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SUMMARY

In this paper we present a finite element method for overland flow (flood) simulation in the
coastal area. The research is part of an integrated forecasting tool development for multi-scale
storm surge and overland flow due to hurricane. Three models are executed in sequence to get all
the necessary results. Two of these are open source codes and the third one is our proposed
overland model. The open source codes are extensively parallel to ensure real time forecast to
deal with the emergency evacuation tasks days before the hurricane strikes the coast. Our
overland code is relatively fast enough and did not require parallelization. The results from the
models are fed into Geographical Information Systems (GIS) for visualization, analysis and
decision-making. Although we present results for all three models, our primary focus of the
present study is the overland flow modeling. We have taken hurricane Katrina (2005) and its
water surge and flooding in the Mississippi coastal area as a case study.

KEY WORDS: multi-scale hurricane simulation, meteorological data, water surge, overland
flow, finite element, parallel computation.

1. INTRODUCTION

Overland flow consists of a low depth water runoff over the ground surface. In general,
overland flow represents flood water wave propagation, which is conceptually similar to open
channel flow. Overland flow is of interest to a wide variety of users, including urban planners
and emergency evacuation authorities. Such flow may occur in case of a flood caused by
excessive rain, dam breakage, tsunami or hurricane, etc.

Tsunamis and storm surges exposes human occupation of low-lying coastal areas to severe
flooding. Storm surges, which are generated by extreme wind stress acting on shallow,
continental shelf seas can lead to severe coastal floods, particularly when they coincide with a
high tide and result in overtopping and breaching of sea defenses [1]. It may result in substantial
economic and social impacts, including loss of life, damage to property, and disruption of
essential services [2-6]. Hurricane Katrina is a perfect example of such disastrous scenario.

An understanding of the nature and degree of exposure to coastal flooding is important for
reducing its impacts on people and property. The understanding of the coastal flooding may be
developed through field observations, modeling studies, or some combination of both. However,
such observational data are too limited in both quantity and quality, which makes predictive
extrapolation very difficult [7-8]. An extreme event typically alters floodplain conditions in
many ways. Besides, the factors involved in those calamities are too many and may vary from
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occurrence to occurrence. Therefore, the reliability of flood models with historic observation is
limited [9]. The observational data, however, should lead to an understanding of the underlying
physics, which will help us to create physics-based computer models to explore and predict
extreme flood hazards.

Many flood predictive models have been reported in the open literature [10-21]. These
include applications of the two-dimensional (2-D) diffusion equation to flooding from storm
drains [15], and applications of the full Saint-Venant equations to coastal flooding [16-17]. Most
of these applications have focused on rural floodplains with limited number of structures [18].
The surface friction rendered by structures usually are either ignored or loosely approximated by
parameterization [19-20]. It has been emphasized that studies of flooding within urban areas
need more detail and careful simulation including appropriate blocking and frictional effects of
buildings and structures [20-21]. Brown et al. [9] have employed a case study to demonstrate the
application of a 2-D hydraulic model to flooding within an urban area. They have illustrated the
importance of structural forcing inputs and boundary conditions, evaluated the propagation of
uncertainties from model inputs to explore the uncertainties associated with model predictions.

Our integrated modeling scheme of a hurricane deals from its inception in the deep ocean to
landfall and associated water surge and flooding in the coastal regions. Using the most updated
meteorological data days before a hurricane strikes, the ground wind speed, pressure, rain, etc
can be predicted using the open source parallel code Weather Research and Forecasting (WRF)
[22]. We obtain wind speed and pressure data from WRF, which are used as input to another
open source parallel code ADvanced CIRCulation (ADCIRC) [23] to predict water surge in the
ocean caused by the hurricane. We use ADCIRC water elevation results to model the coastal area
flooding phenomena using our finite element method based CaMEL Overland flow solver [24].
The graphical presentation in Fig. 1 shows the integration of the whole simulation and
visualization process.

As a case study in the present research, we have chosen hurricane Katrina (2005) and its
flooding impact on the Mississippi coastal region. The findings of our research will help to
predict the immediate impact on the coastal structural establishments. Short and long term
impact of flood on the geological system in the coastal region can also be derived from the
behavior and pattern of the flooding. Understanding the overland flood wave routing theory and
solving the governing equations accurately is an essential part of our ongoing research of
modeling the integrated hydrological system in the coastal region.

2. INTEGRATED MODEL DETAILS

In an actual hurricane event WRF, ADCIRC, and CaMEL Overland codes must be executed
in sequence two to three days before its landfall, most likely every 6 to 12 hrs. Repeated
simulations of the codes are needed because the more recent meteorological data we use the
better accuracy we obtain from WRF. The accuracy of WRF results propagate into ADCIRC and
CaMEL Overland simulations through the wind and rain input. Parallel implementation of the
codes is necessary to ensure real time hurricane and flood forecast.

WREF is a parallel model, which is designed to serve both operational forecasting and
atmospheric research needs. It is suitable for a broad spectrum of applications across scales
ranging from meters to thousands of kilometers. It allows researchers the ability to conduct
simulations reflecting either real data or idealized configurations. We have studied the parallel



implementation of WRF extensively in our parallel cluster, which has Intel Xeon processors and
total of 80 cores. The speed up of WRF in our cluster is displayed in Fig. 2 (a).

Using the WRF wind speed and pressure data as input, ocean water surge is simulated using
two-dimensional depth integrated (2DDI) model of ADCIRC. ADCIRC is a model for oceanic,
coastal and estuarine waters. It is a highly developed computer program for solving the equations
of motion for a moving fluid on a rotating earth. These equations have been formulated using the
traditional hydrostatic pressure and Boussinesq approximations and have been discretized in
space using the finite element method and in time using the finite difference method. The water
elevation is obtained from the solution of the depth-integrated continuity equation in Generalized
Wave-Continuity Equation (GWCE) form. The speed up of ADCIRC in our parallel cluster is
displayed in Fig. 2 (b).

After the ADCIRC simulation, we model the coastal area water surge phenomena using our
CaMEL Overland flow code. We have solved diffusive wave or Richard’s equation by the
Galerkin finite element method [24]. The time dependent water surge values simulated from
ADCIRC along the shoreline is used as the Dirichlet boundary input in the model. The rain data
predicted from WREF is used as the source term in the model. The detail of the Overland model
is presented in the following few sections.

3. OVERLAND MODEL

The overland flow can essentially be represented by two dimensional shallow water equations.
The shallow water equations are derived from the continuity and Navier-Stokes equations by
integrating over the depth using kinematic boundary conditions [25-26].  Underlying
assumptions are: pressure distribution is hydrostatic, and horizontal shear stresses are small [27-
29].

Let us denote xeQ [Jand < (0,7) the space and time domains, respectively. The boundary of
Q is defined by I'=T, +T,, wherel',and I, are portion of the boundary where Dirichlet and
Neumman boundary conditions are imposed. The resulting fully dynamic unsteady flow

equations are given by the conservation of mass and momentum equations written as:
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Here#, h, u, S and n, are water depth, water height measured from geoid reference point,
velocity, friction slope, and source term due to rain, evaporation, and ground absorption,
respectively. Note in this context, # = H +Z where Z is the ground elevation. The notation of a
typical water-land terrain system is shown in Fig. 3.

Depending on the further simplifications introduced to the shallow water equations, at least
two different models can be distinguished. The first one is a fully dynamic model which solves
the complete set of shallow water equations. In the second model acceleration terms in the
momentum equations are neglected. It leads to a reduced momentum equation as following
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The above equation represents that the friction slope and the slope of the water surface are the
same. By applying Manning-Strickler law, which relates water depth gradient to flow velocity,
the velocity vector can be written as [30-31].
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Here, n and C are Manning and Chezy coefficients, respectively. Applying Eq. (4) and replacing
h with H+Z in the continuity equation, i.e., Eq. (1), leads to a non-linear diffusion equation in the
following form. Note that ground elevation Z does not change with time.

%- NAKNH)= & NAKNZ) (6)

In our model, we solve normalized form of Eq. (6). It is also called diffusive wave or
Richard’s equation. This diffusive wave equation describes the unconfined unsteady overland
flow. Our system deals with slow flow dynamics in low gradient situation, and the primary
driving force is the slope of the water surface. Therefore, the diffusive wave approach is
appropriate. The fluid is assumed to be incompressible with constant and uniform density. The
only degree of freedom in the model is the water depth. Non-linearity arises into the equation
through the ‘K’ term, which is equivalent to the conductivity for water depth [25].

Equation (6) is completed by an appropriate set of boundary and initial conditions given by
h=h, att=0
h=h, onT, (7)
KVh-n=F onl,

4. OVERLAND MODEL DETAIL

Finite Element Formulation
The Eq. (6) can be normalized with the following relationships:
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Replacing the normalizing parameters given above and dropping the signs, we get the
normalized diffusion equation in the same form as Eq. (6). We have solved the normalized form
of diffusion equation by the Galerkin finite element method. In the finite element formulations
we first define appropriate sets of trail solution spaces, S, and weighing function spaces, V,. The
stabilized finite element formulation of Eq. (6) can then be written as follows: for ¢ €V, find

H €S, such that
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Note that the last term on the right hand side in the above equation is due to the Neumann
boundary condition. The time integration can be done using backward difference scheme. The
finite element formulation in Eq. (9) is nonlinear. In Newton-Raphson nonlinear iteration
algorithm, we perturb H such that H"''= H+ H¢ to obtain the linearized finite element
formulation as follows
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Here H" and H™' are the solution at previous time steps » and n-1, respectively. For first
order time accurate scheme (BDF1),a,=1.0, a,=-1.0, and «,=0.0 and for second order time
accurate scheme (BDF2), o, =15, a,=-2.0,and « ,=0.5.
To discretize the finite element formulation in Eq. (10), we use linear interpolation functions.
As a result, at a given time step and a nonlinear iteration, we solve the bilinear form of the
following equation:
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where the subscript i and j are the indices referring to nodal values. Here both i and j stand for
all nodes excluding the ones with prescribed values (i.e., Dirichlet boundaries). The resulting
discretization leads to a linear equation system with the stiffness matrix as the coefficient matrix.
The system is solved by matrix-free implicit GMRES solver [32]. The underlying matrix-free
finite element method has been discussed in details in the solution of Poisson equation in Tu and
Aliabadi [32]. To save memory, we are not forming the global stiffness matrix. Instead, we
follow a matrix-free implementation [33-34]. Source term due to rain, evaporation, or ground
water absorption is considered to be zero.

Wet and Dry Phenomena

Our computational domain is two-dimensional, with Dirichlet condition applied in one
boundary and zero-flux conditions in the other three boundaries. Initially zero water height, i.e.,
h=0, condition is applied in the domain. Water propagates from the Dirichlet boundary side into
the domain. A node is assumed to be wet if its water depth (/) is higher than a threshold value,
typically /e-12. An element is assumed to be wet if its all nodes are wet. Similarly, an element is
dry if all nodes are dry, while an element with one or two wet nodes is considered to be mixed.
The graphical representation of the wet and dry condition is displayed in Fig. 4. In our solution
technique, we solve only for the wet and mixed elements in the domain, which makes the
solution significantly faster.

5. OVERLAND MODEL VALIDATION

In this section we compare our results with three benchmark cases to validate the code.



Case 1: A case with two Dirichlet boundary conditions
A two dimensional computational domain, (x,y)=[-5,5]x[0,0.03] is defined. To ensure

symmetric one dimensional results, (1000><3) structured square elements are used in the

domain. The upstream and downstream ends of the domain have Dirichlet boundary conditions
of h_s=1m and A_, =2m, respectively. The other two boundaries have zero flux boundary

x=-5
conditions, resulting in symmetric solutions in the y-direction. Considering steady state, an
analytical solution can be derived for this case, as

e s (12)

Figure 5 shows the hydraulic head variation in the computational domain, and the comparison
of the results with the analytical solution given in Eq. (12). Note that for this case the ground
elevation, Z, coincides with geoid, and hence 4 and H have the same value.

Case 2: A case with a semi-circular bump in the center and one Dirichlet boundary
condition

This case has one Dirichlet condition in the inlet boundary, and the domain has a semicircular
bump or obstacle in the center. The rest of the boundaries have zero-flux conditions. The
domain dimensions are same as in the Case 1. The bump radius is Im, and the Dirichlet
boundary value is 1.5m. The water should go over the bump to fill in the other side of the
domain as simulation time progresses. The steady state solution should be 1.5m water height
everywhere. This case demonstrates the wet and dry phenomena very well. The transient pattern
of the flow is displayed in Fig. 6.

Case 3: A case with semi-circular water break in the center with zero-flux boundaries

This case has the same domain as in the Case 1, except all boundaries have zero-flux condition.
There is a semi-circular water break in the center of the domain. The initial radius of the water
dome is 1m. As simulation time progresses water should spread in both sides of the domain to
reach a steady state. If mass is conserved, area under the curve should remain same all the time.
Figure 7 shows the transient pattern of the water spread. The steady state solution matches with
the exact solution. Similar to the Case 1, for this case the ground elevation, Z, coincides with
geoid, and hence /# and H have the same value.

6. RESULTS AND DISCUSSION

The simulation of hurricane Katrina in the Gulf of Mexico is chosen as a case of study in the
paper. This is primarily because we have good amount of data available for Katrina. It facilitates
more accurate simulation and comparison with observed data recorded during or after Katrina.

6.1 WRF Results

WREF uses structured mesh with the option of multiple nested domains. We used a single domain
with 300 grid points in east-west, and 220 grid points in south-north. Each segment was 8 km.
The computational grid for WRF is displayed in Fig. 8

Figure 9 shows the comparison of Katrina simulation and actual track path. Figure 9(a), (b),
(c), and (d) show the WRF simulated track paths starting from Aug 26 - 00 A.M., Aug 27 - 00



AM., Aug 27 — 12 P.M., and Aug 29 - 00 A.M., respectively. Figure 9 (e) shows the actual track
path obtained by using the Planetary Boundary Layer (PBL). Note that the PBL method
interpolates the wind information from the published meteorological data for already past events.
The published track path of Katrina is shown in Fig. 9 (f). From the comparison with both Fig. 9
(e) and (f), Fig. 9(a) and (b) show that these WRF simulation were started too early. These
landfall locations are somewhat east of the actual one. Figure 9(c) appears to have the best result.
Although Fig. 9(d) had the latest meteorological data, the hurricane was already too close to the
land and it appears to subside.

WREF seems to work best with latest meteorological data, while the hurricane is still at least
24 hr far away from the land. Hurricane may take unexpected turns, which only the latest
meteorological data may reflect. Hurricane landfall location has a huge impact on ocean water
surge. Experience suggests that water rises rapidly if the hurricane hits Louisiana coast due to the
converging funnel effect of complicated land structure. On the contrary, hurricane hitting the
Alabama coast is most likely to cause much lesser water surge. The computer modeling done by
other researchers suggests that the funnel effect in Louisiana area may increase the surge by 20
to 40 percent [35].

6.1 ADCIRC Results

The ADCIRC grid used in our simulation is the same as Mukai et al. [36], which consists of
254,565 nodes and 492,179 elements. The computational grid for ADCIRC is displayed in Fig.
10. Atmospheric wind and pressure fields for Katrina are generated with a Planetary Boundary
Layer (PBL) code for the duration of Aug 23, 6 P.M. to Aug 27, noon. It prepares a wind data
file from the hurricane track information, which is available for a past event. Katrina track
information is downloaded from the National Hurricane Center [37] website. Although the track
information is available for the whole Katrina period, we used WRF predictive results for the
duration of Aug 27, noon to Aug 31, 0 A.M. to generate wind data. Therefore, a combined PBL
and WRF wind data from Aug 23, 6 P.M. to Aug 31, 0 A.M. is used for our simulation.

Zero-flux boundary conditions are used on the land boundary, and tidal conditions are used in
the ocean boundary. ADCIRC Tidal Database [38], Version ec2001 v2d, is used to extract tide
data during Katrina period. The total model period is 7.25 days with the time step of 1s. The
2DDI ADCIRC simulation starts from scratch, i.e., Cold Start parameter is on. The weighting
factor in generalized wave continuity equation and the time weighting factor are default values.
Wetting/drying function is turned off. The hybrid nonlinear bottom friction formulation is used
to represent the increase of the drag coefficient as the water depth decreases in shallow water,
and the default values are used for the drag coefficients. The ADCICR data is recorded every 10
minutes of the simulation.

Katrina ocean water elevation plots from ADCIRC with different wind speed and pressure
input from WRF and/or Planetary Boundary Layer (PBL) are displayed in Fig. 11. Figure 11 (a)-
(c) use WRF wind input with different starting date and time. Note that PBL wind data is used at
beginning part of the simulation until WRF results kick in on Aug 27, noon for Fig. 11 (a) —(c).
Figure 11(d) uses actual Katrina wind data provided by PBL for the whole simulation duration.
From the comparison of Fig. 11(a) — (c) with Fig. 11(d), it is evident that the starting date of
WREF simulation has huge impact on the results. It is because of the fact that the latest
meteorological data in WRF generates more accurate wind speed, pressure, and landfall location
of hurricane. The impact subsequently is carried to ADCIRC and overland codes. In addition to
that, ADCIRC simulation has to be done for several days around the hurricane period, typically



for 5-7 days, to get reasonably good results. Longer simulation period captures both short and
long ocean waves.

6.3 CaMEL Overland Results

The overland computation domain covers from 88.35 W to 89.69 W and from 30.147 N to 30.45
N, with 505358 nodes and 1005369 elements. The domain has the matching shoreline boundary
with the ADCIRC mesh. However, to get refined mesh in the overland shoreline area, additional
nodes are inserted along the boundary. Water height values for those inserted nodes are
interpolated from two neighboring boundary nodes, which are overlapping with ADCIRC
boundary nodes. The overland domain and mesh is displayed in Fig. 12. Please note that the
figure reflects exaggerated ground elevation pattern. The water elevation data in the shoreline
boundary are taken from ADCIRC every 10 minutes interval. The time step of the overland
simulation is 1 seconds. When the simulation times of overland and ADCIRC models are not
matching, linear interpolation between two ADCIRC output files is done for the boundary water
elevation.

The inland water elevation contours are plotted in Fig. 13. The plots show flood development
in the Mississippi coastal region after every 100 minutes - beginning from Aug 29, 9:20 A.M.
The scale was kept same for all the plots for better comparison. Different parts of the coast get
higher water elevations at different times, which depends on the hurricane landfall and the
incoming water surge. The transient water surge is similar to a sinusoidal curve. From the plots it
is evident that the code can simulate water diffusion from the shore to the inland very well, at
least from the qualitative point of view. This model, however, does not account for the building
structures and ground resistances.

The inland water velocity contours are plotted in Fig. 14 after hurricane Katrina made
landfall. The plots show water velocity in the coastal region after every 100 minutes - beginning
from Aug 29, 9:20 A.M. The water velocity is reasonably small enough to justify our diffusive
approach in the simulation.

Maximum water elevation that happens in the overland domain anytime during the entire
simulation period is displayed in Fig. 15. This figure predicts whether any building or structure
in the domain will be flooded, damaged, or unaffected because of the flooding. This is one of the
most important information that will help setting up the evacuation plan for the coastal regions.

Figure 16 displays the observatory data collected after hurricane Katrina using the High Water
Mark (HWM) remained on the structures by the flood water. Figure 16a shows the observation
stations on the domain (zoomed). Figure 16b shows the comparison of simulated results with the
HWM. The comparison, in general, is satisfactory. At some locations simulated results are
somewhat lower than the HWM, while at some other locations simulated results are somewhat
higher. There may have multiple reasons for this kind of mismatch. Since the scheme is
integrated, any error in WRF and/or ADCIRC propagates into overland. That error may be
significant depending on the predicted hurricane landfall location. The HWM may also have
some inaccuracy, since it was collected mostly by observation after the Katrina flood water
receded from the coastal zone. Definite comments cannot be made without knowing exactly how
the HWM was collected, which is unavailable at this point. In addition to that, the presence of
structures and buildings and surface friction may have some influence on the overland flow,
which we have ignored in the present study. Nevertheless, some kind of margin in the overland
results must be assumed since this model will be used primarily as a predictive tool at a time
when the exact wind and pressure information of the hurricane will not be available.



7. CONCLUSIONS

We have primarily presented finite element method based overland flow modeling. This model is
an essential part of the integrated modeling scheme of a hurricane from its approach to landfall
and associated water surge and flooding in the coastal regions. For that purpose, overland code is
to be used in sequence after WRF and ADCIRC models. We have solved diffusion wave or
Richard’s equation for the overland model. The simulations results are compared with the
available observed Katrina data. In general, the comparison is good. It is imperative that some
kind of error margin is used for the hurricane prediction schemes because of the integrated nature
of it. We have demonstrated that repeated simulations of the codes are needed because the more
recent meteorological data we use, in general, the better accuracy we obtain from WRF. The
accuracy of WRF results propagate into ADCIRC and overland simulations through the wind
and rain input. The diffusion velocity in the overland flow is reasonably small, which justifies
the diffusion type modeling approach we have taken.
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