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Abstract Rising sea level represents a significant threat to coastal communities and ecosystems,
including altered habitats and increased vulnerability to coastal storms and recurrent inundation. This
threat is exemplified in the northern Gulf of Mexico, where low topography, marshes, and a prevalence
of tropical storms have resulted in extensive coastal impacts. The ability to facilitate adaptation and
mitigation measures relies, in part, on the development of robust predictive capabilities that incorporate
complex biological processes with physical dynamics. Initiated in 2010, the 6-year Ecological Effects of Sea
Level Rise—Northern Gulf of Mexico project applied a transdisciplinary science approach to develop a
suite of integrated modeling platforms informed by empirical data that are capable of evaluating a range
of climate change scenarios. This special issue highlights resultant integrated models focused on tidal
hydrodynamics, shoreline morphology, oyster ecology, coastal wetland vulnerability, and storm surges
that demonstrate the need for dynamic models to incorporate feedbacks among physical and biological
processes in assessments of sea level rise effects on coastal systems. Effects are projected to be significant,
spatially variable and nonlinear relative to sea level rise rates. Scenarios of higher sea level rise rates are
projected to exceed thresholds of wetland sustainability, and many regions will experience enhanced
storm surges. Influenced by an extensive collaborative stakeholder engagement process, these assess-
ments on the coastal dynamics of sea level rise provide a strong foundation for resilience measures in the
northern Gulf of Mexico and a transferable approach for application to other coastal regions throughout
the world.

1. Introduction

One of the most prominent and measureable consequences of Earth’s changing climate is that global mean
sea level is rising at an accelerating rate according to long-term tide gauge records and satellite altimetry
[Church and White, 2006, 2011; Jevrejeva et al., 2006, 2008; Nerem et al., 2010; Hay et al., 2015]. The sea level
rise (SLR) phenomenon will have effects that are observable during the lifetimes of key coastal stakeholders
such as commercial, subsistence and sport fishermen, the shipping industry, resource managers, scientists,
engineers and government agencies. These effects will ripple outward into the global economy, eventually
reflecting back to the coastline, and then outward again as the larger system seeks an unattainable equilib-
rium. This distills our overarching principle when studying the effects of SLR on coastal systems: we must
acknowledge the interactions and feedback between the various hydrodynamic, morphologic, biologic,
and anthropogenic systems of the process. To begin, we focus our efforts on low-gradient coastal systems
in the northern Gulf of Mexico (Figure 1).

The term “low gradient” generally refers to the topographic and bathymetric profile of a coastal system
with relatively flat topography comprised of estuaries, marshes, shifting barrier islands, and a wide conti-
nental shelf. The low-gradient coastal systems in the northern Gulf of Mexico are also microtidal (tide range
less than 1 m), exhibiting mixed diurnal and semidiurnal cycles [Hayes, 1979]. For a review of low-gradient
coastal landscapes and past approaches to modeling them, see Passeri et al. [2015]. In that paper, the tran-
sition from simplistic “bathtub” SLR modeling to a dynamic approach is traced, and evidence for the value
of the latter is presented in the context of past work toward that goal.
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Figure 1. The low-gradient coastal land margin of the northern Gulf of Mexico including Mississippi, Alabama, and Florida and the location of the National Estuarine Research

Reserve for each state.

Selection of the research setting is crucial to ensure a strong coastal stakeholder community committed
to making significant contributions of resources, such as facilities, manpower and local expertise. We were
extremely fortunate to find these partners through the National Estuarine Research Reserve (NERR) Pro-
gram. The NERRs (Figure 1) at Grand Bay (Mississippi), Weeks Bay (Alabama), and Apalachicola (Florida)
provide the perfect combination of coastal system diversity (marine, mixed, and estuarine, respectively),
as well as access to personnel, stores of historic data and local knowledge, laboratory and presentation
facilities, and community outreach infrastructure. Furthermore, because the NERR program is administered
by the National Oceanic and Atmospheric Administration (NOAA) in conjunction with state environmental
agencies, it offers a natural fit in terms of administrative expediency and synergistic objectives. The details
of this symbiotic relationship, and what we achieved as a result, will be of great benefit to future studies
that seek to emulate and enhance this collaborative approach [see DeLorme et al., 2016].

2. Genesis

As described in DeLorme et al. [2016], the Ecological Effects of Sea Level Rise—Northern Gulf of Mexico
(EESLR-NGOM) was initiated by NOAA in 2010 following stakeholder engagement that identified key
management needs and knowledge gaps. EESLR-NGOM sought to advance SLR modeling and predictive
capabilities beyond traditional bathtub approaches and toward integrated dynamic models. Focused
on the effects of SLR on storm surge, coastal marshes, oysters, and submerged aquatic vegetation and
incorporating routine feedback from regional stakeholders, the realization of a dynamic coastal mod-
eling framework resulted in a paradigm shift in the methodology for examining coastal resilience and
vulnerability to SLR.

The process diagram shown in Figure 2 illustrates our integrated approach to this study. Our end goal was
to produce tools in the form of actionable information and applications that coastal resource managers
could implement to deliver societal and ecosystem benefits. This is achieved by capturing the feedback
mechanisms not only in the physical and biological processes, but also those resulting from the relationship
between humans and the coastal environment.
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Figure 2. A process diagram for the coastal dynamics of sea level rise.

The paradigm shift in modeling the coastal dynamics of SLR begins with an understanding that carbon
emission scenarios influence climate responses, such as a rise in atmospheric temperature that results in sea
level change. This phenomenon further stimulates changes to coastal-related processes such as shoreline
morphology, barrier islands, coastal dune systems, salt marsh productivity and migration; and influences
patterns in land use/land cover (LULC) change. Our efforts during the EESLR-NGOM project encompassed
the development and modification of climate change scenario-driven dynamic models.

3. Collected Data

A suite of physical and biological models were employed to simulate the behavior of the various processes
that affect the response of the coastal systems to SLR. As an interdisciplinary effort, each model was over-
seen by an expert, or, in some cases, the original developer. The key objective for this integrated modeling
approach is to capture the feedbacks among physical and biological responses to SLR through an investi-
gation into the initial conditions for each model. Accurate initial conditions that represent the state of the
system at a given time are essential to this modeling approach. These initial conditions were comprised
of collected earth data (e.g., lidar-derived topography, surface roughness, tidal constituents), field and lab
experiments (e.g., marsh bioassays, accretion rates), and global climate change scenarios (e.g., SLR rates,
future precipitation estimates). Data collection and bioassays were completed at the three NERRs in the
northern Gulf of Mexico.

For wetlands, location within an estuary or shoreline shifts in response to changes in sea level and dynamics
of the intertidal zone. These changes, particularly those associated with rises in sea level, are a function of
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Figure 3. Adjustments to the digital elevation model of the coastal marsh that were essential to capturing the wetting and drying
regime of the system.

the wetland'’s ability to accrete both organic and inorganic material to elevate the marsh platform. Charac-
terizing this dynamic vertical position of the coastal marsh starts with a lidar-derived digital elevation model
(DEM) provided by the Northwest Florida Water Management District (http://www.nwfwmdlidar.com/) and
Apalachicola River surveyed bathymetric data from the U.S. Army Corps of Engineers, Mobile District, and
others. Due to a high bias in the marsh topography documented by Medeiros et al. [2015], the DEM was
adjusted based on remotely sensed biomass density. While this procedure reduced the high bias of the
DEM by nearly 40%, further adjustment was necessary. This was accomplished by lowering the DEM at the
southeastern edge of the salt marsh where the vegetation is densest and linearly decreasing the adjust-
ment value to zero moving upriver to the northwest (Figure 3). These adjustments were necessitated by the
observation that the majority of the marsh platform was incorrectly characterized to be above mean high
water (MHW), which is infeasible for these systems. If the marsh platform elevation were allowed to remain
above MHW, the hydroperiod would have been grossly misrepresented, thereby causing a chain reaction
that would affect the sediment supply and biomass density predictions.

While Medeiros et al. [2015] improved approaches for deriving elevation in marshes, Morris et al. [2016]
focuses on the collection of data required to inform a biological model of wetland productivity and eleva-
tion [Morris et al., 2002; Hagen et al., 2013; Alizad et al.,, 2016a, 2016b]. Intertidal sediment parameters (e.g.,
bulk density) derived from data obtained through EESLR-NGOM are combined with samples from over 30
tidal and freshwater wetland sites across 14 states. Striking in this analysis, representing over 5000 discrete
measurements, is fidelity in the relationship between organic matter (loss on ignition) and bulk density
[see Figure 1, Morris et al., 2016]. This relationship permits calculation of an empirically based indication of
baseline relative SLR rates that represent a possible tipping point for marsh function decline. Thus, absent
acute inputs of sediment (e.g., storm events) or deltaic inputs, Morris et al. [2016] suggests that many East-
and Gulf-coast marshes can only sustain SLR rates up to 0.5 cm/yr, and relative SLR levels above this would
potentially result in marsh decline and loss.
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4. Integrated Models With Dynamic Results and Assessments

The integrated modeling framework of EESLR-NGOM utilized SLR projections developed by Parris et al.
[2012] for the year 2100 of low (0.2 m), intermediate-low (0.5m), intermediate-high (1.2m), and high
(2.0 m). These projections were then linked to an individual carbon emission scenario; for example, the
A2 carbon emission scenario corresponds to the high SLR scenario. Each scenario was linked to a specific
landscape profile that included shoreline position and profile, dune height, state of a marsh system, and
LULC. This linkage permitted seamless communication within the EESLR-NGOM multimodel framework
and ultimately, via the SLR scenarios, back to the associated carbon emission scenarios.

With this context, and by building on field-derived input data and climate and coastal scenarios, a 2-D
ADvanced CIRCulation hydrodynamic model and a 1-D marsh equilibrium model [MEM; Morris et al., 2002]
were applied for finite time periods. The results of these intermediate simulations were then fed back
into the models for simulation of the next sequential time period. For example, the inundation of coastal
salt marshes as a result of SLR caused a decrease or elimination of above-ground biomass density, which
changed the surface roughness of the terrain and potentially affected the hydrodynamics of the system
in the next time step. In addition, projections of SLR and coastal development were incorporated into
the modeling workflow to describe the future state of the system as accurately as possible. This process,
coupling system hydrodynamics and biological function [Hagen etal.,, 2013; Alizad et al., 2016a], results
in a modeling framework entitled Hydro-MEM and represents one of the first dynamic modeling systems
capable of predicting marsh response to varying scenarios of SLR.

Following development of Hydro-MEM, Alizad et al. [2016b] focuses the first, detailed application of
Hydro-MEM in the Apalachicola NERR. In addition to providing an assessment of regional marsh vulnerabil-
ity and response to SLR, this study also highlights the dynamic response of these systems to SLR. The rate
of overall marsh extent loss and function decline are projected to accelerate over time in conjunction with
the increased rate of SLR rates, a pattern demonstrated by numerous assessments in low-gradient coastal
regions. However, marsh response at the low and intermediate-low SLR scenarios will be variable, with
some regions keeping pace with SLR and others experiencing loss. Much of this variation is attributable to
changes in the inundation, accretion, and elevation characteristics of the marsh systems. Significant losses
in marsh extent predicted in the intermediate-high and high SLR scenarios reflect an initial reduction in
productivity as inundation frequency increased, resulting in a negative feedback of decreasing accretion
and increasing water levels. Though not a focus of this Apalachicola assessment, results from Hydro-MEM
also indicate some upland migration of tidal wetlands, particularly under the higher SLR scenarios.

Predicted changes in marsh extent under varying SLR scenarios reflect one of a suite of factors that will
influence future shoreline conditions and change. In Plant et al. [2016], the dynamic feedbacks between
SLR, dune height, and shoreline change are predicted through a statistical modeling approach. Long-term
shoreline-change rates are combined and used with dune-height data collected regularly and after storms
for a 10-year time period in the northern Gulf of Mexico, and then applied as input to a Bayesian net-
work. Predictions of shoreline change have less uncertainty, but similar accuracy when dune heights are
included as input, thus demonstrating the combined effects of these processes. An optimized model is
then applied to forecast scenarios with low and intermediate-low SLR rates in a subregion spanning from
eastern Louisiana to the Florida panhandle. The erosion rate will increase, but with higher uncertainty and
spatial variability, and the shoreline change by 2100 could be comparable to the widths of barrier islands in
this subregion. This predictive model can be used to determine the likelihood of adverse impacts of future
SLR to shorelines and dunes, and informs studies of hydrodynamics and flooding in coastal regions.

Future changes in shoreline position, barrier island width and location, and dune crest heights may increase
inundation and alter the amplitude and propagation speed of tides in back bays. Passeri et al. [2016] exam-
ines these effects of SLR on tidal hydrodynamics in the bays and estuaries from Mississippi to Florida. The
predictive model of Plant et al. [2016] is used to project the shoreline change and dune heights at 4 km
sections along this coastline, and then the 50th percentile projections were selected to represent an average
projection of future morphodynamics. In regions where these projections show the shoreline will recede
beyond infrastructure or even the width of the barrier island, a decision-making flowchart was introduced
to account for nourishment of beaches and/or dunes. This flowchart considers the present and projected
land use, and limits the shoreline erosion in regions near urban areas, thus allowing a realistic representation
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of future conditions. A high-resolution hydrodynamic model is used to predict the combined effects of SLR
and morphodynamics on tidal amplitudes and velocities along coastal bays in the region. Deeper waters
in these bays, and especially their increased inlet cross-sectional areas, act to enhance the propagation of
tides. In a forecast scenario with a high rate of SLR, by 2100, the tidal amplitudes increase by as much as
67%, and the tidal velocities increase and even double in one bay. These projections are being used to
inform coastal managers and policy makers, and can be integrated with other studies of storm surges and
ecological assessments of SLR.

These advances are combined into a study of storm surge-induced flooding by Bilskie et al. [2016]. In con-
trast to a static (“bathtub”) framework in which the SLR is added a posteriori as a constant increase to the
water levels, this study introduces a modeling system that considers changes to shoreline and barrier island
morphodynamics, marshes, and LULC. Four SLR scenarios for 2100 are considered via an increase in the ini-
tial water level, and then the effects are considered for 10 hurricane events that contributed to the majority
of observed peak surges in the northern Gulf of Mexico. Shoreline and dune height evolution are included
via the methods of Plant et al. [2016] and Passeri et al. [2016], and marsh evolution is included via the method
of Alizad et al. [2016b]. The resulting changes to storm surge and coastal inundation are highly nonlinear,
with most regions seeing an increase in water level above the SLR. The inundated total land area increases
by 87%, with higher increases in inundated developed and agricultural land areas. The SLR-induced reduc-
tions in dune heights allows surge overtopping that increased water levels by as much as 1 m. The increase
in sea level also changes the duration and timing of surge, including an earlier arrival of the peak surge.
This dynamic framework is a culmination of the paradigm shift beyond bathtub approaches and has broad
implications for future studies here and elsewhere.

Climate change effects can be taken from the coast up the watershed. Projected LULC changes can be used
to examine the impact of conversion of forested regions into agricultural and urban areas. Temperature
and precipitation projections can be downscaled from general circulation model data. Hovenga et al. [2016]
combine these methods with a physics-based, long-term hydrologic model to assess runoff and sediment
loading in the Apalachicola River Basin, which drains into Apalachicola Bay and the northern Gulf of Mex-
ico. Their study uses present-day and three forecast scenarios from the Intergovernmental Panel on Climate
Change, and combines them with LULC changes and downscaled data from three climate models in a way
that allows intercomparisons to be made. While the individual climate models have disagreement on future
rainfall seasonal patterns [e.g., Janssen et al., 2014 and Wang and Kotamarthi, 2015], they agree that peak
runoff and minimum sediment loading will be shifted earlier in the year as compared to present-day condi-
tions. Further, LULC changes did not affect runoff, but the shift from forested to agricultural and urban areas
will increase the sediment loading in the estuarine system. The combination of LULC and climate changes
has nonlinear effects, as changes in one forcing factor may amplify or dampen the effects of the other. Both
factors should be included in studies of future hydrological conditions.

The outputs from the hydrologic model of Hovenga et al. [2016] can be used for biological assessments of the
system ecology. Huang et al. [2017] uses the hydrologic outputs of flow and sediment transport as bound-
ary conditions and inputs to models for total suspended solids (TSS) near oyster habitats. Higher levels of
suspended sediments have been shown to inhibit the recruitment, growth and development of oysters,
including in the once-lucrative oyster fisheries in Apalachicola Bay. The forecast scenarios in Hovenga et al.
[2016] are used by Huang et al. [2017] to establish values for 2100 for SLR, streamflow, and sediment loading
inputs. Then a well-validated, three-dimensional hydrodynamic model is coupled with a widely used sed-
iment module, so the density-driven circulation can be used to transport TSS in the estuarine system. SLR
is shown to cause a decrease in the TSS at the oyster reefs, with larger decreases associated with larger SLR
scenarios. At one of the two primary oyster habitats in this system, the maximum sediment concentration
will be close or equal to zero, thus causing a substantial loss of nutrients and a decrease in oyster produc-
tion. These projections can be used to assess existing and prepare new oyster habitats in Apalachicola Bay,
and these methods can be extended to assess vulnerabilities in other regions.

5. Conclusion and Discussion

This collection of articles on the coastal dynamics of SLR represents a shift in the paradigm of how climate
change and SLR can be assessed at coastal land margins, particularly for low-gradient landscapes. While
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static (a.k.a., “bathtub”) models have proved quite useful in providing first approximations, the utility of
dynamic assessments are demonstrated and their appropriateness warranted by numerous examples of
the highly nonlinear response of ecosystem components and hydrodynamics to SLR. As with any modeling
framework, the accuracy and validity of outputs are highly sensitive to input parameters.

Coastal wetlands are widely considered to be highly vulnerable to the effects of SLR, given their sensitive
location along the land-water interface. Results from Alizad et al. [2016b] project high wetland loss under
higher scenarios of SLR by 2100. However, the dynamic feedbacks between physical (e.g., tidal dynam-
ics) and biological (e.g., accretion rates and productivity) require a more nuanced perspective of marsh
vulnerability to SLR. Regional variability in SLR rates and local factors, such as marsh migration and accre-
tion potential, provide critical context to marsh vulnerability assessments [e.g., Enwright et al., 2016; Kirwin
etal, 2016; Morris et al,, 2016]. Low scenarios of SLR can increase marsh extent and productivity, or greatly
extend the time before marsh collapse [Alizad et al., 2016a, 2016b]. Quantifying these thresholds is criti-
cal for informed mitigation actions, and the analysis by Morris et al. [2016] of 0.5 cm/yr accretion potential
(absent significant sources of mineral sediment) provides a key baseline from which to start. Within this
context, caution is advised when using static models and/or nonlocation-specific input parameters.

Perhaps no other input parameter is more critical in low-gradient, micro-tidal systems than the accuracy
of the baseline DEM. Lidar-derived elevation error in low marsh systems dominated by Spartina alterniflora
and Juncus roemerianus can range from 0.4 to 0.8 m in the northern Gulf of Mexico. This error results in a
DEM that does not accurately reflect marsh platform elevation and topography, and can significantly influ-
ence projections of marsh vulnerability to SLR. A number of approaches for correcting this bias in coastal
wetlands [e.g., Medeiros et al., 2015; Buffington et al., 2016] have emerged in recent years and must be used
prior to modeling SLR effects on coastal wetlands.

Barrier islands along Mississippi (MS), Alabama (AL), and the Florida (FL) panhandle, as well as low-lying
marshes, become more vulnerable not only to storm surge inundation, but also tidal inundation, especially
under the higher projections of SLR. Under a 2-m SLR, tidal inundation from MS through the FL panhandle
increases by 1472 km?2, which is equivalent to 20% of the total surface area of the bays within this region at
present day. Barrier islands in this region are projected to have increased shoreline and dune erosion under
higher rates of SLR, which have significant consequences for coastal infrastructure.

Storm surge response to SLR is not simply additive. Storm surge flooding of developed areas for the MS, AL,
FL panhandle regions more than double with an overall increase of 138% from present day (282.7 km?of
flooding) to a 2.0-m SLR (672.3 km?of flooding). To put this into perspective, the average land area of a
coastal city in MS, AL, and the FL panhandle is 50- 100 km?2. The most vulnerable areas include Florida’s Big
Bend, the western FL panhandle, AL, and MS. In the same SLR scenario, agricultural lands in the region will
see an increase in inundation area by 189%, and total inundated land area will increase by 87%. In addition,
those areas that are presently being flooded with storm surge will be flooded at greater depths. The peak
surge will increase by as much as 1 m above the applied SLR in some areas; however, other regions will have
a reduction in peak surge. The nonlinear response to SLR is likely not limited to the northern Gulf of Mexico
or low-gradient landscapes. For example, Lentz et al. [2016] found that 70% of the coastal landscape in the
northeast U.S. responded dynamically to SLR. Thus, the ability to better predict the effects of SLR will require
expanded development and application of dynamic modeling approaches.

While the multimodel framework highlighted in this special issue represents significant advancement in
how predictions of SLR impacts are modeled, the ultimate intent of EESLR-NGOM is to address explicit needs
of coastal managers. To ensure that products and tools developed through this project are relevant and
usable by stakeholders, DeLorme et al. [2016] describes a transdisciplinary approach to facilitate collabo-
ration between project scientists and a stakeholder advisory committee. Pre-project engagement, annual
workshops, and periodic webinars are key tools that were used to facilitate objective feedback and analysis
of EESLR-NGOM science activities. As with most multi-institution science projects, EESLR-NGOM had a lead
principal investigator that provided oversight and coordination for project tasks and activities. However,
coupled with this traditional project structure was a funded “management principal investigator” charged
with ensuring collaboration, providing oversight to stakeholder advisory committee activities, and facilitat-
ing the transition from research to application. This collaborative approach resulted in model products and
capabilities applicable to stakeholder needs that have been applied to evaluate storm surge and marsh
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vulnerability in the northeast U.S. and informed watershed management planning and land acquisition
activities in the Gulf of Mexico.

The interconnected built and natural environment demands integrative inclusion of a suite of solutions to
mitigate coastal vulnerability. Although the methodologies presented are by no means comprehensive, the
systems approach exemplified in Figure 2 and pursued through the research presented herein provides a
strong foundation from which we can adapt to rising sea levels and facilitate coastal resilience.
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