjacent areas (i.e. a distributed response). This requirement is strong on barrier coast [endnoteRef:137],[endnoteRef:138] and deltaic systems [endnoteRef:139], where change that occurs along 5–10% of the coast length may contribute an equivalent volumetric change distributed across the remaining 90–95%.  [137:  	Donnelly C, Kraus N & Larson M. (2006). State of knowledge on measurement and modeling of coastal overwash. Journal of Coastal Research, 965-991.]  [138:  	Masetti R, Fagherazzi S & Montanari A. (2008) Application of a barrier island translation model to the millennial-scale evolution of Sand Key, Florida. Continental Shelf Research, 28: 1116-1126.]  [139:  	Fagherazzi S & Overeem I. (2007) Models of deltaic and inner continental shelf landform evolution. Annual review of Earth and Planetary Sciences, 35: 685-715.] 

The aggregative approach may also be appropriate for the treatment of geometric or structural characteristics when they are being interpreted for modelling of larger scale processes.  Finer scale elements that may be considered include elevation, grade, underlying geological formation, landforms or landform systems. Several different techniques for aggregation to generate representative cross-sections have been applied to the Busselton to Rockingham coast 111. A key aspect to consider is relative sensitivity, with existing published literature and geomorphic models providing a substantial basis to support the selection of processes, scales and morphologies for aggregation.
[bookmark: _Ref363117994]An indication of requirements for upscaling (aggregation) across a sediment cell is demonstrated by the relative connectivity of observed coastal changes. This has been shown for 15km of beach along Perth northern metropolitan coast (see Figure 15) [endnoteRef:140] and for a much larger 165km long cell on the California coast 73. These studies highlight the need to identify how spatial variation may occur across a cell, as there is considerable variability of sediment exchange within cells and insufficient coverage or inadequate weighting may produce aliasing or significant bias. For example, on the Perth coast, the seasonal variation in beach width (Figure 15) suggests that South Port, Swanbourne and Floreat beaches are more exposed to winter storms than other beaches.  The major characteristic that is required for upscaling is an understanding of the geometric coastal response to change, such that incomplete coverage by higher resolution information can be more accurately interpreted spatially.  [140:  	Masselink G & Pattiaratchi CB. (2001) Seasonal changes in beach morphology along the sheltered coastline of Perth, Western Australia. Marine Geology,172 (3-4): 243-263.] 
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[bookmark: _Ref363254792][bookmark: _Toc373750901]Figure 14: Southern Geographe Bay Shoreline Change and Inferred Sediment Budget
Extract from Damara WA (2011) [endnoteRef:141] [141:  	Damara WA. (2011) Coastal Erosion Study: Assessment of Climate Change Impacts. Prepared for the Shire of Busselton, Final Report 96-00-01.] 
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[bookmark: _Ref363118067][bookmark: _Toc373750902]Figure 15: Perth Northern Metropolitan Area Beach Width Observations
Extract from Masselink & Pattiaratchi (2001) 140
The key technique for aggregation involves consideration of the behavioural similarity between fine-scale elements, with clustering of elements used to identify uniform models for change, which are then progressively added. The approaches of spatial ‘averaging’, selection of a ‘representative profile’ or characterisation via ‘low points’ are simple forms of aggregation, but in certain situations, they may work poorly at larger scales. Potential sources of error include neglecting the retentive capacity of rock headlands, the capacity for beach to dune sediment transfer, or the influence of breaching through dune low points.
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[bookmark: _Toc373750903]Figure 16: Concepts of Clustering and Aggregation
Approaches towards aggregation of characteristics within a sediment cell may involve integration of high-resolution data (e.g. shoreline mapping at <100m intervals on aerial photographs), regularly spaced monitoring profiles, or selection of representative transects. An example of applying minimal coverage is suggested for short beach segments within the Owen Anchorage, where transects are affected by response to coastal structures (see Figure 17).

High-resolution LiDAR/LADS bathymetry is available for some areas, including at a regional scale for the Peron–Naturaliste coast. This data typically requires upscaling through gridding, TINs, kriging or spatial aggregation when incorporated into coastal change studies. However, the act of upscaling should be undertaken deliberately, as LADS data over a range of scales may also be used to help identify rock features, indicate sediment transport pathways, and suggest the areas in which different processes are active.
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[bookmark: _Ref359371926][bookmark: _Toc373750904]Figure 17: Owen Anchorage ‘Representative’ Transects 
[bookmark: _Ref373055008][bookmark: _Ref373059265][bookmark: _Toc373225255][bookmark: _Toc373225296][bookmark: _Toc373758038]Downscaling
Downscaling involves the translation of information from a coarse scale towards interpretation at a finer scale. In order to provide meaning, downscaling requires the input of additional information to indicate how a process may be distributed within a larger spatial unit. The most relevant application to the question of response to sea-level rise is whether material eroded from shore–shelf transfer is unevenly distributed. This explicitly defines relative coastal sensitivity to sea-level rise (between sites) and therefore is critical for site selection, regardless of uncertainty in response scale.
For the Peron–Naturaliste coast, available landform mapping suggests that coastal response is unevenly distributed, with large-scale headlands playing a significant role (see Figure 24). This is illustrated schematically for a smaller coastal feature, showing updrift retention and downdrift erosion (see Figure 18). If headland response is not included in a recession study due to regional scale or uncertainty of response 110,111; or a generic setback policy 26,27,80 , then there is no differentiation regarding  updrift and downdrift behaviour, neglecting a clearly apparent difference in relative exposure to erosion.
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[bookmark: _Ref354135248][bookmark: _Toc373750905]Figure 18: Downscaling at a Local Scale due to a Rock Headland
Downscaling for a compartmentalised coastal system is likely to require consideration of geometric characteristics. This may be as straightforward as assuming that coastal erosion is parallel to the existing coastal configuration. However, more complex approaches may be to consider zeta-form bay shapes [endnoteRef:142] where appropriate, or consider the relationship between beach orientation and alongshore transport to suggest rotations of sub-cells that may result from a changing sediment budget [endnoteRef:143].  [142:  	Hsu J & Silvester R. (2001) Stabilizing Beaches Downcoast of Harbour Extensions. Coastal Engineering Proceedings, 1(25). doi:10.9753/icce.v25.]  [143:  Short AD. (2003) Large scale behaviour of topographically-bound beaches. Coastal Engineering 2002, 3778-3785.] 

A second form of downscaling is determined by restriction of alongshore transport capacity through sheltering or barriers to transport. These structures have been used as a primary element for definition of sediment cells (Appendix C), and typically represent a ‘leaky’ boundary rather than a total barrier or closed boundary. Evaluation of ‘total’ sediment within each cell based on demand and supply is then used to forecast coastal structure, in turn projecting effective transfer (see Figure 19). 
The influence of geological controls is typically state dependent, affected by both the amount of recession and the scale of sea-level change. As discussed in Section 4, this may include the exposure of additional rock structures retaining sediment, or reduced influence of structures allowing sediment sources to be newly mobilised. This may have implications for the modelling framework, including the time and space scales to capture such effects.
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[bookmark: _Ref354135930][bookmark: _Toc373750906]Figure 19: Conceptual Approach for Linking Cells
A complementary approach, scaled up from the design of coastal protection systems with multiple elements, is to consider impoundment associated with each coastal feature (boundary). Relationships between the volumes of impoundment and the degree of coastal recession may be used to estimate the quantity of ‘free sediment’ that is otherwise available for distribution along the larger network of cells.
[bookmark: _Toc373225256][bookmark: _Toc373225297][bookmark: _Toc373758039]Combined Upscaling and Downscaling
[bookmark: _Ref373099790] (
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)The greatest strength of the hierarchical geomorphic framework when undertaking sea-level rise impact assessment is provided by the combination of upscaling and downscaling (see Figure 20). In particular, the combination facilitates the use of sparse coastal data to provide a sound projection of coastal change that may be useable at a range of scales down to the infrastructure scale, i.e. tens of metres. The need for upscaling to provide integration of processes was demonstrated for the southwest coast 111, while corresponding constraints to use indicated the need for downscaling [endnoteRef:144]. [144:  	Damara WA. (2012) Summary of "Coastal recession risk in the Busselton-Rockingham coastal cell due to climate change”. Prepared for the Peron-Naturaliste Partnership Coastal Adaptation Decision Pathways (PNP-CAPS) project, Report 173-02.] 












[bookmark: _Ref363370824][bookmark: _Toc373750907]Figure 20: Schematic Integration of Upscaling and Downscaling
[bookmark: _Ref363085100][bookmark: _Toc373225257][bookmark: _Toc373225298][bookmark: _Toc373758040]Examples from Western Australia
The Vlamingh and Pilbara Regions were selected to provide demonstration of the use of geomorphic frameworks to coastal change assessment in response to sea-level rise. These two Regions both are relatively data rich and display compartmentalised behaviour that has previously been assessed over several spatial scales. Hence, they illustrate the potential benefits of hierarchical evaluation and indicate the discrepancies that may occur between analyses at different scales. Although both Regions have compartmentalised behaviour, they are morphologically distinct, with the differences between their geomorphic characteristics highlighting the scope over which geomorphic frameworks may provide a practical means of improving sea-level rise impact assessment. 
[bookmark: _Toc373225258][bookmark: _Toc373225299][bookmark: _Toc373758041]Coastal Morphology Context
[bookmark: _Ref362673214]The Western Australian coast has a very broad range of morphology, from the rocky cliffs of the Zuytdorp Region through to the silty sands and arid floodplains of the Pilbara Region 65. Coastal diversity occurs through differences of exposure to meteorologic and oceanographic forcing 44; the extent and structure of geological formations 75,76,77,78,79; the role of riverine sediment supply [endnoteRef:145]; and the length of time since relative sea-level caused a highstand over the late Holocene 48.  [145:  	Heap AD, Bryce S & Ryan D. (2004) Facies evolution of Holocene estuaries and deltas: a large-sample statistical study from Australia. Sedimentary Geology, 168, p. 1-17.] 

Classification of the Western Australian coast for the purposes of natural resource management (1000+ km scale) and regional planning (100–1000km scale) has identified that the significant variation in coastal landform types at these scales corresponds strongly with the regional geology 5. On this basis, a set of 13 regions were identified, each typified by a different balance of rock and sedimentary features (Figure 1). The influence of rock structures is prevalent along much of the Western Australian coast due to limited sediment supply and the effect of a mean sea-level highstand approximately 1–2m above the present-day levels during the late Holocene 48,[endnoteRef:146],[endnoteRef:147]. For many parts of the coast, this provides a ‘pre-stressed’ condition, with sedimentary coastal features being limited in scale. The relative presence of cross-shore or horizontal rock features determines the degree of compartmentalised, perched or reef-influenced coast. Behaviour has been illustrated by sedimentological 67,[endnoteRef:148], shoreline mapping studies 119 and sediment management at coastal structures 120. [146:  	Lessa G & Masselink G. (2006) Evidence of a mid-Holocene sea-level highstand from the sedimentary record of a macrotidal barrier and paleoestuary system in northwestern Australia. Journal of Coastal Research, 22 (1): 100-112.]  [147:  	Dodson J & Eliot I. (2010) Geoheritage Features of the Onslow Embayment: Coastal landforms, coral reefs and wrack lines. Damara WA Pty Ltd, Innaloo, Western Australia.]  [148:  Tecchiato S & Collins LB. (2011) Geraldton Embayments Coastal Sediment Budget Study. Coastal Vulnerability & Risk Assessment Program - Project 2 - Stage 2: Sediment Mapping for Identification of Sediment Sources, Transport Pathways and Sinks for Components of the Batavia Coast, With Special Consideration of the Inshore Waters and Coast between the Greenough River and Buller River. First Year Final Report for the WA Department of Transport, Curtin University, Bentley. Western Australia.] 

Demonstration of the role of geomorphic frameworks has been undertaken for the Swan Coastal Plain (Vlamingh Region) and the Pilbara Region. These areas have been selected mainly due to the availability of suitable high-resolution bathymetry, along with modelling and observations of coastal change. Significantly, these two areas also represent dramatically different morphologies. However a common characteristic, also prevalent for much of the Australian coast, including Western Australia, is the significant presence of coastal rock formations. Although headlands, reefs and platforms are commonly incorporated in models, their changing influence on a dynamic coast is often not evaluated. These formations play important roles in contemporary coastal dynamics and are expected to influence coastal response to projected sea-level rise.

[bookmark: _Toc373225259][bookmark: _Toc373225300][bookmark: _Toc373758042]Perched Beach Systems
Much of the Quaternary calcarenite limestone present around the coast of Australia, particularly along the coasts of South Australia and Western Australia, as well as the older sandstone topography of northwest Australia and the Northern Territory, is overlain or abutted by unconsolidated sand and silts of Holocene age. The morphology of shorelines, sandy beaches and dune systems in these areas spanning over half the Australian coast, is directly affected by complex interaction of marine processes with the geology at all scales. These are further complicated by regional disparities in hydrology, with marked contrast between arid areas and those subject to extremely high discharges from streams. In many instances, sandy landforms exist as perched beaches or dunes with very complex interaction between marine and terrestrial processes.
Interactions between marine and terrestrial processes are acknowledged where sandy coast is adjacent to rock outcrops in conceptual and numerical models describing wave refraction and diffraction [endnoteRef:149],[endnoteRef:150], in the formation of cuspate forelands [endnoteRef:151],[endnoteRef:152] and in the shape of embayments [endnoteRef:153]. Sediment-substrate interactions have been subject to less investigation where unconsolidated sediments overlie or are fronted to seaward by rocky landforms [endnoteRef:154],[endnoteRef:155],[endnoteRef:156],[endnoteRef:157],[endnoteRef:158]. [149:  	Short AD & Masselink G. (1999). Embayed and structurally controlled beaches. In: Short AD (ed.), Handbook of Beach and Shoreface Morphodynamics. Chichester: Wiley, 230–250.]  [150:  	Ranasinghe R, McLoughlin R, Short A & Symonds G. (2004). The Southern Oscillation Index, wave climate, and beach rotation. Marine Geology, 204(3): 273-287.]  [151:  	Sanderson PG & Eliot I. (1996) Shoreline salients, cuspate forelands and tombolos on the coast of Western Australia. Journal of Coastal Research, 12 (3): 761-773.]  [152:  	Black KP & Andrews J. (2001) Sandy Shoreline Response to Offshore Obstacles Part 1: Salient and Tombolo Geometry. Journal of Coastal Research, SI 29: 82-93.]  [153:  	Phillips JD. (1985) Headland-bay beaches revisited: An example from Sandy Hook, New Jersey. Marine Geology, 65 (1-2): 21-31.]  [154:  	Orme AR. (1960) The raised beaches and strandlines of South Devon. Field Studies Journal, 1(2): 109–130.]  [155:  	Doucette JS. (2009) Photographic monitoring of erosion and accretion events on a platform beach, Cottesloe, Western Australia. 33rd IAHR Congress: Water Engineering for a Sustainable Environment, 3319-3326.]  [156:  	Vousdoukas MI, Velegrakis AF & Karambas TV. (2009) Morphology and sedimentology of a microtidal beach with beachrocks: Vatera, Lesbos, NE Mediterranean. Continental Shelf Research, 29(16): 1937-1947.]  [157:  	Muñoz-Perez JJ & Medina R. (2010) Comparison of long-, medium- and short-term variations of beach profiles with and without submerged geological control. Coastal Engineering, 57(3): 241-251.]  [158:  	Gallop S, Bosserelle C, Eliot I & Pattiaratchi C. (2011) The influence of limestone reefs on storm erosion and recovery of a perched beach. Continental Shelf Research, 47: 16-27.] 

Understanding of the role of the geologic framework in the functioning of sediment cells is not well represented in the available literature, either as conceptual models or through recognition of the role of rocky topography in the application of numerical models. Scope for further investigation and the development of appropriate models is provided by the increased availability of frequently flown aerial photography and LiDAR imagery. The significance of the geologic framework on mixed sandy and rocky coast is shown locally during a phase of accretion at Trigg, near Perth (see Figure 21c). Broad scale identification of sand sources and transport patterns may be developed from LiDAR images of the inner continental shelf. Examples from southwest Australia and the Pilbara are discussed in Sections 6.4 and 6.5 respectively.
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[bookmark: _Ref363553594][bookmark: _Toc373750908]Figure 21: Varying Sand Supply Mechanisms to a Perched Beach
Figure Collated by Shari Gallop
Source: Nearmap
[bookmark: _Toc373225260][bookmark: _Toc373225301][bookmark: _Toc373758043]Swan Coastal Plain
The Swan Coastal Plain forms the majority of the Vlamingh Region, and contains the most populated part of Western Australia, including Perth, Fremantle, Rockingham, Mandurah, Bunbury and Busselton (Figure 22). Characteristics of the Vlamingh Region include a temperate, micro-tidal climate, with low contemporary fluvial sediment supply and a strong relationship between the geological framework and contemporary processes.
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[bookmark: _Ref373719745][bookmark: _Toc373750909]Figure 22: Map of the Swan Coastal Plain in the Vlamingh Region 
 
[bookmark: _Toc373225261]Swan Coastal Plain Morphology
[bookmark: _Ref372969492]Between Cape Naturaliste and Fremantle is a broad coastal floodplain, mostly fronted by barrier dunes that insulate near-coast lagoons from contemporary dynamics. Limestone ridges developed as former shorelines and barrier systems occur as chains of reefs, islands and headlands, and are sub-parallel to the modern coast, with submarine rock platforms along extensive sections of the inner shelf [endnoteRef:159]. The regional tidal range is micro-tidal, with an energetic offshore wave climate heavily modulated by reef-sheltering and diffraction due to Cape Naturaliste. [159:  	Richardson L, Mathews E & Heap A. (2005) Geomorphology and Sedimentology of the South Western Planning Area of Australia: Review and synthesis of relevant literature in support of Regional Marine Planning. Geoscience Australia Report Record 2005/17.] 

The broad and low gradient structure of both the floodplain and semi-arid hinterland east of the Darling Scarp provide limited riverine sediment input to the Swan Coastal Plain. The few estuary basins present are either relicts incompletely filled during the late Holocene, such as has occurred in the Swan–Canning Estuary [endnoteRef:160]; predominantly filled with marine sediments such as in Peel Inlet 95,96,97; or geomorphically modern features that have developed through barrier dune interruption of flood channels, which are present along much of the plain between Quindalup and Harvey. [160:  	Seddon G (1972) Sense of Place: A Response to an Environment, Swan Coastal Plain. WA, University of Western Australia Press, Perth.] 

Marine sediment is supplied to the Swan Coastal Plain from the area between Cape Leeuwin and Cape Naturaliste, arriving through onshore and alongshore sand feeds. Supply has been sufficient to cause historic accretion along the southern Geographe Bay coast, while contributing to net northwards alongshore transport artificially interrupted at Bunbury and Dawesville Channel. A local area of deposition occurs south of Becher Point, with a limited supply of marine sands travelling past the Garden Island ridge towards Cockurn Sound and Owen Anchorage. North of the Swan River entrance, Perth metropolitan beaches from Fremantle to Trigg form an almost self-contained sediment compartment with net northward transport, displaying seasonally oscillatory alongshore transport within internal cells140. Coastal behaviour along the Perth–Fremantle coast is strongly affected by anthropogenic management, including nearshore deposition of enormous quantities of dredged sediment, and active management through installation of coastal protection works [endnoteRef:161],[endnoteRef:162]. [161:  	Barr S. (2004) Port Beach Coastal Erosion Study. Technical Report 427, Department for Planning and Infrastructure, Western Australia.]  [162:  	Damara WA. (2009) Perth Metropolitan Region Coastal Protection Structures: Field Inspections & Condition Assessments. Report 81-01, Prepared for Department of Transport, Western Australia.] 


[bookmark: _Toc373225262]Findings from Swan Coastal Plain Studies
[bookmark: _Ref373157199]Behaviour of the Swan Coastal Plain has been assessed through a diverse range of study scales and techniques. The majority of these studies have not been directly related to the question of response to sea-level rise, but have focused upon potential coastal land use. These have generally taken the form of either geomorphic studies describing the origins and natural instability of coastal landforms or engineering studies at a smaller scale that outline required management at coastal facilities including harbours, jetties, seawalls and dredged navigation channels [endnoteRef:163].  [163:  	Oceanica & Shore Coastal. (2010) Compilation and Review of Application of Schedule One of State Planning Policy 2.6. Preapred for the Department for Planning and Infrastructure. Report 754_001/01.] 

[bookmark: _Ref372969494]Geomorphic studies have defined sub-regional patterns of similarity for coastal sediments, coined natural sectors 66, but have also identified focal zones of late Holocene deposition [endnoteRef:164], relict deposits 96,[endnoteRef:165] or basins [endnoteRef:166], as well as complex evolutionary sequences controlled by rock features [endnoteRef:167]. Sand production within this region occurs from both erosion of rock features and bioproduction, with a sediment pathway from Rottnest Island towards Perth’s northern beaches [endnoteRef:168]. While sediment composition across the inner shelf can largely be described by a transition between the two sources around Mandurah, suggesting continuity, there are significant local discontinuities in the availability of sediments due to the influence of smaller-scale rock features. For much of the coast between Bunbury and Fremantle, sediment often occurs as only a thin veneer above limestone pavement. Trapping and focusing of sediment provides discrete sand feeds, with large gaps in the Garden Island ridge forming the distinctive shoals in Cockburn Sound and Owen Anchorage over the Holocene 159,166. [164:  	Woods PJ. (1983) Evolution of, and Soil Development on, Holocene Beach Ridge Sequences, West Coast, Western Australia. PhD Thesis, University of Western Australia. Department of Soil Science and Plant Nutrition.]  [165:  	Semeniuk V & Searle DJ. (1986) The Whitfords Cusp – its geomorphology, stratigraphy and age structure. Journal of the Royal Society of Western Australia, 68 (2): 29-36.]  [166:  	Skene D, Ryan D, Brooke B, Smith J & Radke L. (2005) The Geomorphology and Sediments of Cockburn Sound. Geoscience Australia, Record 2005/10.]  [167:  Semeniuk V. (1996) An early Holocene record of rising sea-level along a bathymetrically complex coast in southwestern Australia. Marine Geology, 131, 177-193.]  [168:  	Collins LB. (1988) Sediments and history of the Rottnest Shelf, southwestern Australia: a swell dominated, non-tropical carbonate margin. Sedimentary Petrology, 60: 15–29.] 

Previous analysis of coastal erosion and accretion in Western Australia has strongly tracked the changing nature of coastal facilities and land use. Before dredging of Fremantle Harbour, almost all large coastal installations were deep-draft jetties to suit sailing ships, and therefore largely tolerant of coastal movements. Concerns regarding sedimentation of harbour basins were clearly recognised in the late nineteenth century, and decision-making regarding Fremantle Harbour was strongly influenced by evidence of limited sediment transport at the Swan River mouth, based upon adjacent landforms. The training walls (moles) built at the harbour entrance were built primarily for purposes of wave protection. Following the success of Fremantle Harbour and with vessel drafts reducing due to mechanisation, several extensive coastal facilities were constructed in more active coastal locations to manage shoreline variability or provide wave sheltering. 
The long-term coastal response to the change imposed by more obtrusive coastal structures yields useful information about the processes active in the southwest. The major characteristic apparent is: net northwards drift of sediment is prevalent along the coast, with occasional short-term reversals reported at particularly sensitive operations such as Bunbury and Coogee power stations. The significance of information collected from the management of coastal facilities, including dredging and bypassing, is that it provides actual quantities of sediment transport, and therefore is fundamental to the verification of inferred or modelled estimates of change 111. This was illustrated through synthesis of facility sediment management, shoreline change information and numerical modelling for the Bunbury to Mandurah coast to support design of the Dawesville Channel 119,[endnoteRef:169]. [169:  	Riedel & Byrne. (1987) Dawesville Channel Coastal Engineering Studies: Coastal Processes – An Engineering Assessment. Appendix B. Prepared by Riedel & Byrne Consulting Engineers.] 

[bookmark: _Ref363594491]Recognition of potential coastal response to sea-level rise was formalised in policy through inclusion of an allowance when defining coastal development setbacks 80. However, by providing a fixed methodology for assessment, this has partly stifled sub-regional assessment of the threat provided by sea-level rise. Furthermore, adoption of a constant allowance effectively ignores the relative susceptibility of different landforms, and ignores landform connectivity (e.g. estuary—coast interaction). This creates an unbalanced risk profile, with the allowance least conservative in areas of highest susceptibility (see Section 5.2). Several studies to investigate how responses to sea-level rise may vary based upon locally significant characteristics have been conducted, respectively highlighting the role of nearshore rock features at Cottesloe [endnoteRef:170]; the effect of high supply through discrete sand feeds along the southern Geographe Bay coast [endnoteRef:171]; and secular variability of alongshore supply and trapping at Scarborough [endnoteRef:172]. In parallel with these assessments, the WA Government has funded a series of studies related to landform assessment 75, definition of regional-scale compartments across the state 5, landform-based coastal vulnerability analyses 18,19,20,21,22 and definition of local-scale sediment cells within the Vlamingh Region [endnoteRef:173], for coastal management (see Figure 23). [170:  	Coastal Zone Management & Damara WA. (2008) Vulnerability of the Cottesloe Foreshore to the Potential Impacts of Climate Change. Prepared for Town of Cottesloe.]  [171:  	Damara WA. (2011) Coastal Erosion Study: Assessment of Climate Change Impacts. Prepared for the Shire of Busselton, Final Report 96-00-01.]  [172:  	Eliot M & Travers A. (2011) Dynamics of Scarborough Beach, City of Stirling, Western Australia. Coast & Ports 2011. Proceedings : 20th Australasian Coastal and Ocean Engineering Conference and the 13th Australasian Port and Harbour Conference : diverse and developing, 28-30 September 2011, Perth Convention Exhibition Centre.]  [173:  	Stul T, Gozzard JR, Eliot IG & Eliot MJ. (2012) Coastal Sediment Cells between Cape Naturaliste and the Moore River, Western Australia. Report prepared by Damara WA Pty Ltd and Geological Survey of Western Australia for the Western Australian Department of Transport, Fremantle.] 

Direct assessment of coastal response to sea-level rise has been undertaken on several occasions. The sensitivity of the low-lying Busselton coast was identified during an early application of the IPCC ‘Common Methodology’ for Sea-level Rise Impact [endnoteRef:174], with evaluation of Perth metropolitan coast sensitivity later selected as one of the national coastal vulnerability case studies [endnoteRef:175]. An erosion assessment along the Swan Coastal Plain evaluated the relative presence or absence of coastal limestone using geophysical methods and borehole logs, with a modified form of the Bruun model used to derive response to sea-level rise for sedimentary features 112. More recently, a regional assessment of coastal response to sea-level rise was undertaken using heuristic uncertainty-based evaluation of change 111. Large differences between these studies and local setback assessments within the Vlamingh Region has shown the dramatic effect that assessment methodologies and their interpretation may create. Significant differences may also occur between studies at the same scale, with interpretation of modified Bruun model suggesting that the Mandurah coast was the most stable due to alongshore sediment supply; while the uncertainty-based  assessment, which included variation of alongshore supply, suggested that the Mandurah coast was the most susceptible to sea-level rise due to the potential trapping of available sediment supply. [174:  	Kay RC, Eliot I & Klem G. (1992) Analysis of the IPCC Sea-Level Rise Vulnerability Assessment Methodology Using Geographe Bay, SW Western Australia as a Case Study. Coastal Risk Management International Ltd Report to the Department of Arts, Sports, Environment and Territories, Canberra.]  [175:  	Kay RC, Eliot I, Caton B, Morvell G & Waterman P. (1996) A review of the Intergovernmental panel on Climate Change’s Common Methodology for assessing the vulnerability of coastal areas to sea-level rise. Coastal Management, 24: 165-188.] 

The uncertainty-based assessment highlighted the significant unknowns associated with coastal response to sea-level rise. However, consideration of remotely possible physical outcomes (e.g. uniform infilling across the 35km wide shelf), along with direct inclusion of these uncertainties into the assessment, gave results that are difficult to use 144. The regional uncertainty-based analysis suggested setbacks up to 800m, which contrasted starkly with the 100m typical for local setback analyses 163, making it difficult to match-up the behaviour identified at different scales. An interpretation of the regional recession study was undertaken through selection of refined scenarios of shore–shelf sediment exchange, and downscaling of recession distances using spatial patterns based upon landforms [endnoteRef:176]. It was identified that downscaling could not be effectively achieved to the adaptation scale because geological information was not available at the scale required. As a consequence, the influence of rock features upon alongshore transport was neglected (see Section 5.2). [176:  	Damara WA. (2012) Coastal Hazard Mapping for Economic Analysis of Climate Change Adaptation in the Peron-Naturaliste Region. Prepared for the Peron-Naturaliste Partnership Coastal Adaptation Decision Pathways (PNP-CAPS) project, Report 169-01;] 

The importance of alongshore sediment transport for coastal evolution was further highlighted within sea-level rise impact assessment for the Cockburn Sound and Owen Anchorage coast25.  The relict basins and development of sedimentary features indicate the role of discrete onshore sand feeds, and consequent distribution through alongshore transport. Installation of coastal structures and disruption of these transport pathways provided valuable insights into the workings of a highly compartmentalised section of coast. 
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[bookmark: _Ref363430049][bookmark: _Toc373750910]Figure 23: Sediment Cell Scale Example for Cape Naturaliste to Cape Bouvard
This is the southern part of the Vlamingh Region
From Stul et al. (2012) 173. Background image from Google Earth.
The influence of coastal response pathways alternative to the Bruun conceptual model is apparent in southwest Western Australia when historic landform change or late Holocene landform distribution is compared with regional, sub-regional and local assessments of coastal change. In this case, it is acknowledged that the available regional assessment 111 was uncertainty-based and therefore encompassed a broad range of possible outcomes. However, as might reasonably have been expected, variation of recession lines along the coast did not display sensitivity to coastal types, which included low and high coastal barriers, reef- and platform-sheltered beaches and beaches perched atop low coastal cliffs.
 The distribution of late-Holocene landforms suggests that the coast type, along with the retentive capacity of coastal headlands, provides significant influence upon the long-term pattern of coastal evolution (see Figure 24). Similar, evolutionary mechanisms have been interpreted from the stratigraphic record in the Perth metropolitan coast [endnoteRef:177]. Local-scale coastal change assessments suggest that the role of overwash and consequent barrier growth is significant in the Busselton region, with substantially different patterns of coastal change projected if this process is neglected or under-represented. This behaviour is supported scientifically 37 and forms a fundamental part of the assessment of barrier coast morphology 138. [177:  	Semeniuk V. (1996) An early Holocene record of rising sea-level along a bathymetrically complex coast in southwestern Australia. Marine Geology, 131: 177-193.] 
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[bookmark: _Ref354117431][bookmark: _Toc373750911]Figure 24: Illustration of Coastal Landform Spatial Distribution
Extract from Gozzard (2011) 75
Cockburn Sound and Owen Anchorage (see Figure 17) provide a local-scale illustration of the roles of different response pathways, with the more sheltered environment allowing the formation of terraced beaches and evolving through the alongshore transport of discrete sediment feeds from offshore. These conditions provide a slow response to long-term change, resulting in a largely relict structure. However, this slowed response also highlights the adjustment scales of the coastal units, with a response cascade (in terms of decreasing speed) of beaches, dunes, inter-tidal terraces and nearshore. While this relative speed of response is acknowledged in literature 70, the dynamics in Cockburn Sound emphasise that the long-term processes (such as represented by the Bruun conceptual model) are additional to the response of other coastal units. For example, barrier dune mobility due to sea-level rise may be a similar order of magnitude to shore–shelf exchange; however, unless deliberately identified, ‘line models’ and fixed morphology 2D transport models will not incorporate dune mobility. This perceived need prompted development of the X-BEACH model 124, although the model is not presently suitable for use at the time- and space-scales necessary to represent long-term coastal change in response to sea-level rise. 
The significant value afforded by LIDAR and LADS bathymetry for the purpose of coastal landform assessment is suggested by the interpretations for Mandurah (see Figure 25), Binningup (see Figure 26) and Quindalup (see Figure 27), each of which roughly corresponds to cells or sub-cells from the wider Vlamingh Region (see Figure 23).
Mandurah bathymetry displays the major role played by the offshore calcarenite ridge, to focus sand supply through discrete feeds (see Figure 25). The arcuate structure of Comet Bay, with Mandurah at the south and Becher Point at its northern end, has a dramatic change in orientation, allows annual trapping and onshore movement of  approximately 80,000m3 of material, which is mechanically bypassed at Mandurah Channel ocean entrance to assist navigation 120.
The calcarenite ridge is dominant near Binningup (see Figure 26), where in parts it acts as almost a complete barrier to cross-shore sediment transport. The multiple ridges inshore of the main reef line appear to channel sediment alongshore, with occasional breakout zones. Sand waves occur within the nearshore gutter, with some connecting to adjacent features, including ties to coastal salient and welding to rock outcrops. 
LADS bathymetry for the Quindalup coast, west of Busselton, illustrates the importance of evaluating active coastal processes at multiple scales (see Figure 27). At a large scale, the arcuate form of Geographe Bay, including Quindalup Beach, suggests dominance of swell-waves, which previously has been used as justification for modelled sediment transport rates. At a slightly smaller scale, undular bed features are present, apparently caused by underlying rock, which are likely to cause wave energy focus and dispersal. With further reduction in scale, nearshore sandbars (or exposed rock features further east) become the most apparent feature, with some convex coastal features associated with larger sandbars. At an even more detailed scale, it appears that the coastal alignment is developed through the combined influence of onshore sand feeds and alongshore controls, including artificial structures, overlying the more gradual variation produced by the wave climate.
Although this progression represents the effects of changing scale within only one sediment cell, a similar pathway should be considered when attempting to transfer between levels of the coastal hierarchy. Specifically to minimise errors which may be introduced by change of scale, it is important to determine what change in coastal response may be implied by any process simplification that is implicit to the change in scale.
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[bookmark: _Ref363430341][bookmark: _Toc373750912]Figure 25: Interpretation of LADS Bathymetry near Mandurah
Extract from Stul et al. (2012)173
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[bookmark: _Ref363430355][bookmark: _Toc373750913]Figure 26: Interpretation of LADS Bathymetry near Binningup
[image: ]Damara WA Pty Ltd
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Extract from Searle & Logan (1978) [endnoteRef:178] [178:  	Searle DJ & Logan BW. (1978) A Report on Sedimentation in Geographe Bay. Sedimentology and Marine Geology Group, Department of Geology, University of Western Australia.] 
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[bookmark: _Ref354120048][bookmark: _Toc373750914]Figure 27: LADS Bathymetry near Quindalup
Coastal behaviour within the Vlamingh Region may be distinguished from the general model suggested for cross-shore balance (see Figure 6) due to the compartmentalised nature of the nearshore and onshore areas. This characteristic, particularly adjacent to offshore calcarenite ridges, funnels sand supply from offshore sand bodies through discrete paths; and causes highly variable alongshore transport rates (see Figure 28). A major consequence for projection of the coastal response to sea-level rise is that the role of alongshore transport requires careful integration with other mechanisms, such as shore—shelf sediment exchange. Sediment supply to the region is generally moderate 46, and for much of the coast is dominated by produced sediment. Onshore impoundment is typically low, possibly due to the remnant influence of the late Holocene highstand, with most coastal dunes well developed, such they are not subject to overwash.
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[bookmark: _Ref363431421][bookmark: _Toc373750915]Figure 28: Schematic Behaviour of Naturaliste to Lancelin Coast
Produced sediment is from rock erosion and biogenic production, including seagrass and epiphytes. 
Some aspects of the behaviour of a compartmented coast may be inferred from historical coastal management within Cockburn Sound and Owen Anchorage. Fluctuations of supply from onshore sand feeds and the effects of groyne installation impose changes to the alongshore transport rates and net sediment deficit that parallel the impacts of sea-level rise (see Figure 29). The effect of mild reductions to sediment availability is typically not evident while a beach segment is ‘saturated’, except possibly towards the end of a chain of beach segments. Reduced supply merely causes a corresponding reduction in the rate of material leaving the segment.
If supply reduces below the sediment demand[footnoteRef:5] of the beach segment itself, then erosion will begin to occur. The positioning of the erosion is determined by the internal transport patterns within the segment. For a beach with low transport, supply fails to reach the end of the segment, causing erosion towards the downdrift end. Under high supply conditions, erosion is focused towards the updrift end. [5:  Sediment demand is the rate at which sediment will tend to migrate towards a landform element (e.g. dune) from adjacent landform elements (e.g. beach and nearshore) due to the relative configuration of these elements and the dynamic processes influencing transport. This is related to the concept of sediment deficit, which is a representation of how different the beach configuration is to a ‘dynamic equilibrium’, where the net transfer between landform elements is zero over a nominated timescale.] 
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[bookmark: _Ref363624309][bookmark: _Toc373750916]Figure 29: Effects of Sediment Deficit and Alongshore Transport Rate in an Open Sediment Cell

[bookmark: _Toc373225263][bookmark: _Toc373225302][bookmark: _Toc373758044]Pilbara Region 
[bookmark: _Ref373745052]The Pilbara Region contains Australia’s most significant economic zone, with the coastal region being extensively modified to provide export facilities for oil, gas, iron ore and other natural resources. The Pilbara coast exhibits complex behaviour relating to the supply of sediment from large river systems, with existing coastal landforms demonstrating divergent response to sea-level rise over the Holocene [endnoteRef:179]. For some coastal areas, landform development failed to keep pace with inundation, causing coastal lagoons to develop, while other parts of the coast largely retained their position. Geomorphic frameworks are considered to be an appropriate means to investigate the Pilbara’s complex coastal behaviour. The need to improve understanding of response to sea-level rise in the Pilbara is critical for the management of strategic facilities and the communities which support them. [179:  Semeniuk V. (1994) Predicting the effect of sea-level rise on mangroves in Northwestern Australia. Journal of Coastal Research, 10 (4): 1050-1076.] 

[bookmark: _Toc373225264]Pilbara Region Morphology
The Pilbara coast is largely comprised of low-lying arid floodplain, flanking a broad continental shelf, dominated by meso- through to macro-tidal variation, with the occasional effect of severe tropical cyclones. These deliver floods and marine inundation events that impact on the landscape and drive geomorphologic change on a coast which has a complex array of ancient and modern landforms. Active sedimentary landforms abut and overlie a complex and old terrain cut into the hard-rock Archaean geology of the Pilbara Craton and more recently formed sedimentary rocks. 
Coastal landforms, including river deltas and tidal flats, extend more than 2km inland for the majority of the Pilbara. The river channels, riverine outwash plains, river deltas, tidal flats, coastal dunes, cheniers and spits, wide subtidal terraces and extensive sand shoals of the coast are all subject to significant change under extreme meteorologic and oceanographic conditions. However, the nature of landform response varies according to the relative resistance of the coast, which is a combination of material types (geology, sediment type and presence of vegetation) and the coastal form (which may be plan form, profile, or configuration of landform elements). The factors of environmental forcing, materials and landform have considerable interaction, in which variation of one factor potentially changes the other two. In this context there is an apparent disconnection between the fixed geologic framework and unconsolidated inshore sediment bodies.
The Pilbara coast is an inherited coast, with many sedimentary coastal landforms reflecting historic environmental conditions, millennia or centuries before present. Its ancient hard-rock terrain is overlain or abutted by sediments from coral reefs, floodplains and river deltas deposited through multiple phases over millions of years. In places the riverine sediments have been lithified, which along with old reefs and beachrock, now form coastal limestones. 
[bookmark: _Ref363050304]River systems provide an important contribution to active coastal dynamics in the Pilbara Region through the episodic release of massive quantities of sediment. The largest Pilbara rivers are the De Grey, Ashburton and Fortescue Rivers. Not all streams and rivers discharge directly into the ocean, with many releasing water and sediments into tidal-flat basins that occur landward of the coastal ridge. However, these systems are connected to the coast via tidal creeks and irregularly contribute sediment to the coast at times of flood. While much of the released material is fine, and is broadly dispersed, the coarse fraction allows formation of deltaic features on the larger river systems and may contribute to sediment fans on the inner shelf [endnoteRef:180]. In addition to sediment deposition from larger rivers, smaller stream systems and tidal channel networks interact within the broad areas of tidal flats prevalent along the Pilbara coast. These areas display the majority of inter-tidal and supra-tidal coastal change, with rapid switching between accretion and erosion of the tidal flats indicating adjustment to changing meteorologic and oceanographic conditions [endnoteRef:181]. [180:  	Margvelashvili N, Andrewartha J, Condie S, Herzfeld M, Parslow J, Sakov P & Waring J. (2006) Modelling suspended sediment transport on Australia’s North West Shelf. North West Shelf Joint Environmental Management Study. Technical Report No. 7. CSIRO.]  [181:  	Eliot M & Eliot I. (2013) Interpreting estuarine change in northern Australia: physical response to changing conditions. Hydrobiologia, 708 (1): 3-21.] 

The geographic distribution of the rivers and their intermittent flow, results in sediment availability along the coast being extremely variable. Where sediment supply is limited, coastal variability is largely constrained by the rock framework and old landforms forming its inherited structure. Conversely, for areas of the Pilbara coast where sediment supply is effectively unrestricted, landform changes are highly variable and readily adjust to fluctuations in coastal processes.
[bookmark: _Ref373063870]The presence and nature of sedimentary features are highly variable across the broad and shallow shelf. These generally occur as shallow features overlying rock platforms, structurally constrained by retention or shelter from chains of limestone ridges and islands, many of which are remnants of previous shorelines. The nature of sheltering or retention may be significantly disturbed during tropical cyclones, causing a large shift in structure, which gradually returns towards the previous state under less energetic conditions. The nature of this cycle has been inferred from management of Port Hedland’s shipping channel: significant sedimentation was not identified immediately after tropical cyclone impact, but elevated sedimentation rates were observed for several years following, gradually declining, and with winnowing of surface sediments measured [endnoteRef:182],[endnoteRef:183],[endnoteRef:184]. [182:  	Mulhearn PJ & Cerneaz A. (1994). Sediment properties off Broome, Port Hedland and Darwin. MRL Technical Note No. MRL-TN-654. Defence Science and Technology Organisation, Sydney.]  [183:  	Harris P & O’Brien P. (1998) Australian Ports Environmental Data & Risk Analysis. Phase I: Literature Review. For Australian Quarantine Inspection Service.]  [184:  	Global Environmental Modelling Systems: GEMS. (2010a) Sediment Transport Studies for the Port Hedland Outer Harbour Quantum Project. Report to BHP Billiton Iron Ore.] 

Coastal dynamics in the Pilbara are brought about through an irregular combination of tidal flows, episodic tropical cyclone impacts, variable sediment release from river systems and generally mild ambient wave conditions [endnoteRef:185]. These diverse environmental conditions produce change that is rarely responsive to a single forcing mechanism, with many sedimentary features in the Pilbara displaying perturbation-recovery behaviour. The large range of both tides and cyclone-induced waves means that many sedimentary coastal features are capable of being heavily eroded over short timeframes. However, the underlying or abutting geological framework may provide a physical limit to change. Hence, sedimentary features in the Pilbara tend to fall into the following classes: [185:  	Pearce A, Buchan S, Chiffings T, d’Adamo N, Fandry C, Fearns P, Mills D, Phillips R & Simpson C. (2003) A review of the oceanography of the Dampier Archipelago, Western Australia. In: (Eds) Wells F, Walker D & Jones D. (2003) The Marine Flora and Fauna of Dampier, Western Australia. Western Australian Museum, Perth: 13-50.] 

· Supply maintained features, including deltas and strandplains, that have sufficiently high sediment supply that they are able to maintain a permanent presence;
· Ephemeral features, including spits, bars and beach ‘ribbons’, which experience periods of declined supply of enhanced erosion sufficient to cause short-term loss, with subsequent rebuilding;
· Controlled features, such as perched beaches or zones of updrift detention, where there is structural control that prevents the total disappearance of a feature, even under severe conditions;
· Uncontrolled features, including sand sheets, where neither supply nor structural control are sustained. These features may be formed due to a single event such as a tropical cyclone, and progressively evolve.
The distribution and relative permanence of sedimentary features is strongly linked to the proximity to river systems and their rate of sediment release [endnoteRef:186]. Estimates of river system sediment delivery to the coast are not yet reliable [endnoteRef:187],[endnoteRef:188], with the proportions of fine or coarse sediment and the estuarine structure having a significant influence on sediment fate as plumes or deposition. [186:  Durr H, Laruelle G, van Kempsen C, Slomp C, Meybeck M & Middelkoop H. (2011) Worldwide Typology of Nearshore Coastal Systems: Defining the Estuarine Filter of River Inputs to the Oceans, Estuaries and Coasts, 34: 441-458.]  [187:  	Ruprecht J & Ivanescu S. (2000) Surface Hydrology of the Pilbara Region. Water & Rivers Commission. Unpublished Report.]  [188:  	Prosser IP, Rutherfurd ID, Olley JM, Young WJ, Wallbrink PJ & Moran CJ. (2001) Large-scale patterns of erosion and sediment transport in river networks, with examples from Australia. Marine and Freshwater Research, 52(1): 81-99.] 

[bookmark: _Toc373225265]Pilbara Coastal Energetics
Energetics potentially driving sediment transport across the Pilbara shelf are complex. The role of wave energy increases towards the shore and on the seaward side of ridges. Tidal currents change in direction and increase speed offshore, with localised areas of focusing where rock features (islands or ridges) provide restrictions. Connection between the shelf and inshore zones occurs intermittently through sand sheets or more extensive tidal structures such as the massive ridges offshore from Port Hedland (see Figure 31). The relative tendency for landward nearshore transport during ambient conditions is displayed by the formation of sand ribbons fronting low rocky cliffs, which are often overlain by perched beach and dune systems.
Despite the complexity of the geological framework and sediment transport energetics, the nature of nearshore sedimentary features indicates a spatial sequence of wave and current forcing (see Figure 30, Table 2). The corresponding change to seabed formations demonstrates the offshore transition from wave to tidal dominance (see Figure 31). Changes in the advective and dispersive nature of seabed sediments at Port Hedland is further illustrated by the movement of dredge spoil deposits, including landward movement of the spit adjacent to the shipping channel [endnoteRef:189].  The spatial extent and speed of currents varies over time and with bathymetric structure. This determines that the zones are not fixed or wholly distinct, allowing direct connection, often for limited durations, between wind, wave and tidally formed sedimentary features. A spatial parallel occurs in locations where tidal currents may be high close to the shore, enabling interaction of forcing mechanisms. This occurs where deep water is close to shore, particularly along cliffs, or through exchange with tidal networks, including nearshore channels, tidal creeks and tidal flats. [189:  	Global Environmental Modelling Systems: GEMS. (2010b) Sediment Transport Studies for the Port Hedland Outer Harbour Quantum Project. Addendum: Spoil Ground Stability. Report to BHP Billiton Iron Ore.] 
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[bookmark: _Ref338668650][bookmark: _Toc353993058][bookmark: _Toc373750917]Figure 30: Pilbara Shelf Transport Zones
[bookmark: _Ref363601170]Table 2: Indicative Spatial Variation of Current Mechanisms
	Location
	Driving Process
	Primary Direction
	Description

	At the Shore
	Waves
	Alongshore
	Radiation stress

	Nearshore
	Waves
	Onshore
	Orbital residual

	Inshore
	Winds
	Alongshore
	Deflected by surface gradient (surge)

	Mid-shore
	Winds
	Variable
	Inertial response

	Inner Shelf
	Tides
	Basin Determined
	Influenced by bathymetry

	Mid-shelf
	Tides
	Cross-shore
	Peaks at top of shelf break

	Outer Shelf
	Oceanographic[footnoteRef:6] [6:  Shelf-edge currents typically generated by steric gradients, including the Leeuwin Current and more short-lived phenomena.] 

	Alongshore
	Increases off shelf edge



The onshore transport of material within the nearshore zone is an important factor in the formation and post-erosion recovery of coastal sedimentary features. For much of the Pilbara, coastal deposits occur as ‘sand ribbons’ on the seaward side of rock ridges, with extensive, flat sandy deposits in the nearshore. The low elevation of the coastal features implies that wave-driven recovery is incomplete, which in turn suggests that transport from the nearshore, determined by sand dispersion from tidal currents, acts to limit the delivery rate.
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[bookmark: _Ref363600060][bookmark: _Toc373750918]Figure 31: Nature of Seabed Features Changes with Scale at Port Hedland
From Eliot (2010)184
[bookmark: _Ref373090521]Exchange between the coast and tidal networks provides a major pathway for sediments. This may be predominantly outgoing for deltas and incoming for estuary basins [endnoteRef:190]. However, for the tidal flats prevalent along the Pilbara coast, rapid switching between erosion and accretion at the headward limit of tidal creeks indicates ability to either import or release sediment in response to changing conditions (see Figure 32). [190:  	Ryan DA, Heap AD, Radke L & Heggie DT. (2003) Conceptual Models of Australia’s Estuaries and Coastal Waterways. Applications for Coastal Resource Management. Geoscience Australia Record 2003/09.] 

 (
(a) Sediment Fans Showing 
Headward
 Accretion
Hooley Creek, Onslow
)[image: ]
[image: ]
[bookmark: _Ref363601538][bookmark: _Toc373750919]Figure 32: ‘Snapshot’ Interpretation of Depositional or Erosive Tidal Creek Behaviour
From Eliot & Eliot (2013)181
[bookmark: _Ref363603156]The mechanism of tidal flat adjustment has been argued as a major factor in coastal evolution across the Pilbara 179. When combined with the influence of proximity to sediment supply, the observed geomorphic progression (see Figure 33) suggests that coastal wetlands and tidal flats may potentially have alternate pathways that either keep pace with sea-level rise, or experience drowning, shifting a tidal flat towards a tidal lagoon. 
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(a) Conceptual relationship between supply and estuary form
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(b) Notional sediment budget derived from surface features near Onslow
[bookmark: _Ref363601750][bookmark: _Toc373750920]Figure 33: Conceptual and Actual Progression of Estuarine Form within a Sediment Cell
Extract from Eliot & Eliot (2013) 181
Due to the presence of tidal flat systems along the majority of the Pilbara coast, the likely coastal response to sea-level rise should incorporate a conceptual model of shore–estuary sediment transfer [endnoteRef:191]. This may require tidal channel energetics to adequately describe sediment distribution within the estuary[endnoteRef:192],[endnoteRef:193]. The more widely applied conceptual model of shore–shelf sediment transfer may also be appropriate, although this should apparently incorporate tidal, wind and wave-driven energetics, and is likely to result in a limited proportion of infilling across the shelf area. For areas where sediment delivery to the estuary is mainly marine 190, then the role of alongshore sediment transport is likely to be enhanced. The sediment deficit caused by sea-level rise will therefore affect the sediment budget, with greater downdrift impacts within a sediment cell. This highlights the importance of considering change within a compartmentalised framework. For deltas and estuaries where there is a high fluvial sediment supply, there is increased opportunity for the sediment deficit to result in vertical floodplain growth, although this may occur as a series of embankment breaches, or a more even progression [endnoteRef:194],[endnoteRef:195],[endnoteRef:196]. [191:  	Wang ZB, Karssen B, Fokkink RJ & Langerak A. (1998) A dynamic/empirical model for long-term morphological development of estuaries. In Dronkers, J. & M. B. A. M. Scheffers (eds), Physics of Estuaries and Coastal Seas. Balkema, Rotterdam: 279–286.]  [192:  	Defina A, Carniello L, Fagherazzi S & D’Alpaos L. (2007) Self-organisation of shallow basins in tidal flats and salt marshes. Journal of Geophysical Research, 112, F03001, doi:10.1029/2006JF000550.]  [193:  	Perillo GME. (2009) Tidal Courses: Classification, Origin and Functionality. In: Perillo GME, Wolanski E, Cahoon DR & Brinson MM (eds): Coastal Wetlands: An Integrated Ecosystem Approach, Elsevier, 185-209. ]  [194:  	Coleman JM & Wright LD. (1975) Modern river deltas: variability of processes and sand bodies. In: Broussard M (ed.) Deltas: Models for Exploration. Houston Geologic Soc., Houston TX, 99-149.]  [195:  	Jimenez J & Sanchez-Arcilla A. (1997) Physical Impacts on Climatic Change on Deltaic Systems (I): An Approach. Climatic Change, 35(1), 71-93.]  [196:  	Sanchez-Arcilla A & Jimenez J. (1997) Physical Impacts on Climatic Change on Deltaic Systems (I): Driving Terms. Climatic Change, 35(1), 95-118.] 

The patterns of behaviour described above provide a highly simplified explanation for the general manner in which the Pilbara coast operates. Important aspects are the capacity for both fluvial and marine mechanisms to supply sand to the coast, along with the potential transfer from offshore sand sheets towards shore. The sand sheets themselves are largely relicts pre-dating the Holocene stillstand including palaeo-deltas, although there are occasionally more modern deposits overlying Pleistocene limestone features [endnoteRef:197]. [197:  	Semeniuk V. (1996) Coastal forms and Quaternary processes along the arid Pilbara coast of northwestern Australia. Palaeogeography, Palaeoclimatology, Palaeoecology, 123: 49-84.] 

Use of geomorphic frameworks when assessing likely coastal response to sea-level rise in the Pilbara have either been qualitative 179 or applied to a relatively confined cell [endnoteRef:198]. However, the ability of the sediment budget approach to help explain the spatial variation of landforms and the observed patterns of coastal change suggest that geomorphic frameworks may be a valuable tool in the Pilbara, provided suitable refinement to incorporate tidal and floodplain effects. Key differences from the conceptual cross-shore balance model (see Figure 6) that have been interpreted from coastal observations and stratigraphic investigations in the Pilbara are: the bi-directional role of onshore impoundment; the influence of coastal compartmentalisation; and the ephemeral (seasonal to sub-decadal) nature of sediment storage associated with intermittent (typically decadal or longer) delivery of river sediments (see Figure 34). [198:  JDA Consultant Hydrologists, Global Environmental Modelling Systems, Damara WA Pty Ltd, Coastal Zone Management and DHI Water & Environment. (2011) Karratha Coastal Vulnerability Study. Prepared for Landcorp. Two Volumes.] 
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[bookmark: _Ref363603567][bookmark: _Toc373750921]Figure 34: Schematic Behaviour of Pilbara Coast

[bookmark: _Toc373225266][bookmark: _Toc373225303][bookmark: _Toc373758045]Synthesis of Previous Studies
Current ‘best practice’ for sea-level rise impact assessment 36,134:
· Considers change to meteorologic and oceanographic conditions (sea-level and storminess);
· Evaluates a shift of equilibrium profiles;
· Assesses erosion and potential destabilisation caused by storm events;
· Incorporates sediment demand associated with coastal wetlands and tidal inlets; and
· Determines potential for overwash and instability on coastal barriers.
Ultimately these processes provide fine-resolution information regarding coastal change and do not address the volume of shore–shelf or shore–floodplain sediment exchange. Techniques for these broad-scale mechanisms of change vary considerably, but use of the simple Bruun rule is common, regardless of its validity. Within either framework for sediment exchange, material is transferred from one eroding geomorphic unit towards another accreting geomorphic unit. The pathway by which this transfer occurs may restrict the effectiveness of exchange and therefore is of enormous importance to the question of coastal response to sea-level rise.
Simple models for shore–shelf sediment exchange are largely based upon geometric response within the accreting geomorphic unit (the inner shelf) and a corresponding change to the coastal area, with a net zero supply. Alternative models for change variously assume constant, linear or exponential infill across the area proportional to sea-level rise (see Figure 35), with the latter following the geometry of theoretical beach profile equilibrium[endnoteRef:199]. Choice of a constant infill model will give coastal recession approximately 400% larger than exponential infill, and consequently model choice may dramatically affect the projected coastal change. The effect of a net sediment supply will also reduce the effective ‘demand’ imposed on the eroding shore. Under present-day conditions, there is positive sediment supply to both the Vlamingh and Pilbara Regions mainly from alongshore and fluvial sources respectively, which may effectively dampen response to sea-level rise (see Figure 35). However, under projected longer-term conditions, the cumulative demand along connected reaches of coast will reduce reliability of sediment supply towards the updrift end of sediment cells, therefore increasing the relative proportion of infill that is fed by shore–shelf sediment transfer towards the downdrift end of the cells. [199:  	Dean RG. (1991) Equilibrium Beach Profiles: Characteristics and Applications. Journal of Coastal Research, 7 (1), 53-84.] 
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[bookmark: _Ref363630163][bookmark: _Toc373750922]Figure 35: Relative Efficiency of Shore–Shelf Transfer
Analysis of the seabed formations throughout the Vlamingh and Pilbara Regions challenges use of the generally applied conceptual model of cross-shore balance. Comparison of landforms has demonstrated systematic discrepancies to alongshore patterns of change, the role of rock formations and the capacity for landward sediment transfer through tidal networks. Coastal compartmentalisation enables steeper gradients of alongshore transport to occur, and therefore may significantly increase the role of alongshore supply. 
Landform analysis clearly demonstrates that coastal evolution and development is not homogeneous. Evaluation of bedforms and sandbars in both the Vlamingh and Pilbara Regions suggests that onshore sediment transfers are indirect and typically involve a secondary process, such as tidal flow. For many locations, onshore sediment supply is provided by discrete feeds, particularly through gaps in reef systems. Delivery rates through these pathways are not apparently related to the depth of closure concept, and it is appropriate to consider in detail the energetics (waves, currents, turbulence) of these pathways when assessing potential rates of shore–shelf exchange. A key implication is that transfer of material to offshore is not the same mechanism as the transfer of material onshore. For complex seabed conditions, this means that the relative efficiency of shore–shelf transfer is likely to be reduced.
The role of coastal rock formations is particularly important for the relative distribution of sediment, and therefore an important aspect when considering downscaling of sediment budgets. It is suggested that compartmentalised coasts require additional consideration to:
· Identify net sediment budget;
· Assess the stability of available sand feeds;
· Determine alongshore transport rates and bypassing around coastal restrictions;
· Evaluate sediment transfer and capacity for impoundment (in both longshore and cross-shore directions) and
· Establish how behaviour may change with sea-level and coastal recession.

These characteristics are important to provide downscaling of information to a suitable scale for consideration of engineering works. Existing landforms and modern behaviour in response to interventions suggest that the internal distribution of sediment, and therefore focal zones of erosion, is likely to be affected by internal sediment transfer patterns (i.e. may affect disaggregation when downscaling). Without suitable downscaling, aggregated models for change generally provide a poor representation for the purposes of adaptation planning, and essentially only provide an indication that being closer to the shore is a position of greater hazard. 
The role of nearshore rock, including subtidal features, is poorly represented within modelling, and suggests behaviour counter to landform evidence. An example is presented in the Vlamingh Region, near the mouth of the Capel River (see Figure 36). The width and elevation of the nearshore rock platform is strongly related to the height of the coastal dune system, suggesting that there is less capacity for material to be exchanged offshore. 
 (
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[bookmark: _Ref359374357][bookmark: _Toc373750923]Figure 36: Larger Dunes Associated with Broader Subtidal Rock Platform
Imagery from Bob Gozzard, Geological Survey of Western Australia

[bookmark: _Toc373225267][bookmark: _Toc373225304][bookmark: _Toc373758046]Applications of Geomorphic Frameworks
Geomorphic frameworks provide a potential tool to advance the assessment of sea-level rise impact on the Australian coast. Suitable use of the frameworks provides a means of capturing the complexity of coastal behaviour at multiple scales, and therefore a better representation of response to change. Through the use of a hierarchical framework, it is possible to relate behaviour from sparse observations through upscaling and downscaling, thereby providing a cost-effective use of coastal data collection.
Recent advances in technology and science have dramatically improved capacity to use geomorphic frameworks effectively. These include high-resolution capture of seabed structures through remotely sensed techniques such as LiDAR and LADS, along with a deeper understanding of the connectivity between coastal land systems and landforms.
In general terms, at the largest scales of evaluation, geomorphology should define the selection of major model processes suitable for assessment of coastal change. Coastal sediment cells, within which there is a high degree of connectivity, should be used to define spatial scales of assessment. At an even finer scale, landforms provide the building blocks within which sediment exchange may occur. Notably, sediment cells need not be wholly closed coastal units, and connectivity between sediment cells should be used to determine the relative distribution of alongshore sediment supply, and the consequent effect of sediment deficit caused by sea-level rise.
Evaluation of behaviour within the Vlamingh and Pilbara Regions of Western Australia has demonstrated complex coastal responses, indicating the need for integration of multiple scales of change when evaluating potential coastal change due to sea-level rise. The compartmentalised nature of these coastal regions enhances the importance of alongshore sediment transport, and it is recommended that sea-level rise impact assessment should consider application of geomorphic frameworks to project potential sediment budget changes. Further downscaling to an engineering scale is necessary to make this useful for adaptive decision-making, which requires consideration of relative sediment distributions inside sediment cells.
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Appendix A [bookmark: _Toc373225268][bookmark: _Toc373225305]Revisiting Landforms in Coastal Engineering

Eliot MJ, Stul T & Eliot IG. (2013) Revisiting Landforms in Coastal Engineering. Coasts and Ports 2013 Conference Proceedings.
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Appendix B [bookmark: _Toc373225269][bookmark: _Toc373225306]Coastal Compartments of Western Australia:
A Physical Framework for Marine & Coastal Planning

Eliot I, Nutt C, Gozzard B, Higgins M, Buckley E and Bowyer J. (2011) Coastal Compartments of Western Australia: A Physical Framework for Marine and Coastal Planning. Report 80-02. Damara WA Pty Ltd. Report to the Departments of Environment and Conservation, Planning and Transport. Environmental Protection Authority.



Appendix C [bookmark: _Ref373052805][bookmark: _Toc373225270][bookmark: _Toc373225307]WA Coastal Sediment Cells
Coastal Sediment Cells between Cape Naturaliste and the Moore River, Western Australia

Stul T, Gozzard JR, Eliot IG & Eliot MJ. (2012) Coastal Sediment Cells between Cape Naturaliste and the Moore River, Western Australia. Report prepared by Damara WA Pty Ltd and Geological Survey of Western Australia for the Western Australian Department of Transport, Fremantle.
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