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Introduction
It is likely that future climate change will have a significant impact on coastal communities and ecosystems. Climate change driven sea level rise, variations in the local wave climate etc. are likely to modify long-shore and cross-shore sediment transport patterns. This has the potential to increase the risk of severe coastal inundation and erosion at some locations.  Furthermore, climate change driven changes to rainfall patterns, wind climate, solar radiation, temperature etc. may cause significant changes to estuarine ecosystems, water quality and hydrodynamics.  However, a systematic study of climate change impacts on the NSW coastline and estuaries has not been undertaken to date.

Recognising the urgent need to address this knowledge gap, the NSW Department of Environment and Climate Change (DECC) recently initiated a study that aims to quantify the environmental and economic impact of future climate change for two representative coastal and estuarine systems in NSW; Wooli and Batemans Bay. It is expected that the rationale and methods adopted in this study will provide a benchmark for future studies of this nature at other locations in NSW.

The study consists of three stages.  Stage 1, which was undertaken by CSIRO Marine and Atmospheric Research and DECC, identified the projected changes (for 2030 and 2070 planning horizons) to various environmental parameters that govern coastal and estuarine processes. Stage 2 of the study, aims to quantify the physical impacts of climate change at the 2 study sites and is currently being undertaken through a collaboration between the University of Queensland, BMT WBM and DECC. Stage 3 of the study aims to assess the economic impacts associated with the physical impacts determined in Stage 2 and to investigate effective adaptation strategies to inform government policy. 
This paper provides a brief description of the overall study and a more detailed description of the methodology being adopted for Stage 2 of the study.
Study Description 
Stage 1

Stage 1 of the study, recently completed by CSIRO Marine and Atmospheric Research (CMAR) and DECC, identified the projected changes to environmental forcing parameters that govern coastal and estuarine processes (McInnes et al, 2007, Macadam et al, 2007). The study utilised two climate models driven by the IPCC A2 CO2 emission scenario (In the A2 scenario the atmospheric CO2 concentration increases from 370ppm (present value) to 880ppm by 2100).  The selected models were considered as those that best represented the highest and lowest responses to climate change thus ensuring that the full range of atmospheric responses to climate change was captured.  

In this stage of the study, projected changes in wind and wave climate, storm surge, sea level, rainfall, solar radiation, temperature, drought occurrence etc were estimated for both locations for 2030 and 2070 planning horizons. For more details the reader is referred to McInnes et al. (2007) and Macadam et al. (2007).

Stage 2

Results from Stage 1 form the basis of Stage 2 of the study, which this paper focuses on. 

The overarching aim of this part of the study is to quantify the physical impacts of climate change at the two study sites for 2030 and 2070 planning horizons. 

Coastal impacts such as long term coastal recession due to sea level rise, increased storm erosion due to variations in storm characteristics, shoreline re-alignment due to variations in swell wave characteristics etc. and estuarine impacts such as changes in the vertical mixing regime due to variations in heat fluxes, runoff and wind climate, changes in salt wedge dynamics due to increased mass exchange, changes to flushing characteristics etc will be evaluated at both sites for both planning horizons.  

A more detailed description of the methods being adopted in Stage 2 is given in the ‘methodology’ section of this paper. 
Stage 3

Stage 3 of the study aims to assess the economic impacts associated with the physical impacts identified in Stage 2. It is envisaged that this part of the study will be undertaken by Risk Frontiers at Macquarie University, Sydney.
Study Locality
The NSW coastline has traditionally been considered as two distinct units based on littoral drift characteristics. The southern and central NSW coastlines are typically low-littoral drift coastlines (ie. Swash/ Cross-shore dominated) whereas the northern NSW coastline is typically a high-littoral drift coastline (ie. Drift/ Long-shore dominated) with estimated littoral drift rates up to 500,000 m3/yr.  NSW estuaries generally reflect the differences in rainfall, geology and wave climate along the coast and may be categorised into three main types; drowned river valleys, wave dominated barrier estuaries and intermittently closed and open lakes and lagoons (ICOLLs). 

For this study two representative sites, one representing a low-littoral drift coastal system and the other representing a high-littoral drift coastal system, have been selected as case studies.  The Clyde River/Batemans Bay system is a drowned river valley on the NSW south coast (low-littoral drift) and the Wooli Wooli River system is a barrier estuary on the NSW north coast (high-littoral drift).  

It is envisaged that the results obtained for these two selected study areas will characterise the potential climate change impacts in these two geographically diverse systems.  The relative impacts associated with various climate change scenarios will be qualitatively and, to some extent, quantitatively indicative of impacts likely to be observed at other locations along the NSW coastline.
Study Methodology
The coastal and estuarine modelling that is being undertaken in Stage 2 is strongly dependent upon the results of the Stage 1 study completed by the CMAR. 

A number of numerical modelling approaches are being adopted in Stage 2 of the study to quantify the potential physical impacts of climate change at Wooli and Batemans Bay. These modelling approaches include wave propagation modelling, cross-shore profile modelling, shoreline evolution modelling, hydrodynamic estuarine modelling and advection dispersion estuarine modelling.  

Wave Propagation Modelling

Variations in wave climate is one of the most important drivers of shoreline change for both the Batemans Bay and Wooli beach systems.  SWAN Models of wave propagation from offshore to nearshore will be developed for both locations.

As a method of verification the wave propagation model will firstly be applied to recorded deepwater directional wave data from the Byron Bay and Batemans Bay Waverider buoys. Where available, nearshore wave transformation results will be compared with corresponding available nearshore buoy data. The results of the simulations will be used to establish wave transformation tables for the two study sites. These will in turn be used to derive historical nearshore wave climates, which will be used during the calibration simulations for the cross-shore profile modelling and shoreline evolution modelling, discussed below.

The wave propagation model will subsequently be used to model the effect of projected future changes to the offshore wave climate (both ambient conditions and storm statistics) on the nearshore wave climates at Bateman’s Bay and the Wooli Wooli River entrance.
Cross Shore Profile Modelling

Long term and event (storm) based modelling of cross-shore profile response to changes in mean sea level, predicted storm surge and wave climate, as identified in Stage 1, will be undertaken.  

A range of cross-shore models will be used in this study. These range from simple equilibrium profile models such as the Bruun (Bruun, 1962) and the Kriebel and Dean (Kriebel & Dean, 1985) cross-shore models, to detailed process based numerical modelling using the SBEACH model (Larson, 1989).

This suite of models will be used to predict the long-term trend in shoreline erosion due to climate change driven sea level rise, variations to storm characteristics and storm surge.  First, the magnitude of short-term shoreline change due to storm erosion (due to storm waves and storm surge) will be modelled in a deterministic sense using SBEACH.  Then the combined statistics of long-term and short-term variations in shoreline position (in a cross-shore sense) will be determined by applying the deterministic cross-shore models in ‘Monte Carlo’ type simulations over a 100 year planning period.  This type of approach is necessary because of the large number of degrees of freedom associated with potential climatic changes and the stochastic nature of the processes involved.
Longshore Sediment Transport and Shoreline Response Modelling

The shoreline response due to longshore transport gradients at the Batemans Bay Beaches and Wooli Beach will be modelled using a combination of wave propagation models, longshore sediment transport models and a shoreline evolution model.

Longshore sediment transport will be modelled using the CERC formula (US ARMY CORPS of Engineers, 2002). Shoreline evolution modelling will be undertaken using the model GENESIS (Hanson et al, 1991). Due to the inherent parallel contour assumptions in GENESIS, a nested nearshore wave propagation model will be used to account for the shoaling and refraction of the deepwater wave data until just offshore of the breaker zone. 

The shoreline evolution simulations will be used to evaluate the long-term impacts of projected wave climatology variations on shoreline position and alignment.  

Feedback between cross-shore profile change and longshore sediment transport gradient driven shoreline change will be accounted for using a hybrid approach where appropriate.
Estuarine modelling

Two dimensional (2D) modelling of estuarine hydrodynamics for this study will be undertaken using RMA2.  2D Advection/Dispersion and water quality will be modelled using RMA11.  These models are capable of simulating estuarine circulation, mixing and flushing processes.

To estimate the impacts of climate change, resulting from changes to environmental factors such as rainfall and temperature, to estuary inflows and resultant runoff and pollutant loads the e2 catchment model will be used.

It is recognised that a factor of key importance in estuaries is the entrance morphology and its effect on the tidal regime and water quality processes within the estuary.  These morphological processes are highly non-linear with respect to flows through the mouth.  Assessment of these processes will be incorporated in the estuarine modelling.

Summary
Future climate change is likely to impact coastal communities and ecosystems. These changes primarily relate to changes in local cross-shore and longshore sediment transport characteristics and modified estuarine processes. The potential first order climate change driven impacts on coasts and estuaries maybe driven by:

· Sea level rise;

· Changes in storm wave characteristics

· Changes in storm surge

· Changes in swell wave characteristics

· Changes in rainfall patterns;

· Changes in temperature

· Changes in solar radiation

· Changes in wind climate

The NSW Department of Environment and Climate Change (DECC) is currently undertaking an ambitious study aiming to identify the environmental and economic impact of future climate change for two representative coastal and estuarine systems in NSW.  It is envisaged that the rationale and methods adopted in this study will provide a benchmark for future studies of this nature at other locations in NSW. 

The study consists of 3 stages. This paper provided a brief description of overall study while providing a more detailed description of Stage 2 of the study, where the physical impacts of climate change on the two study sites will be quantified using extensive numerical modelling techniques. 
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