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Future Directions

• AMR has proven invaluable but does not provide the 
“total” solution

• Riemann solver matches vanishing limit of single grid 
cell wide wall

• Preliminary work using h-box method removes the CFL 
restriction but increases complexity significantly

• Finish implementation of two-dimensional h-box 
methods

• Combine the subgrid wall model with AMR
• Enhance Riemann solver to better handle true fluid 

dynamics at the wall
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Riemann Problem Addressing CFL Constraints
The goal in the design 
o f t h i s m o d i fi e d 
Riemann solver is to 
include the impact of a 
jump in bathymetry (a 
sill for instance) in the 
limit as its width goes 
to zero.  Importantly 
w a t e r w i l l n o t b e 
allowed to flow through 
the boundary if the 
water is unable to 
overcome the wall.

1. Solve two Riemann problems each with 
bathymetry in the opposing cell equal in height to 
the wall

Approach

2. Take the waves that would be going onto the 
wall and redistribute them into the waves that are 
instead going into the wet cells.

3. Finally reincorporate the waves and remove the 
“ghost” wall cell.

Given the importance of maintaining conservation 
the redistribution of the waves uses conservation to 
determine the redistribution.

Zp = rp�p

�1 =
(s4 � s2)�2 + (s4 � s3)�3

s4 � s1

�2 =
(s2 � s1)�2 + (s3 � s1)�3

s4 � s1

Given the 4 waves represented by the eigenvectors rp �pand scalar wave strengths we can
write each wave as

The waves that we need to redistribute correspond to the second and third eigenvectors 
leading to the new expression

or Z = R�

Ẑ = R�̂ �̂ = [�1 + �1, 0, 0,�4 + �2]Twith

Maintaining conservation then requires the solution of the system

R� = R�̂ �1 �2for and leading to

As a demonstration of the proposed method below 
are two test cases.  The first contains a wave that 
does not overtop the wall where as the second 
does.  Well-balancing is maintained in the long term 
as well.  As the construction of the method 
leverages a well-balanced solver when calculating 
the auxiliary Riemann problems at the wall. In 2D h-box methods are partially informed by 

addressing the problem of advection that is not grid 
aligned.  Instead of forming Riemann problems the 
usual way the h-boxes are chosen to align with the 
flow and then weighted averages are used to 
construct the new Riemann problem.
H-boxes that are aligned with the flow for 
the Riemann problem between cells i and i+1

Weighted cells that will form the left and 
right states of the new Riemann problem

For the wall problem h-boxes will be used to address 
the cut-cells that would otherwise lead to severe CFL 
restrictions.  In these cases a set of Riemann 
problems need to be formulated in each direction 
both orthogonal and parallel to the wall

Example of an h-box orthogonal to the wall 
that would need the inclusion of 4 cells on 
each side of the wall.

Similarly h-boxes parallel to the wall will 
handle the grid cell interfaces that need to 
be addressed in the transverse direction.

Two-Dimensions

Unfortunately the new Riemann solver has a 
significant drawback in that it assumes that the wall 
is aligned perfectly with the grid.  Although this may 
work with sufficient resolution the accuracy of the 
placement of the wall would be suspect.  Instead we 
utilize an idea from the literature called h-box 
methods [5,6] that uses modified cells that solve 
auxiliary Riemann problems.

One-DimensionRedistribution
In one-dimension the 
h-box method with a 
wall solves auxiliary 
Riemann problems 
whose values are the 
weighted average of 
new cells that would 
be the same width as 
the original grid but 
are aligned with the 
wall instead.

The full method uses a number of overlapping 
cells, redistributing the resulting waves based on 
the associated wave speeds.
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lation. The GeoClaw simulation was run on a MacBook Pro with an Intel Core i7 chip375

containing 4 cores and 16GB of memory. As mentioned earlier, ADCIRC utilizes MPI for376

parallelism while GeoClaw uses OpenMP. Table 4 contains the raw performance and over-377

all computational costs of the ADCIRC and GeoClaw simulations. As another measure of378

the computational cost in time of the GeoClaw simulation, Figure 15 records the number379

of grids and grid cells used as a function of time. Although GeoClaw has an overall wall380

clock time approximately 3.4 times that of the ADCIRC simulation, the computational cost381

is significantly lessened. It is di�cult to fairly compare the equivalent number of degrees of382

freedom between the GeoClaw and ADCIRC simulations but taking the maximum num-383

ber of grid cells GeoClaw ever uses as a base, Figure 15 shows the probable source of this384

decrease in computational cost, the number of grid cells used drastically changes over time.385

Package Cores Used Wall Clock Time Core Hours

ADCIRC 4000 35 minutes 2333 hours

GeoClaw 4 2 hours 8 hours

Table 4: Timing and computational cost comparisons between ADCIRC and GeoClaw.

3.6. Discussion386

We close this section with some general observations and conclusions regarding the com-387

parison presented. First of all, the GeoClaw simulation compares favorably with the AD-388

CIRC simulation. The peaks surge characteristics are similar although GeoClaw appears389

more di↵usive in this comparison. This may partly be due to the di↵erences between the two390

simulations in the friction coe�cient field but it is more likely to be a combination of insu�-391

cient resolution and the nature of the structured grid GeoClaw uses. The ADCIRC grid is392

designed to mesh waterways and coastlines well where as GeoClaw has to rely on su�cient393

resolution to represent a channel (unless said waterway is aligned with the chosen grid). It394

is also interesting to consider Figure 15 that provides some insight into the behavior of the395

presented simulation. As the storm approaches shore, GeoClaw does not refine much until396
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Figure 1:  Schematic of the patch 
layout for patch-based AMR.

Level r

`

�x,�y

Resolution (m)

Latitude Longitude

1 25250 27700

2 2 12600 13850

3 2 6300 6925

4 2 3150 3460

5 6 525 575

6 4 130 144

7 4 32.9 36.1

Table 1: Refinement ratios r

`

�x,�y

and e↵ective resolutions at each level. Since the grid is

defined in latitude-longitude coordinates, the meters are an approximate resolution in each

direction.

3.5. Simulation Results325

Comparisons of the sea-surface and currents produced by GeoClaw and ADCIRC at326

times before and after land-fall are shown in some of the relevant regions, in particular on327

the Texas-Louisiana shelf and near Galveston Island and Galveston Bay. For clarity of the328

comparison the GeoClaw grid patches were not drawn on the plots.329

Figure 4 shows the surface displacement in the Texas-Louisiana shelf region produced by330

GeoClaw and ADCIRC. The simulations match well over most of the shelf and only show331

di↵erences in regions where the GeoClaw simulation did not fully resolve the features of332

the surge. Similarly, Figure 5 shows the comparison for the currents in the same region.333

Again, in the primary surge region, the simulations match well but away from the regions334

of interest we see additional structure in the ADCIRC simulations, probably due to greater335

resolution in these areas. These di↵erences may also be due to the more complex frictional336

field included in the ADCIRC model.337

Zooming in on the landfall region, Figures 6 and 7 show surface elevations in the Galveston338
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Table 2:  Levels and effective 
resolutions for the GeoClaw 
simulation.

Table 2:  Comparison of computational time taken using two 
different metrics.

Adaptive mesh refinement (AMR) uses properly nested 
refinement patches (see figure 1), respecting the CFL 
conditions and refinement criteria based on the physics of 
the problem.  This re-gridding occurs at user defined 
intervals taking into account clustering of flagged cells.  
Grid boundaries are handled by the code automatically.

As a demonstration of the capabilities of AMR we 
simulated the storm surge due to Hurricane Ike with the 
GeoClaw [1, 2] package.  Comparisons were made to the 
ADCIRC hind-cast study that was presented in [3].  Table 2 
shows the effective resolution at each of the levels of 
computation.

Even though the ADCIRC simulation utilizes unstructured 
grids, the AMR GeoClaw simulation shows significant 
computational cost savings with similar performance (see 
figures to the far left and table 1).
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Original Seawall

There are a number of different strategies that can be employed to help protect coastlines from storm surge
flooding including adding (or restoring) wet-land and other natural protections, building of dunes, and 
seawalls.  Here we concentrate on sea-walls as they are the most difficult structure to include in a storm 
surge model.

A seawall can include a number of different types of protection but all are predicated on stopping the flow to 
a certain height.  Critical to this is the accurate representation of the placement and disallowing flow past the 
barrier unless it is overtopped.  We propose a two-pronged approach as illustrated below.

Parameterized Seawall

Resolve Seawall Subgrid Scale Model

First we take the seawall design 
and parameterize it into sections 
each with their own height.  We 
constrain these sections so that the 
nodes of the wall are only located 
at boundaries of grid cells.

Barrier Parameterization

We will consider two different 
approaches to representing the 
wall:
1. Resolve the structure using 
adaptive mesh refinement.
2. Use subgrid scale models to 
represent the wall

Resolving the Seawall

We w i l l t h e n c o m b i n e t h e 
parameterized wall with adaptive 
mesh refinement and the subgrid 
scale seawall model to represent 
the seawall.

Approach

Flooding in many coastal communities has 
become a central concern due to the growing 
threat of climate change, in particular sea level 
rise. To combat this effective adaptation strategies 
are needed that are optimized for flood risk 
reduction but the question remains as to what 
strategies are the most effective. In this poster we 
present a methodology for including sea walls, 
dunes, and other protective adaptation strategies 
as one piece of a larger adaptation strategy that 
will aim to provide optimization approaches to the 
larger problem. Jocelyn Augustino / FEMA
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