COASTAL ENGINEERING GEOMORPHOLOGY

A Guide to Modeling Coastal Morphology: Process-Based
Approaches and Numerical Frameworks

Published: May 25, 2026 | Index ID: #524

Coastal morphology—the study of the evolution of coastal forms and the processes that shape them—stands at
the intersection of fluid mechanics, sedimentology, and geology. As sea levels rise and anthropogenic pressures on
coastal zones increase, the ability to predict morphological changes becomes critical for engineering, coastal
management, and disaster mitigation. This guide provides a deep dive into the state-of-the-art methodologies for
modeling coastal morphology, focusing on process-based systems and numerical implementations as outlined in
foundational texts such as Roelvink’s Guide to Modeling Coastal Morphology.

Understanding the Morphodynamic Continuum

Coastal morphodynamics refers to the mutual adjustment of topography and hydrodynamic processes. This
feedback loop is the core of any modeling effort: waves and currents move sediment, which changes the
bathymetry; the changed bathymetry, in turn, modifies the waves and currents. Modeling this system requires an
integrated approach that can resolve timescales ranging from seconds (individual waves) to centuries (geological
evolution).

The Interaction Loop

The standard process-based model follows a sequence often referred to as the morphological clock. This cycle
includes:

¢ Hydrodynamics: Calculation of water levels and flow velocities driven by tides, waves, and wind.

« Waves: Propagation of wave energy from deep water to the nearshore, accounting for refraction, shoaling,
and breaking.

¢ Sediment Transport: Estimation of the flux of sediment (bed-load and suspended-load) based on the local
hydrodynamic forcing.

* Bed Update: Calculation of erosion or deposition patterns using the sediment continuity (Exner) equation.

¢ Feedback: Updating the model bathymetry for the next hydrodynamic step.

Core Theoretical Frameworks

To model morphology accurately, one must understand the governing equations of both fluid motion and sediment
mass balance. Most modern coastal models, such as Delft3D, XBeach, or TELEMAC, rely on the following
mathematical foundations.

1.The Hydrodynamic Module

The depth-averaged Shallow Water Equations (SWE) or the 3D Reynolds-Averaged Navier-Stokes (RANS)
equations are typically used. For coastal applications, the Boussinesq-type equations or Serre-Green-Naghdi
equations are employed when wave dispersion and non-linearity are critical (e.g., in the surf zone).

2.The Sediment Transport Equations

Sediment transport is often bifurcated into bed-load and suspended-load. Bed-load refers to particles rolling or
saltating along the bottom, while suspended-load involves particles kept aloft by turbulence.



Transport Mode Driving Mechanism Common Mathematical
Formulations

Bed-load Shear stress exceeding critical Meyer-Peter Miller, Bagnold, van Rijn
Shields parameter. (1984).

Suspended-load Advection-diffusion processes in the Advection-Diffusion Equation with
water column. settling velocity terms.

Total-load Combined effect of waves and Soulsby-van Rijn, Bijker, Engelund-
currents. Hansen.

3. The Exner Equation
The evolution of the bed level (z_b) is governed by the conservation of sediment mass, known as the Exner
Equation:

(1-n)"zb/"t+" -q.s=0

Where n is the porosity of the bed, t is time, and q_sis the volumetric sediment transport rate per unit width. This
equation is the bridge between the physics of sediment movement and the resulting change in coastal shape.

Numerical Implementation and Gridding Strategies

Moving from theoretical equations to a predictive tool requires discretization. The choice of grid and numerical
scheme significantly impacts the model's accuracy and computational cost.

Grid Types in Coastal Modeling
Modern models utilize various grid structures to balance resolution and performance:
 Structured Rectangular Grids: Simple to implement but inefficient for complex coastlines.
e Curvilinear Grids: Follow the coastline and bathymetric contours, providing better resolution where needed.
e Unstructured (Triangular/Flexible) Mesh: High flexibility for modeling complex geometries like estuaries and
harbors, though computationally more expensive.
Boundary Conditions
A model is only as good as the data at its edges. Essential boundary conditions include:
e Water Levels: Tidal constituents (M2, S2, etc.) or measured time series.
e Wave Spectra: Significant wave height, peak period, and direction, often sourced from global models like
WaveWatch Il1.

e Sediment Flux: Ensuring that the sediment entering or leaving the domain is physically realistic to avoid
artificial erosion at the boundaries.

The Morphological Factor (MORFAC) and Time-Stepping

One of the greatest challenges in morphological modeling is the timescale mismatch. Hydrodynamic  changes
occur in seconds, while significant morphological changes take weeks, months, or years. Running a full
hydrodynamic model for a 10-year simulation is often computationally impossible.

The MORFAC Approach

The Morphological Factor (MORFAC)is a scaling technique where the bed changes -calculated in one



hydrodynamic time step are multiplied by a factor (e.g., 10, 50, or 100) to represent a longer duration. For instance,
if the hydrodynamic time step is 1 minute and the MORFAC is 60, each step updates the bed by an amount
equivalent to 1 hour of real-world change.

Input Reduction

Another technique is Input Reduction, where a full year of wave climate is schematized into a few representative
wave conditions (e.g., "representative waves") that produce the same net sediment transport as the full stochastic
climate. This is essential for long-term (decadal) morphological predictions.

Comparison of Modeling Approaches

Choosing the right model depends on the specific coastal environment and the problem at hand. Below is a
comparison of different modeling paradigms.



Model Type Focus Area Pros Cons

Analytical Models Simplified equilibrium Instant results, clear Ignores complex 2D/3D
profiles. physics. interactions.

One-Line Models Longshore transport & Good for decadal shoreline Does not resolve cross-
coastline change. trends. shore dynamics.

Process-Based (2DH/3D) Detailed local High spatial resolution, High computational cost,
morphodynamics. resolves physics. requires expert calibration.

Data-Driven / ML Pattern recognition from Fast execution, good for Lacks physical causality;
historical data. interpolation. requires vast data.

Practical Workflow for Morphological Modeling

Implementing a coastal model requires a disciplined engineering workflow to ensure the results are reliable and
defensible.

Step 1. Data Collection and Bathymetry Generation

Gather high-resolution bathymetric surveys (Lidar, Multibeam Echosounder) and topographic data. Create a digital
elevation model (DEM) that serves as the initial condition for the simulation.

Step 2: Hydrodynamic Calibration

Before moving sediment, ensure the model correctly predicts water levels and currents. Compare model output
against tide gauge data and ADCP (Acoustic Doppler Current Profiler) measurements. Adjust bottom roughness
(e.g., Manning’s n or Chezy coefficient) to match observations.

Step 3: Wave Model Validation

Validate wave transformation from offshore to nearshore. Ensure that the wave breaking criteria (gamma) and
white-capping formulations are correctly tuned for the local slope.

Step 4: Morphological Sensitivity Analysis
Test the model's sensitivity to sediment parameters such as d50 (median grain size), sediment density, and

transport formulations. Small changes in grain size can lead to vastly different erosion patterns.

Step 5: Validation and Skill Assessment

Use historical data (e.g., pre-storm vs. post-storm surveys) to validate the model. Use metrics like the Brier Skill
Score (BSS) to quantify the model’s performance:

BSS=1-["(z_p-zm)"2/"(z_b-z m)"2]
Where z_p is the predicted bed level, z_m is the measured bed level, and z_b is the initial bed level.

Case Studies and Application Scenarios

Storm Impact on Barrier Islands

Barrier islands are highly dynamic. Models like XBeachare specifically designed to handle the “collision,"
"overwash,” and "inundation" regimes during extreme storm events. These models resolve the swash and
backwash cycles, allowing engineers to predict where breaches are likely to occur, informing evacuation routes and



coastal reinforcement strategies.

Estuarine Infilling and Navigation

In estuaries, the interaction between tidal currents and river discharge creates complex sediment traps.
Morphological modeling is used to predict siltation rates in navigation channels. By simulating different dredging
disposal strategies, managers can minimize environmental impact while maintaining port accessibility.

Sea-Level Rise and Long-Term Adaptation

Modeling a century of coastal change requires coupling process-based models with geological rules. These
simulations help visualize the "coastal squeeze"—where ecosystems like salt marshes are trapped between a
rising sea and hard human infrastructure.

Technical Challenges and Troubleshooting

Modeling coastal morphology is fraught with uncertainties. Understanding these pitfalls is essential for any senior
technical specialist.

* Non-linearity: Small errors in the hydrodynamic flow field are squared or cubed in sediment transport
equations, leading to significant bed-level errors over time.

e Scale Issues: A model calibrated for a single storm might fail to predict seasonal recovery or decadal trends.

¢ Cohesive vs. Non-Cohesive Sediment: Mixing sands (hon-cohesive) and muds (cohesive) requires complex
multi-fraction transport models that account for flocculation and consolidation.

Common Solutions

e Smoothing Techniques: Applying bathymetric filters to prevent numerical instabilities (spikes) during bed
updates.

» Multi-fraction Modeling: Using a range of grain sizes to represent the actual seabed composition more
accurately.

¢ Probabilistic Modeling: Running ensembles of simulations with varying inputs to provide a range of likely
outcomes rather than a single deterministic answer.

The evolution of coastal modeling continues to move toward more integrated, high-resolution systems. By bridging
the gap between small-scale physical processes and large-scale morphological patterns, these models provide the
essential evidence base for sustainable coastal development. Whether assessing the impact of a new groyne field
or predicting the survival of a coral reef under climate change, the principles of process-based modeling remain the
gold standard in coastal science. As computational power increases, the integration of real-time sensor data and
machine learning will further refine our ability to safeguard the world’s coastlines.
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