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Abstract

:

The shape of the coast and the processes that mold it change together as a complex system. There is constant feedback among the multiple components of the system, and when climate changes, all facets of the system change. Abrupt shifts to different states can also take place when certain tipping points are crossed. The coupling of rapid warming in the Arctic with melting sea ice is one example of positive feedback. Climate changes, particularly rising sea temperatures, are causing an increasing frequency of tropical storms and “compound events” such as storm surges combined with torrential rains. These events are superimposed on progressive rises in relative sea level and are anticipated to push many coastal morphodynamic systems to tipping points beyond which return to preexisting conditions is unlikely. Complex systems modeling results and long-term sets of observations from diverse cases help to anticipate future coastal threats. Innovative engineering solutions are needed to adapt to changes in coastal landscapes and environmental risks. New understandings of cascading climate-change-related physical, ecological, socioeconomic effects, and multi-faceted morphodynamic systems are continually contributing to the imperative search for resilience. Recent contributions, summarized here, are based on theory, observations, numerically modeled results, regional case studies, and global projections.
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1. Introduction


In coastal “morphodynamic” systems, the shapes of the solid surfaces (shores, wetlands, estuaries, continental shelves, etc.) and the processes that mold the changing morphologies are mutually interconnected and change together [1,2,3,4,5,6,7,8,9,10]. Such systems interconnect hydrodynamic, biologic, and anthropogenic processes with coastal and seafloor landscapes, including the foundations on which most coastal communities rest. Temporal sequences of change involve the entire system. Coastal morphologies and their controlling process regimes, which today include engineered infrastructure, co-evolve over both short and prolonged periods of time. It is understood that climate change is now inducing changes in coastal processes and morphologies that are superimposed on those caused earlier by natural and human-induced processes. Because there is constant feedback among the multiple components of the system, when environmental conditions change, all facets of the system also change.



Causative physical and biological process regimes and morphologic patterns co-evolve over time, and mutual causality involves feedback loops that may be either positive (self-enhancing) or negative (self-regulating). Sequential changes are not always gradual or progressive. Abrupt shifts to different states can also take place when certain equilibrium thresholds, or “tipping points” [11], are crossed, leading to short-lived episodes of positive feedback. To effectively anticipate and plan for the changes in coastal morphologies that result from new patterns of erosion and deposition that climate change is likely to cause, we must first understand the current and inherited morphodynamic systems to contribute to evolving adaptation strategies. Projections of likely future conditions involve analyses of observed trends, advanced numerical and theoretical modeling, and comprehensive literature syntheses.



Assessments of the latest understandings of climate change and its impacts are periodically updated by the US Global Change Research Program via the National Climate Assessment Reports (NCA) [12]. The Fourth National Climate Assessment was published in 2017. The latest report (NCA5) was released in 2023 [13]. That definitive report emphasizes that coastal hazards are increasing because of rising sea levels, increased storminess, and storm-induced high waves and surges. Rising sea surface temperatures are the primary source of these destructive processes. The Intergovernmental Panel on Climate Change (IPCC) is a definitive source of current scientific consensus on the causes and consequences of global change. Their sixth report, published in 2022 [14], presents exhaustive and conclusive evidence that air temperatures at the earth’s surface as well as sea temperatures are rising, leading to a host of other harmful climate and ocean changes.



Predicting the future impacts of climate-induced changes in coastal processes on coastal morphologies and ecosystems requires complex systems models [15,16,17,18] that account for a hierarchy of interconnections and non-linear feedback. Extended time series of observations are needed to verify the models and to provide input into testing assumptions and understanding local and regional conditions where models are to be applied. Some progress is already being made in this area; however, to enable transformational advances, the scientific community needs to further advance understanding of the interconnectedness of morphodynamic and socio-ecological systems, including beaches and sandy coasts, wetlands, deltaic coasts, muddy coasts, Arctic coasts, continental shelves, coral reefs and reef islands, and built infrastructure. This brief review describes some of the recent advances that could serve as building blocks for a new generation of understandings and strategies that we expect to be imminent. New perspectives that are emerging or have recently been reported are highlighted.




2. Coastal Inundation and Climate Change


Climate change is increasing the inundation of coasts, particularly low-elevation coasts, on many spatial and temporal scales. Long-term rises in global sea levels on decadal time scales as well as interannual sea level fluctuations and localized, short-lived flooding events are largely attributable to increasing sea surface temperatures. A recent comprehensive NOAA report [19] states, with high confidence, that “By 2050, the expected relative sea level (RSL) will cause tide and storm surge heights to increase and will lead to a shift in U.S. coastal flood regimes, with major and moderate high tide flood events occurring as frequently as moderate and minor high tide flood events occur today." “Without additional risk-reduction measures, U.S. coastal infrastructure, communities, and ecosystems will face significant consequences”. The NOAA report predicts that between now and 2050, US mean sea levels will rise an additional 0.25–0.30 m. In many localities, the relative sea level rises will be significantly greater because of land subsidence and other non-tidal effects such as reductions in the strength of the Atlantic Meridional Overturning Circulation (AMOC) [20,21]. At the present time, the global averaged rate of mean sea level rise is 3.3 mm/yr but is accelerating [19]. Rates of rise significantly exceed the global average in many localities for a variety of reasons. Since 1993, the rates of sea level rise over most of the western Pacific, including most of the Australian coast, have exceeded the global rate. https://soe.dcceew.gov.au/climate/environment/sea-level (accessed on 30 August 2023).



From a morphodynamic standpoint, it is not so much the global rises in mean sea level that dominate the short-term flooding of coasts and associated shoreline fluctuations as the storm surges and powerful storm waves that are superimposed on the rising seas. Fueled by increasing sea surface temperatures, compound floods involving combined storm surges and torrential rains are becoming more frequent and severe. Sea level rises are exacerbating coastal recessions by allowing the landward penetration of destructive waves [22]. Increasingly, new international research is being directed at the nature and impacts of complex and protracted disasters that are compounding and cascading [23]. A prominent recent example was the devastating impacts of Hurricane Ian on southwest Florida in September 2022. The joint probability of severe storm surges and torrential rains coinciding in U.S. coastal cities has increased significantly over the past century [24,25,26]. In cases where rivers are nearby, fluvial flooding further exacerbates the severity of the inundation [27]. A recent analysis downscaled multiple hurricane models to create a synthetic model that predicts that climate change is increasing hurricane risk for the Gulf Coast and Atlantic Coast [28]. The International Human Dimensions Program on Global Environmental Change points out that by midcentury, the flood risk to large coastal cities will have increased by ninefold relative to the present day. According to NOAAs Office of Coastal Management, inundation events are the dominant causes of natural-hazard-related deaths in the U.S. and are also the most frequent and costly of the natural hazards affecting the nation. The landward penetration of destructive storm waves into the floods can erode and redistribute large quantities of sediment in short periods of time, resulting in significant changes in coastal morphology. This can amplify or otherwise alter the behavior of surges.



At both long-range and event time scales, significant advances are progressively being made in modeling storm surges, storm waves, and coastal circulation. One of the simplest and lowest resolution models is NOAAs operational two-dimensional Sea, Lake, and Overland Surges from Hurricanes (SLOSH) model. The academic community uses more accurate, unstructured grid models of coupled surge-wave effects [29]. Although those models yield better results than the operational, long-standing two-dimensional SLOSH model used by NOAA for several decades, SLOSH continues to be the operational model of choice because it is well accepted, fast, and does not require High Performance Computing or HPC (advanced computing) resources. NOAA has recently upgraded its Probabilistic Slosh model, named P-Surge, to version 3 [30]. Figure 1 shows a U.S. National Hurricane Center prediction of storm surge heights associated with landfalling Category 4 Hurricane Ian on the coast of South Florida on the U.S. Gulf of Mexico on September 28, 2022, based on output from NOAAs SLOSH storm surge model.



For timely, rapid forecasts of impending surges, updated P-Surge versions of SLOSH are likely to remain the operational standard for the near future. However, for anticipating potential, but not impending, future scenarios, more advanced and time-consuming models that utilize HPC resources are the current state of the art. Some of the more widely used models are described in [29,31,32,33]. Storm surge and wave modeling, together with tidal modeling, are essential for coastal erosion/deposition and coastal inundation estimates. A recent NOAA-IOOS-funded Coastal Ocean Modeling Testbed (COMT) program [29,33], involving over 20 academic institutions as well as several federal research centers, focused on improving forecasts of coastal waves, storm surges, and inundations. Included among the six models evaluated was the well-known three-dimensional, finite element Advanced Circulation (ADCIRC) [34] model, which was coupled with the Simulating Waves Nearshore (SWAN) wave prediction model developed by the Delft University of Technology. Additional models that may be applied to surge and wave modeling include Delft3D, WAVEWATCH III®, and GeoClaw.



The ADCIRC model was utilized by [35] in an assessment of the probable impacts of climate change on storm surges affecting the US coasts. That study concluded that volumes of flood waters from US Gulf Coast and Atlantic Coast storm surges are increasing and are expected to continue to increase and become more severe in the years ahead. The authors also point out that future storm surge severity and impacts will be difficult to predict. Challenges facing reliable projections of future impacts include the complex interdependence of spatially variable storm characteristics and coastal configurations linked to changing regional patterns of sea surface temperatures, which will require probabilistic assessments. The morphodynamic interdependence of nearshore morphology and the spatiotemporal variability of winds, surges, and waves represents an important area for future research and model development. Some insightful studies in eastern Australia have highlighted these interdependent relationships [36].




3. Tipping Points in Coastal Systems


Physical, environmental, socioeconomic, and engineered changes in coastal areas interact, often in unforeseen ways that may involve positive feedback, leading to a tipping point at which one more small change results in a large destabilization [11,37,38,39]. At this point, the environmental system can enter a new state beyond which recovery to earlier conditions may be unlikely. Based on insights from multidisciplinary analyses of the Santa Barbara, CA, coast [36], it was concluded that the tipping point for serious degradation of beaches and wetlands could be crossed when sea level rises reach 0.25 m or even less. In the case of the morphodynamics of river deltas, a recent study of historical delta evolution showed that the rate of rise of relative sea level (including subsidence) tipping point for delta accretion to keep pace with submergence has been about 5 mm/yr [39]. Today, however, the severance of sediment supply to the coast by dams on rivers has probably lowered that critical tipping point in many cases. Once the tipping point has been exceeded, delta growth cannot keep pace with more rapid rates of SLR, and open water will replace dry land [39,40]. In a study of tidal salt marsh equilibrium [41], it was found that marsh growth can keep pace with rising relative sea level at rates up to 1.2 cm/yr; however, when the rate of rise exceeds that critical tipping point, subaerial marsh surfaces are replaced by tidal flats. The concept of tipping points can be applied where communities along the coast are subject to a variety of mounting pressures resulting from ongoing coastal land loss and inundation [42]. However, we must take care not to simply extrapolate on determinations of SLR tipping points from one study to another without understanding past and present morphodynamic processes that control morphologies and sediment budgets in the area of concern. Time lags of varying durations typically exist in shoreface adjustment of boundary conditions due to changes such as SLR and can involve long morphological-response timescales across the lower shoreface [43].



A somewhat less well-known but emerging potential tipping point affecting the entire Atlantic coast of North America involves the Atlantic Meridional Overturning Circulation (AMOC), of which the Gulf Stream is a part. Variability in Gulf Stream flow drives short-term coastal sea level shifts of 70 cm or more. The Gulf Stream influences coastal sea levels on Florida’s east coast and extends along the mid-Atlantic coast and northward [20,21,44]. Recent analyses [21,45] suggest that AMOC may be close to a tipping point for transitioning to its weak circulation mode. A major weakening or shutdown of the Gulf Stream could result in significant sea level rise along much of the Atlantic coast, particularly south of Cape Hatteras. The most recent publication on AMOC [21] suggests that this tipping point could be crossed at any time after 2025. Research and review papers on other far-reaching tipping points affecting significant shifts in coastal morphodynamic regimes will be important in long-range planning.




4. Coastal Erosion and Shoreline Transgression


Coastal morphologic changes typically involve erosion in some places and accretion in other places. In the classic literature on beach behavior, it was understood that, typically, during storms or other high-energy events, waves move large volumes of beach and surf zone sand seaward to depths of 20 m or more in short periods of time. After the event subsides, the sands are slowly returned to the beach by low, long-period swells. This volatility is cyclic and seldom involves permanent land loss unless the section of coast is, for natural or human-induced reasons, starved of sediment. Climate change now has the potential to cause irreversible recession in many coastal regions and is displacing whole communities in many cases [46,47], particularly on muddy coasts and deltaic coasts. The superimposition of high waves and storm surges during tropical and extra-tropical storms can cause landward translations of the surf zone, often well into seaside communities, as was recently the case when Hurricane Ian made landfall near Ft. Myers, Florida. Even where no net-long recession is apparent, increased storm severity and surge intensity cause increases in the distance inland that storms penetrate.



As storms become more intense and sea level rises, eroded sediments are transported offshore to greater depths beyond the reach of fair-weather waves and may not return to the beach or may return more slowly than in the past. As is known from historic and geologic studies, shoreline recession can extend over broad lengths of coast. Sand barriers have evolved during the Holocene (and in places in previous interglacials) because of marine transgressions associated with post-glacial SLR. A well-documented example is the Danish North Sea coast, where shoreline recession took place at rates of SLR of 8.6 mm/yr. [48]. Progradation occurred when abundant sediment became available, even with a declining rate of SLR. However, on other coasts, a rate of SLR as little as 2 mm/yr was seen as the threshold value between coastal transgression and regression [49]. A recent comprehensive analysis of the coasts of the UK and Ireland [50] showed that a large proportion of that extensive coast is eroding because of a combination of rising sea levels, reduced sediment supply, and human interference. Such erosion has been ongoing for centuries in some sections, given its glacial and post-glacial history, affecting land and seabed sediment supplies and types. Another recent UK-based study concluded that erosion is not limited to sandy or soft sediment coasts but is also impacting rocky coasts because sea level rise is allowing storm waves to reach the cliffs more often [51].



In contrast to the conclusions reported in [22], a recent analysis of the observed behavior of Australian beach systems concludes that many have been stable for several decades and may not be threatened by climate change [52]. From a notable recent analysis of a 50-year time series of monthly beach surveys of a high-energy beach system on Australia’s New South Wales Coast [53], it was concluded that while there has been no long-term net coastal recession, beach fluctuations that occur reflect patterns of storminess and the capacity of the beach to recover in post-storm periods. Consistent with these Australian studies, a recent analysis of global trends in changing wave intensity and related shoreline behavior [54] reports that “Over the past 30 + years, we show that there have been clear changes in waves and storm surge at global scale. The data, however, does not show an unequivocal linkage between trends in wave and storm surge climate and sandy shoreline recession/progression.” Understanding the reasons for these results could provide insights relevant to future adaptation. In addition, the role of global atmospheric systems such as ENSO in influencing large regional variability in coastal erosion and accretion, as recently documented along the Pacific Rim, must be factored into any understanding of shoreline variability [55].



A multi-scale Probabilistic Coastline Recession (PCR) model was applied by [22] to swell-dominated Narrabeen Beach near Sydney, Australia, and storm-dominated Noordwijk aan Zee Strand, The Netherlands. The model estimates the magnitude of coastline recession caused by the combination of sea level rise, storm waves, and storm surge over a prolonged period (~100 years). The results suggested that sea level rise likely plays the dominant role in the long-term recession of both types of beach regimes. Long-term changes in wave climate were predicted to have only marginal impacts on recession. It should be pointed out, however, that this model-based conclusion may not apply to coasts such as the US Gulf Coast and East Coast, where tropical cyclones are becoming larger and more intense and storm surges are becoming higher and reaching farther inland [43]. A contrasting conclusion from the Australian east coast resulted from an evaluation of changes in wave climate over a centennial time scale in relation to sediment sources and sinks and provides a range of challenges in understanding the interaction of processes leading to future shoreline transgression [36]. More on this subject follows in the next subsection.



Narrow barrier islands, backed by open-water lagoons or tidal wetlands, are common along much of the U.S. Atlantic and Gulf coasts, the Arctic Ocean coast, and the coasts of the North Sea, particularly the Netherlands. The Outer Banks of North Carolina are probably the best-known barrier island chains. These environments are extremely vulnerable to increased storm intensities and sea level rises. An analytical model for predicting the impact of storms on barrier islands was recently developed in the Netherlands [56], and the predictions for the case of the impact of Hurricane Sandy on the US Atlantic compared well to the Delft 3D predictions but poorly to the observed outcomes. It was concluded that anthropogenically developed coasts do not behave as models predict. Landward transgressions of barrier islands involve more than wave and storm surge breaching. Physical and morphologic factors interact with numerous ecological factors to control barrier island stability [57]. Recent analyses of interannual sea level fluctuations caused by variability in the AMOC and Gulf Stream [45] contribute to episodic barrier island transgressions along the U.S. Atlantic coast.



Numerical Modeling of coastal morphodynamic changes is essential to informed planning for the future. Fortunately, there are numerous relatively sophisticated community models available. Some of these are briefly described by [58]. For long range climate change planning, a decadal-scale model of long-term coastal evolution that assimilates data from routine monitoring has been developed by [59]. It is very important to sustain monitoring programs in such a way that the data collected is accessible and thus used to test models in different coastal settings. Here, the application of technologies to use satellite imagery has dramatically increased the potential to repeatedly measure shoreline change at a very high resolution [55]. The Community Surface Dynamics Modeling System (CSDMS), maintained at the University of Colorado, Boulder (https://csdms.colorado.edu/wiki/Coastal_models) (accessed on 2 September 2023), is an accessible source for a total of 94 open-source numerical models for predicting coastal processes, including erosion, accretion, and sediment transport. Predicting the future responses of shores and coastal lands to climate change and rising seas will require the coupling of morphodynamic, ecological, physical, engineering, and socioeconomic models along with observational time series of morphological behavior.




5. Continental Shelf Processes


Continental shelves are the undersea foundations of coasts and are sources and sinks of much or all the sediments that are moved shoreward or seaward by energetic events to bring about coastal change [60]. The widths and configurations of the shelves also condition the forces that ultimately reach the shores to bring about morphodynamic changes, including tide range and the strength of tidal currents. There is little doubt that continental shelf width and slope play important roles in amplifying or attenuating the harmful impacts of storm surges and high waves, as explained in the subsection on coastal inundation. The increasing size and intensity of tropical cyclones means that wave agitation of shelf sediment will penetrate to greater depths. Analyses of CO2 partial pressures in the waters of several continental shelves suggest that shelves may increasingly be serving as beneficial carbon sinks [61].



Shelves are the preferred habitat for most marine organisms, and recent research [56] shows that the current and future warming of shelf waters is already causing many species to shift poleward and into deeper water. Increased acidity in ocean and shelf waters has the potential to decrease the productivity of organisms that are carbonate dependent. The effect will be a decline in rates of carbonate sediment production from various sources on tropical and temperate climate continental shelves where there exist “carbonate factories” [61,62], While this is not directly a morphodynamic change, changes in the regional ecology of shelves can alter the roughness of the shelf bottom boundary layer and affect the transport of shelf sediments. The continental shelf fronting the Gulf of Mexico coast, including the coasts of Louisiana and West Florida, is exceptionally wide and gently sloping, and while this dissipates much wave energy, it also significantly amplifies storm surge, as noted earlier [42,63]. Recent numerical model projections for the effects of climate change on the West Florida shelf [64] suggest that warming combined with increased freshwater runoff is likely to increase stratification and limit upwelling.



An important connection exists between the shoreline erosion and accretion patterns discussed in the foregoing subsection and continental shelf configuration, composition, and process regimes. The link between the inner shelf or shoreface and coastal barrier stability and change was discussed in depth in [43]. For many years, coastal geologists and engineers accepted the classical “Bruun Rule”, whereby rises in sea level were assumed to be accompanied by the maintenance of a simple profile of equilibrium via upward and shoreward translation of the shore and a concave upward inner shelf profile [3,43]. However, that model, which was originally proposed by Per Bruun of the U.S. Army Corps of Engineers in 1954, involved overly simplifying assumptions that neglected morphodynamic feedback, sediment supply, and the increases in storm intensity, wave energy, and storm surges that are currently taking place. On sandy coasts such as that of Southeastern Australia, the continental shelf is both the source and the sink for the barrier sands. As explained in the previous subsection, multiple studies of shoreline behavior in Southeast Australia [52,53] and elsewhere [55] suggest that despite rising sea levels and increasing wave energy, there is no compelling evidence of sandy shores undergoing a net recession. Following the arguments presented by [43], it may be reasonably hypothesized that the more energetic waves are effectively transporting sands shoreward from mid- and outer shelf deposits. For this hypothesis to hold, however, there must be a relative abundance of sand on the mid- and outer continental shelves. Sand-deficient and muddy shelves would be expected to allow shoreline recession, as is commonly observed [63,65]. It must be remembered that moving large quantities of sand from the mid-shelf to the shore requires time. Hence, as emphasized by [43], lag times separating changes in wave climate from observed shoreline responses can be substantial. More field research must focus on the interconnections of climate change and continental shelf morphodynamic processes. As outlined in [65], research programs involving repeated mapping of the shoreface realms fronting coastal compartments that are subject to change are needed.




6. Low Elevation Coastal Zones (LECZ)


There is a broad consensus that, because of rising sea levels, Low Elevation Coastal Zones (LECZ) worldwide are vulnerable now and will be much more vulnerable in future decades [42,63,66]. The most recent study of impending LECZ damage from climate change [66] addresses the impacts on urban atoll communities, Arctic coastal settlements, agricultural deltaic environments, and resource-rich coastal cities. Various adaptation strategies will be required to mitigate harmful impacts. The most prominent morphodynamic responses to climate change in LECZ are the submergence of wetlands, the widening of estuaries and intertidal river courses, and reductions in the areas of habitable coastal land surfaces.



A recent analysis of the socioeconomic resilience of LECZ communities [67] employed fine-resolution spatial demographic methods to analyze the vulnerabilities of marginalized residents of US LECZ. The results of their study showed that from 1990 to 2020, the populations of US LECZ grew from 22 million to 31 million people, and that a disproportionate number of these residents are marginalized, low-income, and vulnerable Black, Hispanic, and elderly people. The finding that, of the nearly one-third of the US population living in coastal counties, nearly ten percent is at risk from coastal flooding by severe storms and sea level rise highlights the need for improved planning and adaptation measures.



The rates of sea level rise in coastal Virginia and the Chesapeake Bay significantly exceed the global rate, and interannual variations in sea level related to the weakening of the AMOC add to the annual rates. Like other LECZ, the population of this region is growing, and the number of people who become cut off from traveling to and from work by episodically flooded roads is increasing. High-resolution land use and LIDAR data were used by [68] to examine the increasing inaccessibility of roads throughout the affected region. It was concluded that road inaccessibility impacts property values and emergency response times, but that redundant road networks can increase resilience in the near term. Road elevation or construction may be regarded as anthropogenic morphodynamics.




7. Wetlands


Marshes, swamps, and tidal flats constitute a large fraction of the subaerial land surfaces on low-energy and relatively undeveloped coasts. A recent global analysis of these habitats [69] suggests that global warming more than 1.5 °C could lead to widespread declines in wetlands worldwide. Salt marshes, tidal creek networks, tidal flats, and shallow bays in middle and high latitudes, and mangrove forests in tropical and subtropical realms, are the common wetland environments. The classic view of the stability of salt marsh ecosystems is that equilibrium with gradual rises in relative sea level is attained when marsh grasses such as Spartina alterniflora increase productivity in pace with sea level rise and increase the trapping of inorganic sediments to raise the mash surface at the rate at which sea level is rising [41,70,71]. A recent study of global wetlands [72] concludes that rising sea levels could bring about the demise of 20% to 90% of the world’s wetlands, but that the local rates of loss will depend heavily on whether there is adequate accommodation space to allow for landward migration. Sediment supply is also a critical factor in the resilience of marshes to rising sea levels. Some numerical models that consider accelerated rates of sea level rise accompanied by declining sediment supply by estuaries [73] conclude that marsh disequilibrium can cause marshes to be replaced by mudflats when sea level rises exceed some locally variable critical rate. A comprehensive analysis of measurements of tidal marsh accretion from different regions of the world with contrasting Holocene geologic histories identified the various constraints on the adjustment of tidal marshes to accelerating SLR [74]. This work was able to distinguish patterns of accretion linked to different rates of SLR and how the subsidence of substrates involves a nonlinear increase with accretion.



An assessment of tidal marsh resilience using the San Francisco estuary as a case study [71] identified the three primary metrics of tidal marsh resilience over time as being: (1) the time until sea level rise completely drowns the marsh; (2) the time until sea level reaches a tipping point beyond which marsh degradation will begin; and (3) the probability of a major shift in the process regime to a new and unstable state. The Coastal Wetland Equilibrium Model [41] was used to predict expected future marsh developments under different sea level rise scenarios. In addition to sediment supply and marsh vegetation, upland habitat was found in [73] to also play an important role in tidal marsh resilience by determining the extent of accommodation space through marsh migration. Future contributions focused on the details of observed and predicted tipping points for marsh degradation versus equilibrium are needed for contrasting marsh environments.



Mangroves on tropical and subtropical coasts provide important and highly effective protection against coastal erosion [75,76,77,78]. Mangrove intertidal ecosystems dissipate high waves, storm surges, and tsunamis [77]. Applications of the Delft3D model to a mangrove forest in New Zealand [77] indicated that the distribution of mangroves and patterns of associated channeling may be more important than the density of roots in attenuating waves and surges. That study also suggested that for mangroves to be effective in protecting coasts, they must also reduce the landward flow of water in addition to dissipating waves. The largest mangrove forest in the world is the Sundarbans of Bangladesh and India in the Ganges-Brahmaputra Delta [76,78]. Rising temperatures, sea level, and salinity, along with land subsidence, are causing landward shore transgression and significant losses to the Sundarbans mangrove forest [78]. Studies of mangrove ecosystems in a variety of geomorphic settings have shown how such losses can be attributed to shifts in the location of sediment sources, allowing the destruction of fringing wetlands due to wave erosion. The likely impacts of sea level rise on the Indo-Pacific mangrove ecosystem and the communities that depend on them are assessed in [79].




8. Estuaries, Bays, and Tidal Waterways


Rising seas, storm surges, dams on rivers, and reductions in sediment supply to coasts are altering the shapes and widths of estuaries, bays, and coastal waterways, including lagoons and tidal creeks. Several recent studies have documented changes that have taken place in recent years and are predicted by models to occur in the future. From a morphodynamic perspective, a key factor in understanding future change is the inherited history of estuarine shore morphologies. Coasts experiencing on-going relative SLR in the late Holocene provide a different setting to those where the shores of estuaries and bays reflect 6,000 or more years of relative sea level stability. During that time, estuary shores have adjusted to biophysical processes linked to inputs from both sea and land in ways that reflect those histories. Estuarine morphology influences tidal propagation and amplitude and the ways in which estuaries respond to deepening by sea level rise [80]. Vertical accretion in some very high-tide-range estuaries has seen the replacement of ecosystems because of changes in the frequency of tidal inundation [80]. However, permanent openings or deep dredging of entrances to estuaries and bays have often created circumstances for SLR and other climate change forces to adversely impact natural conditions. Work as long ago as the 1950s in Gippsland Lakes, Australia, demonstrated how entrance dredging has led to increased tidal range and saline waters destroying fringing reed marshes.



A study of Mobile Bay (Alabama) [81] examined the roles of interacting dredging, sea level rises, and wetlands inundation in affecting the navigability and sedimentation in the bay and its access channels and port facilities. Climate change is also causing the risk of riverine flooding in estuaries to increase [82]. A study of estuaries from 39 world-wide sites [83] concludes that rising sea levels not only alter the sizes and shapes of tidal estuaries but also alter the tide range, particularly at the estuaries’ upper reaches. Similar results on the modification of the estuarine tidal range by rising sea levels were reported by [84,85]. For natural, unmodified estuaries, rising seas would tend not only to deepen the estuaries but also to widen them by flooding the surrounding wetlands and land surfaces. Increasing the size of estuaries can reduce the tidal range. However, model results for Chesapeake and Delaware Bays suggest that if engineering works such as levees or sea walls constrain the width, tides can be amplified and increase the flooding threat upstream [86].



Erosion or transgression of bars or barrier islands impounding lagoons can transition lagoons into shallow embayments or open coasts. A recent study of Cigu Lagoon in Taiwan [87] found that the size and environmental resilience of the lagoon are being reduced by the transgression and erosion of the impounding bar system, and this is having negative impacts on the local economy and quality of life of the residents. An assessment of climate change impacts on numerous estuarine systems in the Australian state of New South Wales [88] identified four distinct types or contexts of estuaries, each of which possesses different vulnerabilities and necessitates different management strategies. Many of these estuaries have been degraded by human activity and are seriously threatened by climate change [89]. The four estuarine contexts identified by [88] are: (1) intermittently closed and open lakes and lagoons; (2) coastal lakes; (3) deltaic floodplains; and (4) drowned river valleys. Warming water, rising sea levels, acidifying waters, and changing salinities are adding to the effects of population growth and increased development on the estuaries.




9. Deltaic Coasts


Worldwide, somewhere between 500 million and 600 million people live on or near river deltas [90,91]. For this reason, the interconnections among human-induced processes such as climate change, damming of rivers, land development, and delta morphodynamics are many and complex. These interactions are detailed in a recently edited volume [90] and in an internationally authored review article [91]. Many deltas support megacities with populations of over 10 million people [92]; there are more than 130 million inhabitants of the Ganges-Brahmaputra delta [78]. In contrast, the Mississippi Delta has a little more than 2 million inhabitants. Globally, 17 deltas are occupied by at least a million or more people [93]. Worldwide, 89 deltas exceed 1000 km2 in total area [91].



Land subsidence, sea level rise, severance of sediment supply by dams, and the increasing severity of storms are causing accelerating land losses in most deltas [93]. The rates of Mississippi Delta subsidence are up to 18 mm/yr [93]. This subsidence, along with projected rates of global sea level rise of between 8 mm/yr and 16 mm/yr, means that the total relative rate of sea level rise in coastal Louisiana will conceivably be between 26 mm/yr and 34 mm/yr. As pointed out in Section 3, recent studies [39,94] have concluded that a sea level rise tipping point for many deltaic and coastal wetland surfaces to be replaced by open water is around 5 mm/yr. The Louisiana Coastal Protection and Reclamation Authority [95] projects that by 2050, without reclamation, most of the wetlands will have been replaced by open water. NASAs Jet Propulsion Laboratory recently launched its “Delta-X” initiative to collect and analyze high-resolution airborne data focused on delta vulnerability and resilience.



Submergence is prevailing in most other deltas, though at varying rates. From our understanding of delta geology, it is recognized that, by avulsion, many deltas switch their centers of discharge, allowing rapid delta-front growth in some places and leaving other abandoned sections to decay because of subsidence and wave erosion. This can occur without a significant change in relative sea level, as in the Purari in PNG. However, in parts of China’s Pearl River Delta, submergence rates are up to 15 mm/yr, and with a projected maximum sea level rise of an additional 1.3 m by 2100, much of the existing land surface could be replaced by open water [96]. Serious subsidence of as much as 40 mm/yr is taking place in the Venice lagoon [93]. A recent study of the Omo River Delta in Kenya [10] showed that reduced sediment discharge by dams is causing land loss and channel deepening. The Huang He (Yellow River) delta is currently being submerged at a rate of 250 mm (10 inches) per year because dams and the extraction of water for agriculture have completely halted the delivery of land-building sediment to the sea. The Huang He Delta no longer has any subaerial surface expression. The gradients of most deltaic surfaces are extremely gentle, and this means that comparatively small vertical rises in coastal waters can result in large horizontal excursions by inundation from the sea.



While the progressive rise in global mean sea level poses a long-term problem for all deltas, the most pronounced morphodynamic consequences are caused by episodic extreme events such as storm-induced surges and destructive waves, extreme river floods, and, in some cases, human activity [97]. The morphodynamic responses of river deltas to varying water depths in the receiving basins (seas or lakes) were examined by tank experiments and explained in terms of a “Gradient Index Model” [98]. Not unexpectedly, it was concluded that delta progradation is retarded when the basins are deep but enhanced when the basins are shallow. Most large river deltas are fronted by wide, low-gradient continental shelves. Even though shallow shelves favor delta progradation and aggradation, they also amplify destructive storm surges that can travel upstream, undergoing further amplification within tidal funnel-shaped estuaries. Much more research on the complex, multi-faceted morphodynamic processes that operate in deltas and change with the climate is needed.




10. Arctic Coasts


Rapid warming of the Arctic Ocean and sea level rise are already impacting the morphodynamics of low-elevation Arctic coasts, the unique Arctic ecosystems, and Native subsistence, health, and culture [66]. These assets are dependent on a frozen ocean and frozen permafrost on land. Recent studies indicate that since 1979, near-surface air temperatures in the Arctic have risen four times faster than temperatures elsewhere on the earth’s surface [99]. Earlier estimates that Arctic temperatures were rising 2–3 times faster than elsewhere were referred to as the Arctic Amplification [100]. The melting of sea ice in the Beaufort and Chukchi Seas is allowing larger and warmer wind-generated waves to attack the low-lying shores, causing extensive thermal erosion of the permafrost-cemented coast and the lands behind [101,102]. About 25% of the world’s barrier islands are on the low-elevation Arctic coast and are being rapidly eroded and reconfigured [65,102,103]. The rate of barrier island recession on the Beaufort Sea coast is three to four times faster than in other regions of the continental United States. The significant reconfiguration of Arctic barrier islands has already led to the erosion and relocation of a rural Alaskan community [104]. The melting of the permafrost underlying the wide, tundra-covered coastal plain of the Arctic North Slope is causing collapse of the land surface and releases of methane gas [105]. Glaciers melting inland from the coast are causing wintertime river flows to rise [106,107].



The most serious and damaging socioeconomic impacts of the unfolding changes are felt by indigenous Arctic people [108]. Native inhabitants of Arctic Alaska have a symbiotic relationship with their natural realm and rely on hunting, fishing, trapping, reindeer herding, and gathering for sustenance. The disappearance of protective barrier islands is causing the loss of critical wildlife habitat. There are also direct impacts on housing and village infrastructure. Melting permafrost causes a loss of support for structures built on the tundra surface, and shore retreat is displacing villages. Some engineering solutions to permafrost thawing utilizing steel pilings are being explored [109]; however, this solution is unaffordable for most indigenous people.




11. Coral Reefs and Reef Islands


Coral reefs have traditionally served as the natural protectors of tropical coasts, and they have proved to be highly resilient. As with any future projections of potential change to the morphologies of coastal landforms in the new climate era, the inherited nature of landforms and their evolution should form part of the analysis. A diversity of Holocene reef studies in different tropical oceans have indicated varying reef growth strategies in relation to sea level rise: some kept up; others could not as the rate of SLR declined, stabilized, or accelerated [110,111]. Further understanding of the geological and geographical variability of reef systems will assist in deciphering how coral reefs will respond to future SLR. Several recent studies based on morphodynamic principles and observations have challenged the assumption that increased flooding due to SLR will automatically render reef islands uninhabitable within decades [110,112]. For instance, results have shown that the magnitude of island change from a range of locations over the past 50 years is not unprecedented compared with paleo-dynamic evidence that has defined large-scale changes in island dimension, shape, and beach levels since island formation c. 1500 years ago. The authors argue convincingly that their results highlight the value of a multi-temporal methodological approach to gain a deeper understanding of the dynamic trajectories of reef islands to assist in the development of adaptation strategies for the people of these islands.



While coral reefs and reef islands may tolerate rising sea levels, rising sea temperatures are proving to be more problematic. Rising temperatures are causing the bleaching of coral’s symbiotic microalgae, the source of coral nourishment, and this eventually leads to coral death. For some island nations such as the Maldives, narrow, fringing reefs offer the only protection from rising seas. Elsewhere, offshore reefs are highly effective in dissipating storm waves, thereby sheltering the shores that lie behind [113], but the degradation of reefs allows more energetic waves to reach the hinterland shores and communities [114]. Today, rising sea surface temperatures are having devastating impacts on coral reefs worldwide [115,116]. Australia’s Great Barrier Reef (GBR) is probably the most prominent example [116,117]. In the month of July 2023, sea temperatures in the Florida Keys reached 38.4 °C, causing extensive coral bleaching and the death of a local reef (Sombrero Key). In 2016, roughly 20% of the GBR experienced bleaching when the temperature reached 29.1 °C [116]. With ocean temperatures around GBR expected to rise by an additional 1–2 °C by 2030, new management approaches to conserve this unique marine ecosystem have been launched in a program involving a partnership between marine scientists and indigenous people [118]. Strategies for restoring reefs include raising new stocks of heat-tolerant coral in aquaculture facilities and transplanting those stocks onto reefs. Similar coral restoration programs are underway elsewhere, including Florida [119].




12. Built and Natural Protective Infrastructure


Coastal landscapes are increasingly anthropogenic as the necessity for protection against rising seas, storms, and floods continues to grow along with increasing urbanization [120,121]. Traditionally, hard-engineered structures such as seawalls, levees, and dikes have been relied on, and the U.S. Army Corps of Engineers has led the development of engineered protections in the US. However, the Netherlands has, for many decades, led the world in keeping the sea out of their cities and communities. Following the catastrophe of Hurricane Katrina, the U.S. Army Corps of Engineers completed a $14.5B flood protection system surrounding New Orleans intended to withstand a 100-year flood event. This system consists of levees, a storm surge barrier, and high-volume pumps [122]. This protection is limited to the city of New Orleans. The rest of coastal Louisiana is losing land and wetlands at a phenomenal rate, and addressing this problem is the focus of extensive and highly complex coastal restoration programs [95,123].



Coastal protection agencies are increasingly turning to nature-based alternatives to engineered structures [124,125,126,127,128]. Wetland restoration, planting of mangrove forests, diversion of sediment-bearing river channels, nurturing coral reefs, and abandoning “grey infrastructure” (which often tends to work against natural infrastructure)—while breakwaters and seawalls often tend to exacerbate rather than stop the offshore loss of beach sand, an intermediate approach, termed “living shorelines,” may prove useful in offering resilience to adverse impacts of hard structures. It involves a combination of intermittently spaced minimalist hard structures and natural wetlands, or mangroves [128]. Of course, one of the best “nature-based” approaches is to simply allow the natural erosion/accretion cycles to proceed without structural impedance and not permit construction within a certain distance from the active zone. The iconic coastal geologist and environmentalist, Orin Pilkey, has spent many decades advocating retreat as the best alternative to harmful engineering practices. However, in many cases, especially on densely populated urban coasts, the relocation of entire communities is simply not feasible [42,63,69]. Nature-based adaptations can also deliver ecological, recreational, and other services. However, as pointed out in [42], “for these benefits to fully manifest, we must first understand how design and decision optima are influenced by consideration of diverse, uncertain ecosystem services." Unfortunately, in an increasing number of cases, managed retreat is the only feasible solution, even though it is always the last resort.



Coastal management challenges in areas where there are conflicts over future use have been outlined in a recent paper, including legal and social issues that arise, especially in the management of contested beach areas [129]. An emerging, but less well acknowledged, strategy involves deploying the approaches long used by indigenous people, including Native Americans and Indigenous Australians [130,131]. The Indigenous Australians have occupied and adapted to their natural environment for over 60,000 years, and many of the coastal marine ecosystems are sacred to them [131]. Notably, the concept of private “ownership” of natural environments does not exist within ancient indigenous cultures.




13. Conclusions and Prognosis for Future Advances


The primary aim of this brief review has been to point out some of the more recent advances in understanding existing and potential future linkages between climate change and coastal morphodynamic subsystems. This review has not been comprehensive, and the list of references cited is far from exhaustive. This is an introduction to new and innovative understandings of the changes that are already underway or likely to emerge in the future. From the works referenced in the foregoing review, it is hopefully clear that numerous processes are changing in the ways that they interact with each other and with coastal landforms to bring about morphodynamic change. There is rarely a single factor that accounts for a particular change. Of course, the primary driver behind global climate change is the increasing temperature of the atmosphere, ocean, and solid earth. And compelling evidence shows that this warming is attributable to the fact that the atmosphere is now able to capture and hold more heat because of increases in the atmospheric concentrations of carbon dioxide and methane. But, from the perspective of coastal morphodynamics, the most consequential and damaging impacts arise from increasing ocean temperatures. Roughly 93% of the heat from global warming goes into the sea, where it is stored. Figure 2 shows a NASA map of sea surface temperature anomalies on 21 August 2023, near the end of the hottest northern hemisphere summer on record. The areas in dark red are more than 3 °C above average. Record-high temperatures persisted for four consecutive months. A warming ocean is the major cause of several important morphodynamic impacts. These include global rises in sea level; the increasing size and intensity of the tropical storms that bring destructive waves and storm surges; the accelerating melting of sea ice; the deaths of coral reefs; and the weakening of the Atlantic Meridional Overturning Circulation (AMOC). Other impacts include reductions in dissolved oxygen, increases in harmful algal blooms and pathogens in estuaries, and lingering flood waters. Changes in atmospheric circulation and storm genesis are increasing the occurrence of flash flooding caused by intense and torrential rainstorms.



Fortunately, new innovative approaches to coastal protection and management, including nature-based strategies, offer some promise for the mitigation of coastal degradation. A comprehensive inventory of modeling strategies appropriate to modeling the effects of climate change on coastal morphology, especially coastal recession, is offered by [33]. The historical background to coastal modeling approaches described in that work begins with the very simplistic “Bruun Rule” (mentioned in Section 5), which has been modified several times over the past 60 years to address first-order questions about directions of potential change. The current state-of-the-art approaches discussed in [33] include behavior-based models such as Genesis, process-based models such as DELFT3-D developed by Delft University in the Netherlands, and several reduced complexity models, some of which are proprietary. However, as pointed out by [132], more advanced complex systems modeling results are urgently needed to anticipate future coastal threats, and prolonged time series of observed data are needed to validate and refine predictive models.



Innovative engineering solutions are needed to adapt to changes in coastal landscapes and environmental risks. Model improvements are also vital to the ability of coastal managers to better anticipate when a critical tipping point may be approaching. We have highlighted some recent advances in identifying critical tipping points and cascading physical, ecological, socioeconomic, and multi-faceted complex systems. For the most part, the current understandings are incipient building blocks for more advances yet to come. Further contributions based on observational or numerically modeled research, as well as review papers, regional case studies, and global projections, are still needed. Finally, as pointed out in [133], p. 347, “adaptive regional strategies are required to reduce the risk of harm to valued coastal assets and to overcome the numerous barriers to long-term planning at different spatial scales”. In addition, such strategies must be incorporated into a well-understood public policy and legal framework that include climate change adaptation policies that recognize the need for action at certain thresholds or trigger points.
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Figure 1. National Hurricane Center predictions of storm surge inundation utilizing NOAA’s SLOSH model of the “maximum of maximum envelopes of water” (MOMS) associated with landfalling Category 4 Hurricane Ian on the South Florida Coast on 28 September 2022. Inundation of the red areas was predicted to exceed 9 feet (~3 m) above existing ground levels. Source: NOAA National Weather Service. 
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Figure 2. Global sea surface temperature anomalies on 21 August 2023. Dark reds indicate temperatures more than 3 °C above average. Orange areas are 1–2 °C above average