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Abstract.  Coastal erosion poses a severe threat to the ecological security, 

infrastructure protection, and economic development of sandy coasts, 

particularly under the combined impact of global climate change and human 

activities. Taking the Gold Coast of Australia as a case study, this paper aims 

to address the challenge of continuous shoreline retreat. Based on the 

Coastal Sediment Transport Balance (CSTB) theory, a multi-factor coupled 

annual shoreline retreat rate prediction model was constructed. This model 

systematically integrates key drivers, including Sea-Level Rise (SLR), wave 

action, aeolian sand transport, and river sediment supply. Scenario 

simulations indicate that a 0.5 m sea-level rise could increase the erosion 

rate by 28% over 20 years. Furthermore, a coastal buffer system 

optimization model was developed using the Sequential Least Squares 

Programming (SLSQP) algorithm to balance protection costs and effects. 

The results show that a mixed scheme combining vegetation restoration, 

beach nourishment, and seawalls can reduce the erosion rate by 78% while 

satisfying cost constraints. This study provides a scientific basis for the 

dynamic prediction of sandy coastal erosion and the sustainable 

management of coastal zones. 

1 Introduction 

Coastal erosion is a global environmental issue that severely restricts the sustainable 

development of coastal regions. As a highly representative sandy coastal zone in the Southern 

Hemisphere, the Gold Coast of Australia boasts a continuous coastline of approximately 70 

km. However, it has long been confronted with a shoreline retreat rate of 0.5 - 2 meters per 

year. During intense storms, such as the La Niña events, the single-event erosion volume in 

local sections can reach 5 - 8 meters. This phenomenon threatens coastal roads, hotel clusters, 

and ecosystems. Currently, more than 20 km of coastal sections rely on artificial beach 

nourishment to maintain their functions, with annual maintenance costs exceeding 10 million 
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Australian dollars. The erosion process is complex, resulting from the dynamic superposition 

of natural factors, such as sea-level rise and wave transport, and human disturbances like 

upstream reservoir construction which reduces sediment supply. Therefore, accurately 

predicting erosion trends and optimizing protection strategies is of great significance for 

regional safety and economic stability. 

 Previous studies have established various theories to understand coastal processes. Dean 

and Kamphuis laid the foundation for coastal process analysis and engineering management 

[1-2]. The Bagnold model provided a basis for calculating aeolian sand transport rates [3]. 

However, recent studies emphasize that climate change is accelerating these processes. 

Assessments by Australian government agencies and international bodies have highlighted 

the increasing hazards of coastal erosion under extreme climate scenarios [4-6]. Specifically, 

the frequency of extreme sea-level events is projected to rise significantly by 2050, 

exacerbating the vulnerability of sandy coasts [7]. 

 Moreover, scholars have begun to explore the optimization of protection measures using 

advanced techniques. Recent research has focused on cost-benefit analysis of hard structures 

and the sensitivity of erosion models to climate drivers [8-9]. Emerging trends also include 

the use of machine learning for erosion prediction and the evaluation of Nature-based 

Solutions (NbS) like dune vegetation [10-11]. Furthermore, investigations by 

NESPCLIMATE and the Australian Institute for Disaster Resilience (AIDR) indicate that 

existing protection measures, such as single seawalls or beach nourishment, often lack robust 

design under environmental uncertainty [12-13]. Consequently, this leads to an imbalance 

between high economic costs and limited protection benefits. Recent reviews indicate a 

critical gap in integrated management systems that balance engineering efficacy with 

ecological sustainability [14-15]. There is an urgent need for a mixed buffer system that 

integrates "protection effect, economic cost, and ecological friendliness." 

2 Methods 

The methodology of this study is structured into three progressive phases: (1) constructing 

the Annual Shoreline Retreat Rate Prediction Model (CSTB Model) based on sediment 

transport mechanics; (2) developing an Erosion Rate Assessment Model to simulate future 

climate scenarios; and (3) establishing a Coastal Buffer System Optimization Model to 

determine the most cost-effective protection strategies. 

2.1 Annual Shoreline Retreat Rate Prediction Model (CSTB Model)  

2.1.1 Model Derivation based on Sediment Transport Balance 

The core of this study is the Coastal Sediment Transport Balance (CSTB) theory, which 

posits that the shoreline retreat rate (𝐸) is determined by the dynamic equilibrium between 

"erosive forces" and "erosion resistance forces." 

 We integrate three classic coastal engineering theories—the Bruun Rule, the CERC 

Longshore Transport Formula, and the Bagnold Aeolian Sand Model—to derive the 

comprehensive mathematical expression. The total shoreline retreat rate E  (m/year) is 

calculated as the sum of four components: 

               E = ESLR + EWave + EWind - ESupply                      (1) 

 The specific mathematical formulation is derived as follows: 
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        E =
SLR

S
+k ∙ 

Hs
5/2 ∙ sin (2α) ∙ Fs ∙ (1-V) ∙ Ks ∙ √Tr

S
+c ∙ W3 ∙ (1 - V) - d ∙ R         (2) 

 The physical meaning and derivation basis for each term in Equation (2) are: 

(1) Sea-Level Rise Term (ESLR=
SLR

S
):  

Based on the Bruun Rule, this term describes the landward migration of the shoreline driven 

by sea-level rise. SLR is the relative sea-level rise rate (m/year), and S is the near-shore 

slope. A gentler slope (S) results in a more significant retreat for the same magnitude of sea-

level rise. 

(2) Longshore Transport Term (EWave):  

Based on the CERC Formula (Q∝Hs
5/2 sin ( 2α)), this term represents sediment loss caused 

by wave action. It is positively correlated with the significant wave height (Hs) and the sine 

of twice the wave incident angle (sin( 2α)). We introduce additional modulation factors: 

⚫ Fs: Annual storm frequency, amplifying the transport intensity. 

⚫ 1-V: Vegetation factor, where higher vegetation cover (𝑉) reduces erosion. 

⚫ Ks: Sediment erodibility factor (Sand=1.0, Silt=1.5). 

⚫ √Tr: Tidal range factor, representing the duration of wave action. 

⚫ k: Empirical transport coefficient calibrated for the region. 

(3) Aeolian Sand Transport Term (EWind):  

Based on the Bagnold Model (Transport Rate ∝  W3), this term quantifies the loss of dune 

sand to the sea. It is driven by the cube of the average wind speed (W) and inversely mitigated 

by vegetation cover (1 − V). c is the aeolian transport constant. 

(4) River Supply Term (ESupply= d ∙ R):  

This acts as the "resistance force." R represents the river sediment load (m³/year·m) supplied 

to the coast. The coefficient d (supply efficiency) converts the volumetric sediment supply 

into linear shoreline protection. The negative sign indicates that this term reduces the retreat 

rate.  

2.1.2 Parameter Calibration and Definition 

To ensure the regional applicability of the model to the Gold Coast, Australia, the parameters 

are categorized into "physical constants" and "regionally calibrated parameters." 

 Calibration was performed using "historical data inversion." By targeting the observed 

annual average erosion rate of the Gold Coast from 1990 to 2020 (1.5 - 1.8 m/year), the 

sensitive empirical coefficients k and d were adjusted. The final calibrated values are k =
0.0001 and d = 0.02, yielding a prediction error of less than 5%. 

 The detailed definitions and baseline values for the Gold Coast are presented in Table 

1. 

Table.1. Definition and calibration of model parameters (Source: Gold Coast Observation Data 1990-

2020) 

Symbol Parameter Name Value Unit Data Source 

𝐸 Annual Shoreline Retreat 

Rate 

-   m/year Model Output 

𝑆𝐿𝑅 Relative Sea-Level Rise Rate 0.004 m/year SOE.dcceew.gov.au 
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𝑆 Near-shore Slope 0.02  -  Beach Surveys 

𝑘 Transport Constant 0.0001 /year Calibrated (CERC) 

𝐻𝑠 Significant Wave Height 1.2  m Wave Rose Analysis 

𝛼 Wave Incident Angle π/4 rad Observation Station 

Fs Annual Storm Frequency 5  times/year BOM, Australia 

𝑉 Vegetation Cover Fraction 0.3 -  Satellite Remote Sensing 

𝐾𝑠 Sediment Erodibility Factor 1.0 - Sediment Sampling 

𝑇𝑟 Tidal Range 1.5  m Tide Gauge Station 

𝑐 Aeolian Sand Constant 1.5 × 10−4 kg/(m ·s³) Bagnold Model 

𝑊  Average Wind Speed 8 m/s Meteorological Station 

𝑑 River Supply Efficiency  0.02 1/m Calibrated 

𝑅 River Sediment Load  50 m³/(year·m) Tweed River Station 

2.2 Erosion Rate Assessment Model Under Projected Environmental Changes 

This model aims to identify key driving scenarios for future erosion. Drawing on the climate 

scenarios from the IPCC Sixth Assessment Report (AR6) and regional human activity trends, 

we designed four distinct scenarios for a 20-year projection period (2024-2044). 

 The baseline is set to the current state (𝐸 ≈ 1.8m/year). The model quantifies the 

impact of environmental changes by adjusting specific parameters (SLR ,Fs ,V ,R) while 

keeping others constant. The scenario design and corresponding physical mechanisms are 

detailed in Table 2. 

Table 2. Scenario design and parameter adjustment for erosion assessment 

Scenario Changing 

Factor 

Parameter Adjustment 

(Baseline→Scenario) 

Physical Mechanism 

1 Sea-Level 

Rise 
SLR: 0.004→ 0.014 

(+0.2m/20yrs) 

SLR: 0.004→ 0.029 

(+0.5m/20yrs) 

Accelerated SLR directly amplifies 

shoreline retreat via the Bruun term 

(Term 1). 

2 Increased 

Storms 

Fs: 5 → 6 (+20% frequency) Increased storm frequency amplifies 

the wave energy contribution to 

longshore transport. 

3 Vegetation 

Loss 
V: 0.3→0.255 (-15% cover) Reduced vegetation weakens surface 

resistance, increasing both aeolian and 

wave erosion. 

4 Supply 

Reduction 
R: 50→25 (-50% load) Reduced river sediment supply 

weakens the system's ability to 

naturally replenish lost sand. 

2.3 Coastal Buffer System Optimization Model 

To achieve low-cost and high-efficiency erosion control, an optimization model is 

constructed using the Sequential Least Squares Programming (SLSQP) algorithm. 

2.3.1 Optimization Objective and Constraints 

The goal is to minimize the predicted erosion rate Enew under a strict economic constraint. 

Objective Function:  

                        minEnew (x1,x2,x3,x4)                           (3) 

Constraint: The total cost over 20 years must not exceed the budget ceiling. 
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                       Ctotal ≤ 4000 USD/m                           (4) 

2.3.2 Measure-Parameter Mapping 

We introduce four protection measures represented by variables xi(i = 1. . .4). The model 

establishes a mapping relationship where each measure modifies specific parameters in the 

original CSTB model (Equation 2): 

(1) Dune Vegetation Restoration (x1, Restoration binary/continuous):  

Enhances vegetation cover V. The ecological carrying capacity limits V to 0.7. 

                          Vnew = 0.3+0.4x1                             (5) 

(2) Beach Nourishment (x2, continuous):  

Artificially increases sediment supply, modeled as an equivalent increase in river load R. 

                          Rnew = 50+100x2                             (6) 

(Note: x2=1represents a standard replenishment volume equivalent to 100 m³/year·m). 

(3) Groynes (x3, continuous):  

Physical structures that alter the wave field, reducing the effective incident angle α and thus 

slowing longshore transport. 

                         αnew=
π

4
×(1-0.3x3)                            (7) 

(4) Seawalls (x4, continuous):  

Hard structures that block wind and waves. In this model, they are simplified as reducing the 

near-shore wind speed 𝑊 acting on the dunes. 

                         Wnew=8×(1-0.2x4)                          (8) 

2.3.3 Cost Model 

The cost model is based on the Australian National Environmental Science Program (NESP) 

database. The total cost Ctotal consists of initial investment, annual maintenance, and land 

occupation costs. 

             Ctotal= ∑ (4
i=1 Cinitial,i+Cmaintain,i×20+Cland,i×Widthi) ∙ xi             (9) 

 

 The specific cost coefficients are listed in Table 3. Land cost is calculated at 100 

USD/m². 

Table 3. Cost parameters for protection measures (Unit: USD) 

Measure Type Initial 

Cost (/m) 

Annual 

Maintenance 

(/m/yr)  

Land Occ. 

(m) 

Land Cost 

(/m) 

20-Year 

Total (/m) 

Dune Veg.(x1) 200 20 50 5000 5400 

Nourishment(x2) 500 50 0 0 1500 

Groynes(x3) 300 30 0 0 900 

Seawalls(x4) 400 40 20 2000 2800 

3 Results and Discussion 
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3.1 Baseline Prediction and Mechanism Analysis 

Based on the calibrated CSTB model, the baseline annual shoreline retreat rate 𝐸 for the Gold 

Coast is calculated to be 1.8 m/year. This result aligns well with the long-term historical 

observation data (1990–2020), which records an average erosion rate fluctuating between 0.5 

and 2.0 m/year. Under storm conditions (Scenario Fs=8), the model predicts a surge in erosion 

to 2.5 m/year, exhibiting a deviation of less than 8% from the measured values during the 2011 

La Niña event. This validates the model's accuracy in capturing both chronic and acute erosion 

trends. 

The erosion mechanism can be explained by the sediment transport dynamics illustrated 

in Figure 1. The Gold Coast currently exhibits characteristics of a "LEAKY" system (Figure 

1, Left). Driven by the significant wave height (𝐻𝑠 =  1.2𝑚) and incident angle (𝛼 =
𝜋

4
), the 

longshore sediment transport dominates, resulting in a net loss of sand from the littoral cell. 

The "erosive force" (longshore current) exceeds the "resistance force" (river supply), 

preventing the beach from recovering naturally. Conversely, the "CLOSED" system (Figure 

1, Right) represents an ideal state where sediment is retained within headlands or stabilized by 

vegetation (𝑉) and artificial supply (𝑅), leading to volume fluctuations rather than permanent 

loss. The goal of subsequent optimization is to shift the system from the "LEAKY" mode to 

the "CLOSED" mode. 

 

 

Fig 1. Comparison of coastal sediment transport systems. The current state resembles the LEAKY 

system (net loss), while protection measures aim to achieve the CLOSED system (dynamic 

equilibrium). 

3.2 Impact of Future Environmental Changes 

The simulation results for the four projected scenarios (2024–2044) are presented in Figure 2. 

The results indicate that the erosion rate is most sensitive to Sea-Level Rise (SLR) and 

Sediment Supply 𝑅. 

Sea-Level Rise (The Primary Threat): Under the scenario of a 0.5 m sea-level rise 

(Scenario 1-2), the erosion rate increases to 2.3 m/year, a rise of 28% compared to the baseline. 
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This impact is cumulative; the shoreline is predicted to retreat by over 46 meters in 20 years, 

posing a severe risk to coastal infrastructure. 

Sediment Supply (The Key Mitigation Factor): A 50% reduction in river sediment supply 

(Scenario 4) leads to a 17% increase in the erosion rate (𝐸 = 2.1 m/year). This confirms that 

maintaining upstream sediment input (e.g., via the Tweed River bypass) is critical for erosion 

control. 

Vegetation and Storms: A 15% reduction in vegetation cover causes an 11% increase in 

erosion, which is equivalent to the impact of a 0.2 m sea-level rise. This highlights the 

significant buffering effect of dune vegetation against aeolian sand loss. 

 

 

Fig 2. Predicted erosion rates under different environmental scenarios compared to the baseline (1.8 

m/year). SLR represents Sea-Level Rise. 

3.3 Optimization of Coastal Buffer System 

Using the SLSQP algorithm with a budget constraint of 4,000 USD/m (20-year total cost), the 

optimal combination of protection measures was determined. The optimization results, 

including implementation levels and corresponding costs, are visualized in Figure 3. 

The optimal scheme is a mixed hard-soft engineering approach characterized by: 

Beach Nourishment(x2≈1.0): Implementation level is maximized. Although the cost is 

moderate (1,500 USD/m), it directly supplements the sediment budget (R ), effectively 

counteracting the "LEAKY" system's loss. 

Seawalls( x4≈0.9 ): High implementation level. Despite the high cost (approx. 2,800 

USD/m), seawalls are crucial for reducing near-shore wind speed (W) and providing rigid 

protection against SLR-induced retreat. 

Groynes(x3≈0.8) and Vegetation(x1≈1.0): Used as supplementary measures to stabilize the 

profile and reduce aeolian loss. 

Under this optimal configuration(Vnew=0.7,Rnew=150m3/yr/m), the predicted erosion rate 

drops to 0.4 m/year, representing a 78% reduction from the baseline. The total cost is 

approximately 3,950 USD/m, which remains within the budget. 
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Figure 3. Optimization results showing the implementation levels (blue bars, Left Axis) and 

corresponding costs (red line, Right Axis) of protection measures. 

3.4 Robustness Analysis 

The robustness of the optimal scheme was verified using Monte Carlo simulation (1,000 

iterations). Introducing uncertainties in storm frequency (Fs~N(6,1)) and SLR (±20%), the 

optimized erosion rate (Enew) follows a distribution with a mean of 0.5 m/year and a standard 

deviation of 0.2 m/year. The results show that within the 95% confidence interval, the erosion 

rate remains ≤0.9 m/year, and the erosion reduction rate stays ≥50%. This demonstrates that 

the mixed buffer system can effectively offset environmental uncertainties, providing a 

resilient solution for the Gold Coast. 

4 Conclusions 

This study successfully constructed a multi-factor coupled model to predict coastal erosion 

and optimize buffer systems for the Gold Coast, Australia. The Coastal Sediment Transport 

Balance (CSTB) model accurately depicted the regional erosion patterns, with the baseline 

prediction (1.8m/year) aligning closely with historical observations. Scenario simulations 

revealed that sea-level rise is the most significant long-term threat, potentially increasing 

erosion by 28% under a 0.5 m rise, while river sediment supply acts as a critical mitigation 

factor. To address the imbalance between protection costs and benefits, an optimization model 

based on the SLSQP algorithm was developed. The results demonstrate that a mixed protection 

scheme—prioritizing beach nourishment and seawalls combined with dune vegetation and 

groynes—can reduce the erosion rate by 78% (to 0.4 m/year) within a budget of 4,000 USD/m. 

The proposed system exhibits strong robustness against environmental uncertainties. Future 

research should focus on incorporating spatial heterogeneity through GIS coupling and 

refining ecological feedback mechanisms to enhance the precision of erosion risk management. 
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