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A Critical Boundary

Today the coastal zones of the world support expanding human populations that depend on critical natural resources to sustain commerce, cultures and community development. Ironically, human use is a major cause of decline in the very coastal environments on which we depend. Many of these resources are naturally renewed over centuries to millennia, yet are drawn down by human use in mere decades. Coastal ecosystems are fragile and dependent upon sedimentary substrates and sedimentary transport processes for critical nutrient flux and trophic energy. The sedimentary processes are typically non-linear and highly complex, hence our understanding of the structure and function of sediment-dependent environments, although improving, remains at a moderate level. 

It is through observation and modeling of sedimentary processes, morphodynamical substrate evolution and stratigraphic records that we are best able to understand the specific interrelationships of processes and responses within coastal environments as well as the interdependence of coasts with other global systems. Observation and modeling improves knowledge of the critical pathways, inputs and stress thresholds that govern the behavior and evolution of coastal sedimentary environments. Both applied and curiosity-driven investigations of coastal sedimentary processes and records work as equal partners in improving our state of knowledge. As the scientific state of knowledge grows, so too does our ability to assist in the development of future sustainable resource management programs. Without scientifically-framed conservation efforts that stem from improved knowledge of coastal sedimentary morphodynamics and stratigraphic histories, the future preservation and utilization of coastal environments will too frequently need to rely upon reactive and crisis-management decision criteria. This is a situation that does not promote sustainability, especially in a world with an unsure future climate and an expanding human population.

Common among the problems along our shores are the following: 

1) High density development of urban and suburban coastal zones (e.g., high hazard vulnerability, growing financial loss from storms, increased polluted runoff and decreased upland permeability); 

2) Disruption and degradation of environmental pathways from watersheds to the sea (e.g., coastal dune and wetland filling, stream channelization, estuarine pollution, disrupted sediment flux); 

3) Weakened environmental carrying capacity (e.g., inadequate sewage disposal, shoreface ecosystem degradation, armored beaches and wetland boundaries); 

4) Exhausted natural resources (e.g., over-pumping of coastal aquifers, over-fishing, shoreface mining, depleted sediment budgets).

Accentuating the anthropogenic impacts to coastal systems are changing patterns of global climate and meteorology that drive local shifts in humidity, storminess, sea surface temperature, coastal circulation, as well as a worldwide rise of sea level. These trends sharpen the severity of the specific human influence and, commonly, drive the level of environmental deterioration past the point of natural recovery and into the need for remediation and artificial restoration. With the advantage of hindsight, it is clear that many of these problems are related to poor coastal zone management stemming from a lack of scientifically-framed policies. 

Recommendation
The scientific community can correct this deficiency with improved coastal sedimentary research in a framework that emphasizes multidisciplinary integration of the geophysical and geochemical sciences. This pre-conference report recommends to the National Science Foundation, Geology and Paleontology Program (NSF–EAR), to initiate a development process leading to a focused program of coastal sedimentary investigation based upon a nested hierarchy of interdisciplinary inquiry. The principal components of this integrative effort must, at a minimum, include:

1) Mapping the substrate and stratigraphic framework of the shoreline, inner shelf and related upland environments within a framework of inquiry based upon hypothesis-testing; 

2) Synoptic Observation, sampling, and analysis of coastal oceanographic sedimentary processes and materials (including geochemical components and flux), again within a framework of critical inquiry designed to test hypotheses; 

3) development of Predictive Modeling tools to integrate components 1 and 2 above, and for the purpose of extending knowledge and inference to coastal systems needing improved management but lacking an observational database. 

The goal of this recommendation is to create a new investigative framework at the NSF Geology and Paleontology Program that will shift the investigative style of coastal sedimentology from its traditional profile of single-investigator driven inquiry to a new mode characterized by multidisciplinary/multi-investigator inquiry emphasizing the integrative application of tools and concepts to resolve long-standing coastal science problems. The idea is to conduct research on basic and fundamental coastal sedimentology problems with teams of investigators bringing to bear a spectrum of skills and experiences. Typically, such a team investigation would focus on a single, representative littoral cell and over a period of several years (say 5):

1) Quantify the sedimentary budget of production, flux and storage within a true mass balance framework; 

2) Map the 2-D and 3-D architecture of the littoral cell, and relevant adjacent environments, using shallow-water deep coring, remote sub-bottom imaging, as well as towed and airborne imaging tools to determine substrate variability and change detection at spatial and temporal scales of high resolution;

3) Ascertain through deep coastal coring, dating and other historical tools, the detailed and high resolution history of sediment deposition and flux, and the history of forcing parameters and boundary conditions controlling coastal evolution and geologic framework such as tectonics, sea-level movements, storm and other high-energy events and changes in sediment source and paleogeography;

4) Observe (with in-situ sensors) coastal circulation, wave shoaling and sediment transport patterns for the purpose of improving understanding and developing improved predictability of sediment flux and hydrodynamic forcing to the substrate; 

5) Model morphodynamic, and hydrodynamic observational data and in turn use models to guide the development of more complex and specific observational field programs; 

6) Quantify geochemical flux parameters through the water column and coastal substrates to delineate uptake, sequestration, and remobilization states and thresholds; 

7) Assess and integrate the morphodynamic history of the coastal zone on a range of time scales to improve understanding of its present condition and potential future state. 

In the space of a decade, application of this structure of investigation at key representative coastal sites will greatly improve understanding of the coastal zone and its many complexities to the benefit of coastal societies worldwide.

Improved Understanding

Increasingly, curiosity-driven scientific inquiry along the world’s shorelines and inner shelves provides data that are relevant to supporting informed and wise use of coastal resources. It is now well established among the coastal research community that applied, societally-relevant improvements in understanding arise from investigations of fundamental and basic natural processes, patterns, and histories. Among these improvements are knowledge of how the coastal zone plays an irreplaceable role in the vitality of neighboring environments, and in turn is heavily dependent upon its bordering neighbors for materials and energy. 

For instance, the flux of nutrients, sediments, and geochemical constitutents that descend from the watersheds into the estuaries and embayments of the coastline, provide a ceaseless tide of mineral and organic ingredients that support the substrate morphodynamics and trophic activities of the oceans and their vast communities. Sustained disruptions to this system create a ripple effect of ever-expanding impacts along the abutting shoreline and across the adjoining shelf and shallow sea. Cases exist where upland water diversion has led to decreased estuarine diversity. This, in turn, impacted the dispersal of nutrients and degraded the juvenile nursery stocks in adjoining brackish environments. On adjacent coral reefs, ecologic imbalances were observed in the form of decreased herbivore stocks and increases in the ratio of fleshy & filamentous algae to calcareous algae and coral substrates. A decline in carbonate sediment production eventually results, along with both reef and beach degradation. Ultimately this problem would have been predicted if analyzed from a sedimentary processes point of view with an understanding of material fluxes and budgets, and substrate geochemical processes. 

Recognizing the attributes of improving our knowledge of coastal system processes and patterns, for all the reasons mentioned above, the 1996 National Science Foundation – Ocean Sciences workshop on the Future of Marine Geology and Geophysics (“FUMAGES” [1]) identified to the research community: 

…a need to investigate the basic dynamical and historical components of the shelf and shoreface such that the processes governing system behavior, and the role of antecedent controls, are better understood. There are fundamental scientific questions nested in the societally-relevant issues. 

Also, the Coastal and Marine Geology Program of the U.S. Geological Survey [2] stated in its plan for 1999:

The management challenge faced by all coastal communities is to balance the competing needs of citizens, government, industry, and the environment. Sound marine science is critical for making such management decisions. 

Recent National Science Foundation workshops on Sedimentary Geology [3, 4, 5] and Geomorphology [6] identify the need to change the culture of research from its current status as an individualistic field to one that has a community basis emphasizing common database development, overlapping observational sharing and community modeling tools.

…feel strongly that we would like to encourage a change in the culture of sedimentary geology away from individualistic to community-based, from individually acquired data to the sharing of larger community, industrial, and governmental data bases. The rapid advances in numerical modeling and the success with which these have been applied in the atmospheric and oceanographic sciences tell us that dramatic advances can also be expected in sedimentary geology by choosing similar approaches.

These workshop reports also emphasize that interdisciplinary and basin-scale analyses [3, 6] need to be conducted in an integrated fashion such that a maximum of understanding can emerge from the study of characteristic field sites [7].

…..a commitment to measuring critical mass fluxes throughout a small set of carefully chosen transport systems over time spans long enough to include numerous transport events

…..a focus on an analytical, quantitative approach to measuring and understanding transport processes…..a commitment to an integrated view of the geomorphic system that would include key biological, chemical and physical processes

…..a focus on integrating direct flux measurements with time-averaged measures of erosion and deposition in the system, which calls for a cooperative effort

…..a commitment to the use of field and experimental data as a springboard to begin work on community landscape evolution models, analogous to GCM’s that could be used as general predictive tools to answer questions of both scientific and social interest.

Understanding the linkages within entire sediment dispersal systems requires coordinated interdisciplinary investigations. Capturing this synergy will be important, and has the potential to foster much innovative research.

 As evidenced by these national themes, the research community of sedimentologists is increasingly asking to focus their inquiry onto the world of physical and chemical processes integrated across sedimentary systems that are basin-scale, using interdisciplinary tools for developing community research resources. The results of this approach promise high application in the coastal zone which is naturally divisible into littoral cells that are part of a larger hierarchy of uniform coastal segments and adjoining watersheds representing basin-scale systems. 

A Non-Steady State

Coastal variability, that is, the tendency for all coastal and shoreface marine environments to perpetually undergo change [8], occurs in response to natural processes across a range of spatial, temporal and dynamical scales. The shoreline and inner shelf exist in a non-steady state of dynamic equilibrium with incident energies that are, today, largely unpredictable. The principal agents of coastal change are:

1) Sediment Budget Processes – sedimentary particle production, movement, and storage across a diversity of spatial and temporal scales within defined sedimentary systems and substrates such that a budget of  production, flux and storage can be defined and measured;

2) Tectonic Processes – coastal zone emergence, submergence, flexure and coseismic movements, and associated geophysical processes (e.g., tsunami generation [9]) all of which constitute 3-dimensional shifts in natural sedimentary systems;

3) Marine Energy Processes - waves, currents, storms and other individual events [10, 11], seasonal energy patterns, recognized and unrecognized long-term cycles in incident energy all of which can be observed and measured with the aid of in situ and remote sensors;

4) Relative Sea-Level Movements – eustatic trends, geoidal patterns, ice volume controls and local tectonic processes can govern the position of sea level [12, 13] and therefore the spatial distribution of geochemical and geophysical processes governing coastal sedimentology;

5) Interannual Processes – including oceanographic and meteorologic processes such as ENSO, interdecadal sea-level episodes and cycles, interannual seasonal extremes to sea surface temperatures and  meteorological patterns;

6) Human Impacts – sediment impoundment, source and production decreases, volume depletion, mineralogic flux restrictions, natural energy modifications, carbonate production changes due to reef degradation can all lead to fundamental shifts in natural sedimentary systems;

7) Climate Change – long-term shifts in sea surface temperature [14], upland humidity changes governing sediment source and flux, steric sea-level rise, catastrophic SL rise, carbonate production changes due to seawater acidity and coral bleaching are all related to climate change and need additional detailed analysis of past histories [15] before future trends can be fully understood through modeling [16].

Unfortunately, fundamental knowledge of many of these characteristics is limited to sparse observations of modern variability (often lacking the critically important extreme end members), and limited exploration of records of historical trends (little deep drilling has been achieved in the coastal sedimentary archive). These gaps greatly limit our ability to develop predictive models of morphodynamic variability through time. 

The Fundamentals

Many aspects of coastal change are poorly understood. For instance, scientists have only a rudimentary understanding of how interannual processes (e.g., seasonal wave regimes related to ENSO, interdecadal sea-level oscillations, major river floods at the coast, post-storm downwelling processes) govern sediment sharing across the littoral energy fence. Nor do we possess a comprehensive understanding of the repeatability (or variability) of states of coastal stability or change on the interdecadal scale. What are the temporal and spatial characteristics of physical processes that link the shoreline to the inner shelf on the century to millennial scale?  Which of these nested time scales is responsible for the greatest amount of work in determining the fate of coastal sediments, and the character of the shoreline system at any moment in time? What are the sensitivity thresholds of sedimentological records to any of the variability mentioned above?

The coastal zone, and its myriad processes and historical patterns, has resisted comprehensive modeling. For instance it is still not possible to predict coastal change (in more than vague and general terms) if there is a sediment deficiency, or if sea level were to rise at twice it’s present rate (e.g., under present sea-level rise [2 mm/yr] many shorelines are still accreting, at what rate of rise does the ratio of accreting to eroding shoreline fundamentally change?). Any present attempt at this would find itself without knowledge of the contribution of sedimentary materials from adjoining environments, and so could not quantitatively address the response rate of, say beaches, or wetlands. 

Despite the scientific and societal relevance of research into the nature of decadal to millennial-scale processes and antecedent patterns, there remains a low-level of understanding with regard to several underlying and basic characteristics of the inner shelf and shoreline. 

1) Are there overarching geophysical/biochemical processes governing natural variability in the spectrum of decades to centuries? Can this knowledge be used to change environmental management policies to improve sustainability?

2) How do the inner shelf and shoreline respond to melt-water pulses and changes in the rate of sea-level movement resulting from periods of global change? How will modern coastal systems respond to future accelerations in sea-level rise resulting from steric heating and meltwater flux?

3) Can higher resolution studies of coastal morphodynamics during previous interglacial, or interstadial states improve our understanding of the modern shoreline and inner shelf?

4) What role do morphodynamic beach states play in governing sediment flux across the littoral energy fence? Do decadal-scale processes govern large-scale coastal change? When does most of the work determining the fate of sediment occur?

5) What is the repeatability of states of stability?  Are coastal zone dynamics and behavior predictable on any temporal or spatial scale? Do random interannual high-energy events govern shoreline variability?

Additionally, the geologic record of global change events and patterns is particularly well-preserved in coastal archives and their study is a necessary component for testing global circulation models and separating natural change from anthropogenic influences. Despite this value, nearly all NSF marine sedimentary research resources are funneled into deep-sea drilling efforts that answer few questions pertaining to the temporal span covering the rise of human civilizations, and the resultant environmental stresses on the favored ecological niche of human settlements, the coastlines.

Nested Investigations

Answering these questions is possible, though difficult. The nature of coastal morphodynamical change is best understood to the fullest extent through the innovative and interdisciplinary application of multiple investigative tools from allied fields of chemical and physical science. True advances in coastal understanding will emerge from nested investigations involving teams of interdisciplinary researchers and their tools. 

These include: 

1) Sensors to collect physical oceanographic observations of waves and currents, 

2) The ability to collect deep cores in shallow environments,

3) Samplers to determine the physical and chemical character of coastal deposits and sediments in flux, 

4) Imagers to map the structure and change of coastal sedimentary environments, 

5) Laboratories to quantify geochemical and geophysical parameters of sediments and fluids, 

6) Numerical models with the ability to unify and integrate observational databases as well as improve prediction of unobserved phenomena and future patterns. 

There is no unique disciplinary domain for this work. Sedimentologists, geochemists, physical oceanographers, and marine biologists are all needed to weave the cloth of understanding coastal change. No single phenomenon in the coastal zone exists in isolation. All physical and chemical processes there are part of a temporally and spatially complex network that will not be fully understood until investigated in a research framework that is comprehensive and interdisciplinary.

The underlying structure behind nested investigations should follow variations across a three-tiered integrated hierarchy consisting of the following themes: environmental mapping, observations of morphodynamic processes, and quantitative modeling to expand and integrate observations across the mapped framework. Each of these is considered below.

1) Environmental Mapping Perhaps the most fundamental role of the geologist is to map Earth’s surface. Mapping within the coastal zone [17] takes on the character of a 3-dimensional investigation of the distribution of energy and materials across a particular environmental setting [8]. Mapping is a critical first step to understanding the structure and function of present and past sedimentary systems. Mapping should also include subsurface investigations. To understand the history of sedimentary processes it is necessary to obtain core samples representing antecedent environments, or to otherwise image the subsurface structure of coastal deposits. This will provide for quantitative definition to be assigned to the rate of former environmental changes and sedimentary processes, and the production and storage mass of mineralogic as well as biolithologic materials. Mapping can include remote sensing from ship, satellite or aircraft as well as ground- or benthic-based measurements of materials and their geologic framework. Mapping includes sub-bottom imaging as well as surface characterization. It is from mapping, and the detailed ground-truthing investigations that must accompany the classification of substrate variability, that hypotheses can emerge regarding the role of past events that force changes in coastal sedimentary environments [7], as well as the relative capacity of modern processes to influence the character of the sedimentary system. Mapping provides definition to the significant components of sediment budgets, which, if rigorously quantified through synoptic observations of dynamic processes, can provide important and far-reaching improvements in understanding the coastal environment. Indeed, nearly all significant agents of coastal change will first be recognized and incorporated into hypothesis building through detailed and comprehensive mapping.

2) Synoptic Observations of Dynamic Processes and Sedimentary Materials Without quantitative information on the incident climate of waves, winds, and currents that are responsible for sediment motion on the shallow shoreface and shoreline, it will never be possible to understand the processes responsible for coastal change or their history. Knowledge of dynamic processes is one very critical component to improving our ability to model environmental patterns and trends. It is impossible to divorce the role of the sedimentologist from that of the coastal physical oceanographer. Without an understanding of the dynamic processes driving sediment budgets, and the distribution of energy across all coastal environments, maps will just be clues to coastal diversity rather than keys to unlocking true understanding. For this reason, it is of critical importance that synoptic observations of the wave field and nearshore currents and circulation patterns become a standard part of the menu of interdisciplinary sedimentological research along the coastal zone and inner shelf. Included with the building of a dynamic processes database should be the performance of field experiments using in situ sensors designed to understand 3-dimensional circulation patterns responsible for particle flux and accumulation. High resolution stratigraphic and bathymetric change-detection experiments, small instrument platforms able to resist high wave forces, real-time data delivery to onshore recording stations, rapid response teams able to capture before and after datasets of episodic events such as storms, collaborative studies of 4-dimensional (x, y, z, t) particle production/flux/and storage/fate, and model development and testing with observational data sets of morphodynamical processes - these are approaches that must be implemented with greater frequency and geographic diversity.
Let us not forget that geochemical processes (e.g., gross carbonate precipitation, methane escape from organic-rich substrates, air-water mixing phenomena, and other gas and dissolved component flux) are critical aspects of substrate evolution. The biological imprinting that is so important on coastal substrates, and that determines substrate role in both the modern environmental system and the stratigraphic record, is often in equal parts controlled by geochemical and geophysical processes. Synoptic observations of dynamic processes must include geochemical processes in the work. Lastly, part of the design in this section of effort is meant to incorporate laboratory analysis of sedimentological materials including samples of substrate, stratigraphic samples, fluid and dissolved components and other materials whose analysis will result in improved understanding of dynamic processes.
3) Predictive Modeling All of the white papers and reports referenced earlier point to the need to develop improved predictive modeling as a crucial direction for the future of sedimentological and geomorphic research. To accomplish integration across scales and environments, we must forge strong partnerships between modeling and observations. While this coupling is not new, it must set the course for future study. Commonly, sediment transport models exceed our ability to verify them [1], however, they have, and must continue to guide the observations before true progress is achieved in understanding the agents governing dynamic change in the coastal zone. Models are also a critical link to improving our interpretation of the stratigraphic record of past environmental shifts in response to fluctuations in sedimentological conditions and atmospheric/oceanographic change.
Modeling has developed into an important tool for improving our understanding of the processes that build stratal architecture [18]. Morphometric models begin with the geometry of measured strata and, running backwards through time, successively strip off sedimentary layers to duplicate past sea floor morphologies and substrate conditions. Numerical deposition models attempt to mimic sediment transport into and through a basin by assigning values to the major components of sediment budgets, then, with time running forward from some past starting point, strive to duplicate stratal geometry observed through sub-bottom imaging techniques (acoustic profilers). A third form of modeling stratigraphic architecture relies upon scaled flume experiments to provide empirical relationships designed to represent field-scale conditions [18]. One weakness of stratal modeling has been the limited sample archive of shallow-water sections, a result of poor funding for deep-drilling in nearshore regions, thus limiting our ability to anchor models to verifiable aspects of the rock record. 
Modeling is also a significant aspect of developing improved ability to understand and predict dynamic processes. Fundamentally, three types of dynamic models are commonly employed by those studying dynamics: conceptual, empirical, and numerical. Conceptual models serve the important role of enlarging ones thinking regarding a particular problem and also strengthening communication with an audience of peers from whom critical input can improve understanding. Empirical models have the advantage of evolving through the use of scaled coefficients into better predictors of specific conditions, but they tend to be based upon probabalistic arguments rather than true understanding. Numerical models, if theoretical in approach, are presently still simplistic in the face of nonlinear, stochastic conditions with multiple physical agents, but they typically lead to true predictive ability when accounting for the major agents of dynamical change across the shoreface and shoreline. The importance of all models, both conceptual and numerical, is that they serve to unify the endeavors of various investigators who otherwise focus on different process time scales and spatial scales. For example, cross-shore transport models rely on sediment-transport equations that are based on small-scale considerations, together with observations of the overall response of the beach morphology to changing wave conditions. While unifying what is known, the level of disagreement between the numerical model and observations serves to illustrate what remains poorly understood and what should be the focus of future research, and can even serve to devise measurement schemes [1]. It is apparent that the development of improved models provides linkages between investigators who are otherwise focusing on a limited area within specific time/space ranges. At present, linkages still remain limited, but one can envision an entire range of time scales involved in process models and a full range of sediment features and morphologies covered by series of linked 3-dimensional models into a unified whole, into a general theory of ocean margin sedimentation [1].

A Research Conference

On November 9-12, 1999 a research conference attended by international scientists active in the broad field of coastal sedimentology/tectonics/and eustatic change, will convene at the University of Hawaii, Manoa Campus in Honolulu. The conference, The Non-Steady State of the Inner Shelf and Shoreline: Coastal Change on the Time Scale of Decades to Millennia in the Late Quaternary, is sponsored by the National Science Foundation Geology and Paleontology Program in partnership with the International Geological Correlation Program Project #437 “Coastal Environmental Change During Sea Level Highstands.” Other key sponsors include the U.S. Geological Survey Coastal and Marine Geology Program and the Hawaii Sea Grant College. This is a pre-conference report. Conference sponsors will take advantage of the presence of a cross-section of over 100 national and international coastal scientists to assess critical future directions in coastal change research. 

To provide comments, or with questions, please contact:

Chip Fletcher, Professor

Department of Geology and Geophysics, POST 721

University of Hawaii, School of Ocean and Earth Science and Technology (SOEST)

Coastal Geology Group

1680 East-West Rd, Honolulu HI 96822

808-956-2582 phone; 808-956-5512 fax

fletcher@soest.hawaii.edu    http://www.soest.hawaii.edu/coasts
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