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As communities grapple with rising seas and more frequent flooding events, they need improved projections of future rising and flooding over multiple time horizons, to assist in a multitude of planning efforts. There are currently a few different tools available that communities can use to plan, including the Sea Level Report Card and products generated by a United States. Federal interagency task force on sea level rise. These tools are a start, but it is recognized that they are not necessarily enough at present to provide communities with the type of information needed to support decisions that range from seasonal to decadal in nature, generally over relatively small geographic regions. The largest need seems to come from integrated models and tools. Agencies need to work with communities to develop tools that integrate several aspects (rainfall, tides, etc.) that affect their coastal flooding problems. They also need a formalized relationship with end users that allows agency products to be responsive to the various needs of managers and decision makers. Existing boundary organizations can be leveraged to meet this need. Focusing on addressing these needs will allow agencies to create robust solutions to flood risks, leading to truly resilient communities.
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INTRODUCTION

Sea level rise is a real and present effect of climate change that is already impacting communities globally. The sea level is rising globally due to the thermal expansion and melting of land glaciers and ice sheets (Church and White, 2011), but that process is not uniform around the world. Regionally, there are other processes that can affect the rate of sea level changes (e.g., vertical land motion, ocean circulation changes, and weather events) relative to the land (known as relative sea level or RSL). The combined effects of these global and regional processes can lead to recurrent flooding events that are rapidly increasing in frequency and magnitude (Sweet and Park, 2014). These events pose a threat to coastal communities; human life and health; ecosystems and infrastructure; and require large efforts to prepare for and mitigate potential damage.

For communities to be able to adapt to and plan for the increasing frequency and severity of these events, they need access to appropriate information in a timely fashion and usable format. We discuss in this paper a number of products representing progress toward that goal. We also examine a few case studies of communities that are directly experiencing these more frequent effects of sea level changes today and look at how they are adapting.

NEEDED INFORMATION FOR COMMUNITIES TO PLAN

The most critical information communities need for planning is an understanding of the likely extent and impact of future flooding on a local scale, which emphasizes RSL rise rates – and associated extreme water levels – rather than global or regional sea level rise. RSL rise can be highly variable across relatively short distances (Boon et al., 2018) and on various timescales due to the interaction of ocean dynamics, local drivers of subsidence and tectonic activity. Therefore, increasing resilience to future flood events requires that localities have a good grasp on changing conditions at their specific location for different time horizons, and how their decision-making may alter future RSL rise rates (e.g., intense groundwater withdrawal can exacerbate local subsidence). In addition, they need to understand how rising water levels will impact infrastructure, such as roads, corrosion of underground service pipes, storm sewer networks and buildings under normal and storm conditions.

To help communities plan, a broad network of tide and land subsidence monitoring is needed to compare local conditions (short term) to long term changes at historical NOAA tide gauge stations (e.g., for the United States East Coast, Figure 1). These networks serve three purposes: they reduce the uncertainty inherent in extrapolating water levels to locations remote from established gauges, they capture geographically small-scale processes, and they serve as an early warning system of human-induced changes to RSL. Comparing annual trends between such newly added stations and the existing NOAA tide gauges will allow for the earlier detection of impacts of local changes due to altered hydrodynamic conditions (such as those resulting from dredging) or altered local subsidence. Where changes are due to human action (e.g., groundwater withdrawals), corrective actions can be taken to reduce RSL rise rates and increase resilience.
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FIGURE 1. (Left) Location of 43 tide gauges along the United States East Coast (yellow triangles) overlaid on SLR rates estimated from satellite-altimetry for the time period of 1993–2015. (Right) 1-year low passed time series of sea level observations at the 43 tide gauges along the United States East Coast. Time-series are offset by 1.5 cm between consecutive tide gauges for display purposes, and rates of SLR for individual tide gauges are shown to the right for the time period of 1985–2015.



It is informative to know how local RSL rise has changed respective to regional and global trends over the last several decades; however, using historical data for long-term projections (e.g., end of century) may not be appropriate as future warming is likely to continue to drive an increasingly accelerated rise (e.g., Church and White, 2011; Sweet et al., 2017a) which cannot be captured in a historic record. However, sufficiently long data records of about 50 years (Boon and Mitchell, 2015), capturing important modes of variability such as annual and decadal cycles (Menéndez and Woodworth, 2010), may provide some predictive capacity important in shorter time scales, which is very important for immediate planning purposes and horizons (e.g., <30 years). This planning horizon is appropriate for many municipal-level adaptations and fits into their decision-making processes (e.g., The World Bank, 2010; Public Water Supply Utilities Climate Impact Working Group.Workshop [PWSUCIWG], 2012; Mitchell et al., 2013). For longer planning horizons (e.g., 50–100 years in the future), which are critical for risk management associated with large scale projects and projects with long lifespans, scenarios of regional sea level rise (Sweet et al., 2017b) are recommended. These projections are based on global-process models, incorporating the impact of changing climatic (over land in the ocean and atmospheric) conditions on sea level variables. They provide multiple scenarios which allow the consideration of uncertainty to be incorporated into planning efforts; leading to more robust decision making.

Moving from scenarios of projected water levels to those of projected flood impacts can be done simply, using “bathtub” mapping, where water levels are raised evenly across a digital elevation surface; but for some planning efforts, incorporating hydrodynamic models in to RSL rise mapping can provide localities with more realistic outcomes. The first type of model is useful for broad assessments of potential impacts, such as determining lifespans of roads; areas unsuitable for residential construction; and where adaptation strategies should be targeted. More detailed analyses, such as the impact of different adaptation solutions (e.g., adding tide gates, sea walls, constructing living shorelines, and elevating structures), or incorporating stormwater drainage systems into planning considerations, benefit from more dynamic models (Loftis, 2014; Wang et al., 2014). This approach requires high resolution elevation data, highly predictive models, and robust validation measures. For example, in Hampton Roads, Virginia, a street-level flooding model was compared to nearly 60,000 crowd-sourced GPS “King Tide” water levels, to validate inundation predictions (Loftis et al., 2017). The crowd-sourced data was used to improve the model fit, particularly in areas where tree cover, bridge overpasses, and culverts resulted in poor Lidar coverage. Validating hydrodynamic models with integrated observations from sensors to citizen science is useful to compare impacts of different resilience strategies, thus improving decision making (Loftis et al., 2018).

TOOLS CURRENTLY AVAILABLE

Sea Level Report Card

Sea-Level Report Cards1 are an annually updated, web-based tool used to monitor and project changes in the sea level at 32 tide gauges along the United States coastline. Each station has three components:

(1) Projection of sea-level height to the year 2050

(2) Display of recent trends in the rates of sea-level change

(3) Explanation of processes affecting the sea level at each locality

The history and projections of each tide gauge can be used to inform management and, therefore, aid in potentially reducing future flood impacts by helping localities understand which forcing processes are most important to the long-term record and how their area may vary from others along their coast. Annual monitoring allows for early identification of changes in trends which might alter sea level trajectories, changing future forecasted water levels.

Federal Sea Level Rise and Coastal Flood Hazard Scenarios and Tools Interagency Task Force

A Task Force was convened in 2015 to coordinate the development and effective delivery of foundational scientific data products, information systems, and analyses to support hazard mitigation and risk management planning and decision-making in the coastal zone. These include products related to historical and future global, regional, and local SLR and associated extreme water levels, coastal flooding, wave action, coastal erosion, and shoreline changes. Its first major deliverable was the development of gridded future scenarios of relative SLR for the entire United States coastline (Sweet et al., 2017b) and the results of this work were made available via an interactive website supported by NOAA2 and by the United States Geological Survey (USGS3). The scenarios adjusted upward global mean sea level (GMSL) rise amounts based on new science since from the Third National Climate Assessment (NCA) (Parris et al., 2012). The NCA’s revised range of 0.3–2.5 m GMSL rise by the year 2100 spans the range of scientifically plausible future SLR across a variety of assumptions about future greenhouse gas emissions, climate system responses to those emissions, and the behavior of the Greenland and Antarctic ice sheets. The approach of Kopp et al. (2014) was leveraged to provide estimates of the probability of GMSL rise and underlying contributing processes, conditional upon greenhouse-gas emission scenarios.

These global scenarios were then used to derive regional SLR responses on a 1-degree grid covering the coastlines of the United States mainland, Alaska, Hawaii, the Caribbean, and the Pacific island territories, as well as at the locations of individual tide gauges in between these grid cell centers. These regional scenarios were provided for six discrete GMSL rise scenarios, referred to as Low (0.3 m), Intermediate-Low (0.5 m), Intermediate (1.0 m), Intermediate-High (1.5 m), High (2.0 m), and Extreme (2.5 m). GMSL was then adjusted to account for key factors important at regional scales, including:

(1) Shifts in oceanographic variables such as circulation patterns;

(2) Changes in the Earth’s gravitational field and rotation, and the flexure of the crust and upper mantle, due to melting of land-based ice; and

(3) Vertical land movement (VLM; subsidence or uplift) due to glacial isostatic adjustment, sediment compaction, groundwater and fossil fuel withdrawals, and other non-climatic factors.

Follow-on work of the Task Force used the SLR scenarios to produce future decadal estimates of high tide flood frequencies, whose impacts would be some of the first impacts of SLR and likely force initial adaptation responses (Sweet et al., 2018). A subset of the high tide flood frequency projections is available at: https://crt-climate-explorer.nemac.org/. Currently, NOAA is tracking mean sea levels relative to these scenarios to assist locations in monitoring the trajectory of local sea levels (e.g., see “Regional Scenarios” for Norfolk VA). Currently, most locations more or less track the “Low Scenario,” since this scenario is basically a local/regional manifestation of the 3 mm/year global rise rate over the last couple of decades. Future projections are expected to rise somewhere between 0.5 and 1.0 m, which represent the low-end and high-end of likely rise (17th and 83rd%) under Representative Concentration Pathways (RCP) RCP4.5 and RCP8.5 conditions. This set of authoritative Federal interagency scenarios has been integrated into a variety of coastal risk management tools and capabilities deployed by individual agencies, including NOAA’s Sea Level Rise Viewer (see text foot note 3), the USACE Sea Level Calculator4, and the USGS Coastal Change Hazards Portal– as well provided online through an interactive GIS interface and associated story map5.

We only present a couple of examples of available tools, but there are other available resources publicly available such as Sea Level Rise Viewer6, Digital Coast7, NASA’s Sea Level Change page8 to offer additional information for planning purposes.

CASE STUDY: UNITED STATES EAST COAST SEA LEVEL CHANGES

Some areas around the world are more vulnerable to SLR than others. Here we present one study of a vulnerable shore.

The United States East Coast includes several highly populated and low-lying urban areas that are affected by recurrent nuisance flooding events during high tides, making this region particularly vulnerable to SLR. Nuisance flooding events, which are defined by the National Weather Service as flooding between about 0.3 and 0.7 above high tide, have been increasing in frequency along the United States East Coast, and are further projected to intensify during this century (Sweet et al., 2018). Even though these events are not usually associated with damaging flooding conditions, they can cause disruption of sensitive services including urban transportation (e.g., Suarez et al., 2005), degradation of wastewater (e.g., Flood and Cahoon, 2011), and saltwater intrusion in aquifers (e.g., Sukop et al., 2018). In order to maintain resilient coastal communities, planning and adaptation efforts are already in place in many large cities including Miami (Miami-Dade County, 2010) and New York City (Rosenzweig and Solecki, 2010). Sea level changes are continuously monitored along the United States East coast by 43 NOAA tide gauges (Figure 1). In addition, Sea-Level Report Cards9 provide easy access to the latest updates on SLR rates and changes along this region, allowing stakeholders, coastal managers, and planners to prepare accordingly. It shows, for example, that over the past several decades, the sea level has been increasing steadily along the United States East Coast at rates ranging from 1.2 to 5.1 mm per year, with an estimated linear (quadratic) increase in sea levels by 2050 of 13 cm (24 cm) in Key West, FL, and of 29 cm (49 cm) in Norfolk, VA, United States. Which trend (linear or quadratic) best explains the current trajectory, varies from location to location. An analysis of this question can be found in Boon and Mitchell (2015). Processes linked with ocean heat uptake (steric SLR) and polar ice sheets melting are also identified as the primary drivers for long-term SLR in the region. The combined effect of various global and regional forcing mechanisms mentioned previously, can determine the mean sea level and the occurrence of flooding above a local threshold, generally during high amplitude spring tides. Ocean Dynamics, for example, even though indicated as a negligible driver for long-term SLR in the United States East Coast Sea-Level Report Card, are known for driving sizeable contributions to coastal nuisance flooding in the region over short timescales (e.g., Sweet et al., 2016; Baringer et al., 2017). Table 1 (adapted from Sweet et al., 2017b) summarizes some of the key components causing sea level changes, along with their dominant timescale and response magnitude.

TABLE 1. Spatial and temporal scales of geophysical processes affecting water levels.
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Over the past few years, recurrent flooding conditions in major cities along the United States East Coast such as New York City, Norfolk, Miami, and others (see Figure 6 of Sweet et al., 2018) have attracted particular attention from the media, and from the scientific community in search of answers for potential driving mechanisms. Some of the key mechanisms identified include those linked with natural modes of variability such as the North Atlantic Oscillation (NAO) and the El Nino Southern Oscillation (ENSO) (e.g., Sweet and Marra, 2015; Valle-Levinson et al., 2017; Sweet et al., 2018), which can modulate both mean sea level or synoptic variability (storm track tendencies). Sea level changes associated with these modes will generally result from variations in atmospheric pressure (Piecuch and Ponte, 2015), near-shore wind conditions (Woodworth et al., 2014; Thompson and Mitchum, 2014), and in large-scale ocean heat content in the region (Domingues et al., 2018). For example, it was estimated that about 50% of the observed sea level rise of ∼8 cm along the Northeast United States Coast during 2008–2010 was accounted for by low atmospheric pressure conditions observed, linked with an extremely low NAO (Piecuch and Ponte, 2015). From 2010 to 2015, increase in atmospheric pressure linked with near-neutral NAO conditions accounted for a net decline of 5–10 cm in the sea level between Cape Hatteras and Eastport. Over the same time period, a rapid increase of over 10 cm in the sea level along the Southeast United States coast was largely caused by the warming of the Florida Current, which can account for year-to-year changes in the sea level as large as 20 cm (Domingues et al., 2018).

In addition to natural modes of variability along the United States East Coast, work toward understanding the variability from western boundary currents (Florida Current and Gulf Stream), has been studied for their impact on sea levels. The underlying geostrophic dynamics of these currents imply that the cross-stream slope of the sea level is proportional to the intensity of their flow. In general, a decline of 1 Sv (1 Sv = 106 m3 s–1) in their transport can cause a 0.5–5.0 cm rise in sea levels along the United States East Coast (Ezer et al., 2013; Woodworth et al., 2014; Goddard et al., 2015; Ezer, 2016; Sweet et al., 2016). This is important, as changes in the Florida Current and Gulf Stream transports can result from various forcing mechanisms (i.e., baroclinic Rossby waves originated in the east North Atlantic) that may take years to reach the United States East Coast (Domingues et al., 2016; Calafat et al., 2018). In addition, because changes in the Florida Current transport can amount to ∼10 Sv change (Schott et al., 1988; Meinen et al., 2010), it is common for widespread nuisance-flooding events along the United States East Coast to coincide with low transport (Sallenger et al., 2012; Ezer and Atkinson, 2014; Sweet et al., 2016; Baringer et al., 2017). In fact, the increased sea level rise observed in the Northeast United States coast during 2008–2010 was pre-dominantly attributed to a weakening by 30% of the Gulf Stream and AMOC (Ezer, 2015; Goddard et al., 2015).

CONCLUSION

The information needed for robust sea level rise resilience planning requires an understanding of the drivers of sea level rise, and how those drivers are changing and interacting with local conditions. This is an active area of research, but there are still several questions that have been raised here that require further work. Having nationally available, locally tailored, toolbox solutions can help efficiently advise planning, mitigation practices, and emergency management protocols at a community scale. A number of tools have been developed over the past few years, which are being incorporated into resilience planning in some areas, but nothing yet on a national level in the United States. These types of products must be continually updated and informed by the most recent scientific understanding in order to be useful. This requires a commitment by local, state and federal decision makers to support tool maintenance. In addition, the existing tools are aimed at reducing flood impacts. Other sea level rise impacts (e.g., salinization of water supply) have received far less attention. The creation of tools to address these impacts should be considered a priority.

The two largest needs that agencies need to coordinate efforts on are integrated models and defined end user engagement processes. Integrated models would combine both multiple flood pathways (e.g., sea level rise, precipitation, and built infrastructure) into a single model. In addition, they should communicate in multiple ways to meet the needs of different stakeholders. Some stakeholders will want a single planning target (for example, the worst-case extent of flooding in 2050 under sea level rise and a major hurricane) while other stakeholders prefer flood probabilities that are more analogous to the current 100- and 500-year flood plains. Accomplishing risk communication in formats most relevant to end users leads directly to the need for a defined engagement process. Formal and responsive relationships between scientists and end users may be mediated through existing boundary organizations. Boundary organizations are already engaged in a two-way dialog with end users, both in translating science and understanding local issues. Therefore, they are perfectly placed to act as intermediaries; however, a formal structure of communication still needs to be developed. Tackling these two needs is possible within the next decade and agencies should be encouraged to take this holistic approach to addressing challenging problems such as sea level rise. Focusing on addressing these needs will allow agencies to create robust solutions to flood risks, leading to truly resilient communities.
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FOOTNOTES

1
http://www.vims.edu/research/products/slrc/index.php

2
https://coast.noaa.gov/slr/

3
http://arcg.is/1He0Tz

4
http://corpsmapu.usace.army.mil/rccinfo/slc/slcc_calc.html

5
http://usgs.maps.arcgis.com/apps/Cascade/index.html?appid=668f6dc7014d45228c993302d3eab2f5

6
https://coast.noaa.gov/digitalcoast/tools/slr

7
https://coast.noaa.gov/digitalcoast/

8
https://sealevel.nasa.gov/

9
http://www.vims.edu/research/products/slrc/compare/east_coast/index.php
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