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1.1. Motivation
Use Smaller-Scale Information to ‘Correct’ Flows



1.2. Methods
Subgrid Corrections

Subgrid corrections use information at smaller scales to ‘correct’ flow variables (water levels,
current velocities) at the model scale

Selected applications to shallow water flows:

– Defina (2000) corrected advection and partially wet cells

→ Able to coarsen by factor of 32

– Casulli (2009) and Casulli and Stelling (2011) also corrected partially wet cells

→ Used lookup tables created from high-resolution elevation data

– Volp (2013) corrected bottom stress

→ Improved discharge and water surface slope relative to high-resolution counterparts

Able to coarsen the model resolution and still represent small-scale flow pathways and barriers

→ Higher accuracy at same resolution, higher efficiency at coarser resolution



1.2. Methods
Averaged Variables

Shallow water equations are averaged to the model scale, e.g. Kennedy et al. (2019)

A given flow variable Q can be averaged:

– To the grid/mesh scale:

〈Q〉G ≡
1

AG

∫∫
AW

Q dA

– To only the wet part of the grid/mesh scale:

〈Q〉W ≡
1

AW

∫∫
AW

Q dA

– Where the areas are related by:
AW = φAG



1.2. Methods
Averaged Governing Equations for ADCIRC

For this study, its governing equations were averaged to the mesh scale

– Example of momentum conservation in x-direction:
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Ẽh
∂〈UH〉G
∂y

in which the red coefficients are new closure terms

– Similarly for momentum conservation in y -direction, mass conservation



1.3. Calcasieu Lake LA
Meshes and Station Locations

Coarse:
1,236 vertices
2,370 elements

Fine:
40,816 vertices
81,321 elements



1.3. Calcasieu Lake LA
Improvements for Channel Connectivity



1.3. Calcasieu Lake LA
Tides and Storm Surge at Stations



1.3. Calcasieu Lake LA
Accuracy at Stations

Differences (m) in peak water levels at observation stations

Coarse Subgrid Coarse Traditional Fine Traditional

LA12 0.065 0.028 0.060

LC2a 0.423 1.328 0.152

LC5 0.281 0.538 0.435

LC6a 0.898 1.095 0.940

LC7 0.006 0.048 0.002

LC8a 0.312 0.327 0.412

LC9 0.180 0.192 0.155

LC12 0.202 0.182 0.206



1.3. Calcasieu Lake LA
Maximum Water Levels along Main Channel



1.3. Calcasieu Lake LA
Efficiency

Wall-clock times (sec) for three test cases

– All tests run in serial on same hardware

Coarse Subgrid Coarse Traditional Fine Traditional

Winding Channel 62 107 5,787

Buttermilk Bay 508 277 4,176

Calcasieu Lake 5,248 3,728 167,514

Subgrid ADCIRC is slightly slower on the same mesh

→ But it gives comparable results to a mesh that is 33 times coarser



1.4. Conclusions
Subgrid ADCIRC

The main contributions of this study are:

1. Subgrid corrections were added to ADCIRC

→ First application with hurricane-strength forcing

2. Increases in accuracy and hydraulic connectivity on coarsened meshes

→ Peak surge within 0.5 m at top of Bayou Contraband

3. Efficiency gains on coarsened meshes

→ Speed-ups by factors of 30+

Ongoing efforts are focused on:

– Implementing higher-level corrections for friction and advection
– Scaling the subgrid ADCIRC to storm simulation on large domains
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Subgrid corrections in finite-element modeling of storm-driven coastalflooding
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A B S T R A C T
Coastal flooding models are used to predict the timing and magnitude of inundation during storms, both forreal-time forecasting and long-term design. However, there is a need for faster flooding predictions that alsorepresent flow pathways and barriers at the scales of critical infrastructure. This need can be addressed viasubgrid corrections, which use information at smaller scales to ‘correct’ the flow variables (water levels, currentvelocities) averaged over the mesh scale. Recent studies have shown a decrease in run time by 1 to 2 ordersof magnitude, with the ability to decrease further if the model time step is also increased.In this study, subgrid corrections are added to a widely used, finite-element-based, shallow water modelto better understand how they can improve the accuracy and efficiency of inundation predictions. Theperformance of the model, with and without subgrid corrections, is evaluated on scenarios of tidal floodingin a synthetic domain and a small bay in Massachusetts, as well as a scenario with a real atmospheric forcingand storm surge in southwest Louisiana. In these tests we observed that the subgrid corrections can increasemodel speed by 10 to 50 times, while still representing flow through channels below the mesh scale to inlandlocations.

1. Introduction
Storm surge, defined as the storm-induced rise in water abovethe normal astronomical tide, is the principal cause of loss of livesand damages to natural and built infrastructure during coastal storms.Storm surge can cause extensive flooding in regions with relatively flatcoastal topography, such as the flooding of southeast Texas during Ike(2008), which pushed floodwaters up to 65 km inland (Hope et al.,2013). As storms become more intense due to climate change (Emanuel,2020), their associated flooding and impacts will be exacerbated. Inthe United States, about 7.1 million single-family and 250,000 multi-family residences are at risk of damage from storm surge, and thecombined reconstruction costs, assuming complete destruction, of thesestructures has been estimated at nearly $1.8 trillion (CoreLogic, 2020).There is a need to predict coastal flooding, both in real-time to aidin emergency management (Cheung et al., 2003), and between stormsto aid in long-term planning and mitigation efforts (Helderop andGrubesic, 2019).Predictive numerical models must represent the evolution of stormsurge over a wide range of spatial scales, from its generation in shal-low shelfs, bays, and estuaries, to its conveyance into inland regions

∗ Corresponding author.E-mail address: jlwoodr3@ncsu.edu (J.L. Woodruff).

via narrow natural and man-made channels, to its interactions withhydraulic controls like dunes, levees, and raised roadways. The AD-vanced CIRCulation (ADCIRC) modeling system (Luettich et al., 1992;Westerink et al., 2008) is widely used in coastal flooding predictionsdue partly to its use of unstructured, finite-element meshes, which canvary resolution from kilometers in the open ocean, to tens of metersin small-scale channels and inland regions. ADCIRC has been well-validated for predictions of storm surge along the U.S. Gulf and Atlanticcoasts (Dietrich et al., 2011; Hope et al., 2013; Deb and Ferreira, 2016;Cialone et al., 2017), often by using meshes with millions of elementsto describe the coastal region of interest. However, this fine resolution(typically as small as 100 to 200 m) can lead to long simulation times.Although ADCIRC is highly scalable in high-performance computingenvironments (Tanaka et al., 2011; Dietrich et al., 2012), a typicalADCIRC storm surge simulation can require multiple hours of wall-clock time on hundreds (or thousands) of CPUs. Because of this, whenADCIRC is used for real-time forecasting (Fleming et al., 2008; Blantonet al., 2012; Dresback et al., 2013), it is limited typically to simulationsof the consensus forecast and a few perturbations for each advisory. In

https://doi.org/10.1016/j.ocemod.2021.101887Received 19 April 2021; Received in revised form 30 July 2021; Accepted 8 September 2021Available online 15 September 20211463-5003/© 2021 Elsevier Ltd. All rights reserved.
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2.1. Motivation
Isabel Inlet (2003)
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Pre-Storm Ground Surface



2.1. Motivation
Post-Storm Ground Surface



2.2. Methods
Model Coupling

Our wave/surge models are limited:

– Bathymetry and topography are static
– No consideration of beach erosion, dune

breaching, new flow pathways, etc.
– Flooding impacts are limited behind the dunes

We are coupling with XBeach (eXtreme Beach):

– Open-source model developed in the Netherlands

– Capable of simulating hydrodynamic and morphodynamic processes

– Applied typically at beach scales (a few kilometers)

http://oss.deltares.nl/web/xbeach/


2.2. Methods
Aerial Photo of Hatteras Island
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XBeach Mesh



2.3. Isabel Inlet
Formation of Isabel Inlet
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Deeper Breaches



2.3. Isabel Inlet
Static vs Coupled Flooding Predictions



2.3. Isabel Inlet
Large-Scale Effects on Lagoonal Circulation



2.4. Conclusions
Subgrid ADCIRC

The main contributions of this study are:

1. XBeach could predict the initiation and location of the breach

→ Not able to predict number and full depths of breaches

2. Flow from sound to ocean helps to deepen the breached channels

→ Artificially raised water levels to make this happen

3. Breaching of the barrier island has significant effects on large-scale

→ Flooding extends 10 to 13 km into sound

Ongoing efforts are focused on:

– Expanding to the full U.S. coastline
– Automating for real-time forecasting
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A B S T R A C T
Barrier islands are a primary coastal defense and often experience erosion during storms. When they fail dueto storm-induced breaching, there can be significant changes to the small- and large-scale hydrodynamicsand morphodynamics of the region. In this study, we explore the formation of a breach on Hatteras Island,North Carolina, during Isabel (2003) and the subsequent flooding into Pamlico Sound. Two-way coupling ofhigh-fidelity, high-resolution numerical models for coastal erosion and flooding enables a better understandingof the formation of the breach, as well as scenarios of the breach’s effects on the circulation in the region. Thebreach connecting the ocean to the sound formed during the day of landfall. It is shown that, during the storm,overwash and inundation from the ocean led to deterioration of the beach and dunes, and then after the storm,the creation of channels through the island was sensitive to elevated water levels in the lagoon. Then floodingscenarios are considered in which the ground surface of the hydrodynamic model was (a) static, updated withthe (b) pre- and post-storm observations, and updated dynamically with (c) erosion model predictions and (d)erosion model predictions with elevated lagoon-side water levels. The model results show that the breach hasregion-scale effects on flooding that extend 10 to 13 km into the lagoon, increasing the local water levels byas much as 1.5 m. These results have implications for similar island-lagoon systems threatened by storms.

1. Introduction
Coastal storms can cause significant morphological changes to bar-rier islands, as demonstrated by the numerous breaches in the past10 years due to Irene (2011) in North Carolina (Clinch et al., 2012),Sandy (2012) in the mid-Atlantic coast (Sopkin et al., 2014), Isaac(2012) in Louisiana (Sherwood et al., 2014), Matthew (2016) in thesoutheast-Atlantic coast (Birchler et al., 2019), and Michael (2018) innorthwest Florida (FEMA, 2020). When these breaches are initiated,they can allow flooding into lagoons that were otherwise protected,e.g. into the bays on Long Island (Canizares and Irish, 2008), of-ten with negative effects on the lagoonal ecosystem, e.g. the rapidchanges in water quality in Barnegat Bay due to island breaching duringSandy (Miselis et al., 2016; Smallegan and Irish, 2017). These eventsare likely to occur more often due to rising sea levels (Passeri et al.,2015) and as storms become stronger due to climate change (Kossinet al., 2020; Emanuel, 2020), increasing the likelihood of beach erosion,breaching, and coastal flooding. Predictions of the morphodynamic

∗ Corresponding author.E-mail address: agharag@ncsu.edu (A. Gharagozlou).

response of the beach and its impact on the regional circulation arecrucial for flood risk assessment.Researchers understand the causes for discrete erosion events. Themorphodynamic response can be categorized from the swash regime,where the waves and water levels impact only the beach, to theinundation regime, where overland flow can cause dune erosion andbreaching (Sallenger, 2000). Barrier islands can be inundated anderoded from both the ocean- (van Ormondt et al., 2020) and lagoon-sides (Safak et al., 2016), and flow can concentrate within low areasto scour a channel (Pierce, 1970). Although barrier islands can belarge, breaches often occur in specific locations (Fritz et al., 2007;Sallenger et al., 2007; Fearnley et al., 2009). Barrier island erosionand breaching can be linked to island width (Morton, 2002), persistentrip channels (Thornton et al., 2007), offshore wave conditions (Graciaet al., 2013), and geologic formations like relict river channels (Riggset al., 1995).

https://doi.org/10.1016/j.ecss.2021.107593Received 14 January 2021; Received in revised form 18 August 2021; Accepted 14 September 2021
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