The intertwining of coastal dynamics and extreme weather events, particularly hurricanes, presents a complex challenge for coastal communities and ecosystems. This doctoral research delves into the intricacies of these interactions, with a spotlight on the Category 5 Hurricane Michael at Mexico Beach, Florida, as a case study. Through the rigorous validation and application of the non-hydrostatic XBeach model (XBNH), this study provides a nuanced analysis of wave propagation, breaking, and overtopping of sand dunes during the hurricane's various storm surge stages. The findings demonstrate the critical role of sand dunes in reducing wave impact, with a minimum attenuation of 35% at peak storm surge and up to 91% during the rising surge, thus serving as a natural bulwark for the inland communities. The research further investigates the effect of hurricane-induced waves and storm surges on barrier-island breaching, a phenomenon with significant implications for coastal hazard mitigation. Utilizing the two-dimensional non-hydrodynamic XBeach model, the study examines the interplay between hurricane waves, storm surge, and morphological processes at St. Joseph Peninsula. The model's validation boasts a commendable 2.45% average error rate, alongside a skill score of 0.88 in predicting high water marks and bed elevations. A granular analysis of the breaching process reveals that foredune erosion on the seaside by the combined action of waves, surge, and currents indirectly leads to the peak dune area's breach. The research identifies supercritical flow conditions, characterized by the Froude number, as a primary driver for rapid barrier erosion. This dissertation underscores the value of numerical modeling in coastal science, with the XBeach model enhancing our predictive capabilities and deepening our understanding of coastal processes under the duress of hurricane events. The emphasis on Mexico Beach has facilitated a precise and comprehensive understanding of the extreme weather's impacts on coastal morphology, thereby enriching the discourse on coastal management and preservation. The findings from this study not only contribute to the academic body of knowledge but also yield actionable insights that can shape future coastal resilience and management strategies. These strategies are pivotal in safeguarding vulnerable coastal ecosystems against the backdrop of climate change and rising sea levels. By transitioning from theoretical validation to practical field application, this research bridges the gap between academic inquiry and pragmatic solutions. The dissertation demonstrates the robustness of the XBeach model, not only in capturing the physical processes at play during extreme weather events but also in offering a toolset for deeper investigation into coastal resilience measures. The synthesis of the model's accuracy, illustrated by the low error margins and high skill scores, and its practical implications provide a comprehensive narrative that strengthens the case for advanced numerical modeling in coastal management. In conclusion, the integration of the non-hydrostatic XBeach model into the study of hurricane impacts offers a robust framework for predicting and understanding coastal morphology under extreme conditions. This research contributes invaluable references for coastal hazard mitigation and resilience-building within communities, enriching the conversation on coastal management and preservation in the face of global climate challenges. The study's outcomes underscore the need for informed strategies to protect and sustain our coastal frontiers, promoting resilience in the era of climate uncertainty.
