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Abstract

Storm surges are of great interest to the city of New Orleans. Storm surges are
flood like phenomena caused by storms. Different methods for surge prediction
are used until now. Nevertheless, these methods are not always capable to pro-
vide insight in observed surge patterns in the New Orleans basin. This study
focuses on assessing and explaining spatial and temporal patterns of surge re-
sponse depending on different storm characteristics. This is done with the newly
developed idealized storm surge model. For the first time this model is applied to
a realistic case study. First model performance is assessed and then a sensitivity
study to storm parameters is done.

Hurricanes create low pressure and high wind stresses at the ocean’s sur-
face. These forces induce both local and large scale water movements. Six storm
parameters based on the Holland model are used as model input for the meteo-
rological part. The hydrodynamical part is forced by the meteorological model
and solves the linear shallow water equations using the finite element method
and a temporal Fourier transformation. The domain is a schematic representa-
tion of the north east corner of the Gulf of Mexico (Figure 1). This large scale
domain is chosen to capture both the local and large scale processes of a storm
surge. Dirichlet boundaries with an inverse barometer effect represent the open
connection with the Gulf.

The realistic case study shows that reproduced water level are in fair agree-
ment with observed water levels. The maximum surge levels are comparable but
the water level trend is underestimated prior and after landfall. The timing of
these peaks levels on the other hand, is comparable at all locations. The quali-
tative trend of observed water levels is reproduced by the model. A sensitivity
study for storm parameters is done with six synthetic storm scenarios. These
scenarios are based on three different storm directions (NE, N, NW) and two
combinations of central pressure and storm size (900 mbar & 32 km; 930 mbar
& 47 km).

The simulations demonstrate that in this study, storm direction is the domi-
nant storm parameter. Water level time series (Figure 2) show a clear distinction
per direction. Directions affect maximum surge, timing of the surge and the trend
of the water level. The water level deviations caused by storm direction in the
range from 40 cm to 2 m. The combinations of central pressure and storm size
on the other hand, show only small differences in maximum surge (3-35 cm).

Local processes mainly determine the surge pattern through the basin. These
are induced by geometry and bathymetry and wind direction. This pattern is
different for each storm direction. In addition, direction affects the relative
importance of large scale processes. Only a north west storm direction shows
this contribution, as it generates a forerunner propagating along the coast of
Florida towards New Orleans. This can be seen in both water levels and the
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amplitude spectra.
We conclude that the storm direction is an important parameter for the surge

response in New Orleans affecting local and large scale surge response. This is
notable because literature focusses on central pressure and storm size as main
contributors. The effect of geometry should be noted . Therefore, it is important
to extend this sensitivity study and focus more studies on a coastal geometry
rather than commonly used, a straight coastline.
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Chapter 1

Introduction

Hurricane induced storm surges are a major threat to the low-lying city of New
Orleans. Half of the city lies below sea level and high water levels cause a real
threat. This was illustrated in 2005, when hurricane Katrina made landfall in
New Orleans. Half of the city flooded causing a lot of damage and casualties.
However, tropical storms making landfall in New Orleans are rather a norm than
an exception. Each year several tropical storms cause high waters levels along
the coasts of the Gulf of Mexico. Better understanding of the processes causing
these high water levels can help to protect the city for future flooding by storms
surges.

This chapter introduces the phenomenon of storm surges and explains how
storm surges were predicted currently and in the past (Sections 1.1 and 1.2).
Some surge predictions show a lack of understanding of the processes of a storm
surge. This results in the objective of this study (Section 1.3). Research questions
and a research plan are presented next (Sections 1.4 and 1.5). Finally an outline
of this report is given (Section 1.6).

1.1 Storm surges

Storm surges are flood-like phenomena which are caused by a storm. In the
case of New Orleans these storms are tropical cyclones which are formed at the
Atlantic Ocean or the Gulf of Mexico. Under certain conditions the cyclone
develops such high wind speeds (over 33 m/s) that it is called a hurricane and
given a name. Hurricanes cause several hazards for people and environment,
both directly and indirectly. Directly, as the storm causes high wind speeds,
wind gusts and a lot of rainfall. Indirectly, due to the creation of a storm surge
causing flooding in unprotected coastal areas.

Low pressure at the sea surface and high velocity winds are the main drivers
of the storm surge. A storm surge is basically a volume of water pushed towards
the shore by the wind swirling around the moving depression. Together with
other processes along the coast, such as the tides and waves, it generates the
water levels at the coast which can be up to 8 m higher than normal.

1.2 Prediction of storm surges

In the past, storm surges have caused a lot of damage over the world. Well known
cases are the North Sea surge of February 1953 and the surge at Galveston, Texas
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Table 1.1: Saffir-Simpson hurricane scale (1974) and how hurricane Katrina (at landfall)
fits within this scale (orange)

Saffir- Central Max wind Storm
Simpson pressure speed surge
category [mbar] [m/s] [m]

1 980 33.0 - 42.5 1.2 - 1.5
2 965 - 979 42.9 - 49.2 1.8 - 2.4
3 945 - 964 49.6 - 58.1 2.7 - 3.7
4 920 - 944 58.6 - 69 3 4.0 - 5.5
5 < 920 > 69.3 > 5.5

(400 km west of New Orleans) in September 1900 (Pugh, 1987) and recently the
surge of hurricane Katrina. The storm surge caused by hurricane Katrina in
2005 resulted in higher water levels than expected prior to landfall; this is one
of the motivations behind this research.

Historically, the Saffir-Simpson scale (Simpson, 1974) has often been applied
as an indicator of the storm impact (see Table 1.1). The Saffir-Simpson scale is
based on hurricane intensity, where the central pressure of the hurricane and the
wind speeds give an indication for the expected storm surge. Based on the Saffir-
Simpson scale, various studies on storm surges have been conducted. These stud-
ies include parameters as bottom slope (Harris, 1959), landfall location, forward
speed and direction (Weisberg and Zheng, 2006). All these studies emphasize
storm intensity as the main factor for the predicted storm surge. However, there
are still too many exceptions to fit the scale. Irish et al. (2008) pointed out that,
while the Saffir-Simpson scale has historically proved an adequate categorization
of hurricane damages, it could not predict the storm surge of hurricane Kat-
rina. Irish et al. (2008) stress that it is a misconception not considering storm
size (measured as radius between storm centre and location of maximum wind
speed) as an important factor regarding to storm surge generation. Indeed, the
size of hurricane Katrina was large compared with other severe hurricanes that
were higher on the scale of Saffir-Simpson. So, besides pressure, storm size is
an important parameter as well. Including the storm size would have predicted
more realistic storm surges.

Surge levels of hurricane Katrina were the most extreme in years. New water
defence measures were designed based on extensive probability studies (Cobell
et al., 2013). However, a few years after hurricane Katrina a smaller storm in
sense of hurricane category (Isaac in 2012, category 1) caused even higher water
levels at some locations along the coast of New Orleans (Figure 1.1). So, despite
the lower intensity and the smaller storm size, the water levels still exceeded
the forecasts of the storm surge. This emphasizes the strong variations in surge
response and that other parameters could be important as well.

Furthermore, it is observed by Van Ledden (personal communication) that
the storm surge of hurricane Katrina has some remarkable properties. In AD-
CIRC simulations of the storm surge (Westerink et al., 2005) it seems that the
storm surge ‘bounces’ from the Mississippi river dikes to the opposite shore (yel-
low dashed lines in Figure 1.1), crossing the path of the hurricane. This bouncing
could indicate that some processes of a storm surge can lead to even more vari-
ation in observed water levels.
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Figure 1.1: Maximum storm surge of hurricane Katrina (left)(Westerink et al., 2005)
and tropical storm Isaac (right)(The Times-Picayune, 2014). The location of the red
arrow shows the point where the surge of hurricane Isaac is higher than the surge of
Katrina. Yellow dashed lines represent the coastal zones where the surge of Katrina is
observed to have a ‘bouncing effect’. Please note the different scales on the colour bars!

In this research I will endeavour to assess and explain the processes leading
to the differences observed at different places along the coast of New Orleans of
the succeeding events.

1.3 Research objective

The current storm surge prediction methods are able to explain some of the ob-
served water levels in the New Orleanscoastal basin. Nevertheless, these models
do not provide sufficient insight in the processes. Each storm creates a differ-
ent storm surge and different processes seem to interact causing temporal and
spatial differences in surge response. Many previous studies are focussed on
straight coastlines and storms with straight storm paths. This may imply that
processes in the semi enclosed basin of New Orleanscould affect the storm surge
in a different way than found in literature. The research objective of this study
is:

”To assess and explain the spatial and temporal patterns of surge
response variations inside the semi-enclosed basin of New Orleans
depending on storm characteristics, by idealized process-based mod-
elling.”

This study will be conducted using an idealized storm surge model (Chen, 2014)
which computes the hydrodynamic behaviour of the storm surge. The model
is forced by characteristic storm scenarios. These scenarios are parametrized
by central pressure, storm size, Holland-B parameter, forward speed, landfall
location and storm direction.

1.4 Research questions

The following research questions are formulated to achieve the research goal:
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1. How can the domain, parameters, forcing and boundary conditions of the
idealized storm surge model be formulated to calculate the storm surges at
the coasts of New Orleans?

2. How does the idealized storm surge model behave and perform when ap-
plied to a realistic case study?

3. What is the sensitivity of the storm surge response to storm parameters?

4. How can the (characteristic) storm surge response be explained?

1.5 Methodology

To answer the research question and achieve the goal, the following methodology
is used:

• First an analyses of the study area will be made. The New Orleans coastal
basin is a big and dynamic basin. Sufficient background knowledge is
necessary for studying storm surges.

• An overview of the development of a storm surge is made, starting with the
meteorological processes originating at the Atlantic Ocean and the forma-
tion of a hurricane. Secondly, the hydrodynamical processes are described
which are involved when the storm surge comes to shore. A selection of
processes will be incorporated in the model.

• Then, water level data and meteorological data of hurricanes for the New
Orleans coastal basin and bathymetric data of the Gulf of Mexico are
collected. Based on availability of meteorological and water level data,
representative hurricanes are selected for assessing model performance and
sensitivity. Data processing and preparation will be done before data are
used as basis for the idealized model.

• The idealized process-based storm surge model of Chen (2014) will be used
to calculate the storm surges. It uses the Holland model (1980) to describe
the pressure and wind fields of a tropical cyclone. Six storm parameters
will be the input; central pressure (Pc), radius to maximum wind speed
(Rmax), Holland-B parameter (B), forward velocity (Cf ), location of the
origin (x, y)origin and track (φ) of the storm.

• Next, an appropriate domain size will be selected. The size of the domain
will be based on the selected processes from step 2. Domain boundaries
conditions will be specified to allow or prevent water to flow in and out of
the domain. Bathymetry will be an idealized representation of the conti-
nental shelf and the deep part of the Gulf of Mexico.

• Assessing model performance and behaviour of the idealized model will
be done using historical data, both meteorological and hydrodynamical.
Model performance will be judged with hindcast of historical storms (base
cases) using the maximum water level, timing of the maximum water level
and the hydrographs of the total surge. Model behaviour will be investi-
gated by systematically varying input parameters and comparing the out-
come with the base cases. Some adaptation to the model set-up can be
necessary as well.
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• With the tested model a sensitivity study to storm surge response will be
conducted by systematically varying the storm parameters. These combi-
nations of storm parameters will be described in different storm scenarios
relevant for the New Orleans area. The impact on the surge response will
be analysed by for the different parameters using the same indicators as
for the model sensitivity, complemented with the amplitude spectra of the
Fourier modes. To study the water levels and amplitudes, six locations are
chosen which are previously selected as interesting points.

• Based on the found surge responses, these results of the water levels and
elevation amplitude spectra will be interpreted and explained by linking
them to physical processes present in the New Orleanscoastal basin.

1.6 Report outline

The report is structured as described below. A summary is given at the end of
each chapter listing the main points of that chapter.

Chapter 2: Storm processes around New Orleans This chapter provides
some basic knowledge about the New Orleansarea. Secondly, it gives an
overview of the development of a storm in the New Orleansarea. It also
explains the processes leading to the observed storm surge of a hurricane
at the coasts of New Orleans.

Chapter 3: Model set-up This chapter covers the building and testing of the
model. Assumptions and model choices are explained. The first research
question is answered in this chapter.

Chapter 4: Model performance and behaviour Assessing the model per-
formance for a realistic case study and investigating model behaviour is
reported in this chapter, addressing the second research question.

Chapter 5: Sensitivity analysis and physical interpretation This chap-
ter covers the sensitivity study of surge response, beginning with a selection
of the storm scenarios. The sensitivity to storm parameters is presented in
several figures and tables giving an objective overview. The physics behind
the found characteristic surge responses is explained as well. This chapter
answers research questions three and four.

Chapter 6: Discussion This chapter forms the discussion about the limita-
tions of the chosen approach. Also the model input and the implications
of excluding certain processes are discussed.

Chapter 7: Conclusion and Recommendations This final chapter covers
a summarized conclusion for the different research questions. Finally, rec-
ommendations for further research are presented.
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Chapter 2

Storm processes around New
Orleans

The New Orleans coastal area is a large area which is prone to hurricanes. As this
research is focussed on New Orleans and the surrounding waters, this chapter
provides some background information about historic storms which have made
landfall in the vicinity of New Orleans (Section 2.1).

These hurricanes generate storm surges when making landfall. Therefore the
final parts of this chapter explain the development of storm surges. In Section 2.2
the development of a storm in the New Orleans area is described. Followed by
Section 2.3, where the effect of this meteorological system on the water move-
ments in the Gulf of Mexicois described.

2.1 New Orleans area

The New Orleans area is a complex system of many water bodies and swamps
and it is a major economical centre for the state of Louisiana as well. This section
provides more information about this area and gives an impression of orders of
magnitude (km and m surge etc.) for the remainder of this report.

2.1.1 New Orleans

New Orleans is a major city situated at the north coast of the Gulf of Mexico,
located at 29◦N latitude in the Northern Hemisphere. The port of New Orleans
is one of the major ports of the United states. It forms the largest city of the
state Louisiana and is an important economic centre.

In 2012 the population was about 340.000, but the whole metropolitan area
of New Orleans populated roughly 1.2 million inhabitants. This number is signif-
icantly smaller than before hurricane Katrina in 2005. Many houses and public
places were destroyed which resulted in many people moving from the city (Pop-
ulation Division, 2012) .

The city is forced to take good care of their water management because only
51% of the city is at or above the sea level. The lowest points of the city even
reach 6 m below the sea level (Williams, 2007). Therefore, flooding due to storms
forms a major threat for the city. This threat is even more alarming because of
the long evacuation times of New Orleans that are caused by the lack of major
highways and the dense population (Roth, 2010).



8 Chapter 2. Storm processes around New Orleans

Figure 2.1: Size of the Mississippi delta (left) compared with The Netherlands (right).
Note that both images have the same scale (Dijkman, 2007).

2.1.2 Mississippi river delta

The city of New Orleans is located in the south east of Louisiana, straddling the
Mississippi river. It is built on both sides of the banks of the Mississippi, 169 km
away from the mouth at the Gulf of Mexico. Even though this is upriver, the
city still belongs to the Mississippi river delta. This 7th largest delta on earth
has been formed over the last 7000 years. As can be inferred from the shape
of the coastline, this delta is a river-dominated system. The delta is formed by
the deposited sand, clay and silt from the largest river of North America. In the
past extensive coastal wetlands covering more than 11.000 km2 were formed in
the delta. To give an indication of the large scale of this river delta, Figure 2.1
shows the Mississippi delta compared with The Netherlands (both images have
the same scale!).

The Mississippi River nowadays flows along a ridge formed by its own nat-
ural deposits creating a natural levee system. Throughout the history the delta
experienced natural growth and shrinkage as a result of variations in sediment
deposition. Therefore the water depth in the delta is very limited and in large
sections not even reaching below 2 m. A detailed map of the water depth can
be seen in Figure 2.2. Unfortunately, the levee system, navigation channels and
other structures upstream in the Mississippi river prevent the natural deposition
of sediments resulting in the erosion of the delta and wetlands. It is estimated
that Louisiana has lost about 5000 km2 of land since the beginning of the 20th
century (Barras, 2005). This increases the risk of flooding. The coastal erosion
increases salt water intrusion from the Gulf of Mexico into the coastal wetlands.
This intrusion weakens the ecosystem and makes it vulnerable to destruction
by hurricanes and unable to withstand heavy storm surges. For example after
hurricanes Katrina and Rita in 2005, 520 km2 of wetlands was lost and became
open water (Barras, 2005).

2.1.3 Storms around New Orleans

The location of New Orleans in the Gulf of Mexico makes it prone to hurricanes.
On average, ten tropical storms are formed in the North Atlantic annually. Some
of these storms make landfall causing enormous damages.
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Figure 2.2: Bathymetry of New Orleans (Westerink et al., 2005)

Historical storms

Since the city of New Orleans was established in the 18th century nearly 52
hurricanes made landfall in or near the city. Several historical hurricanes are
listed in Section 2.1.3. Twenty other not-named hurricanes have made landfall
in New Orleans before 1964, but those are left out of the table. The three largest
storms in terms of their storm surge levels are Betsy (1965), Camille (1969) and
recently Katrina in 2005. As can be seen, the three largest storms in essence
differ strongly, especially regarding the size and the Saffir-Simpson category, but
their surges were comparable. Those storms are briefly described below.

Hurricane Betsy (1965) came to land at Grand Isle with wind gusts of 160
mph (258 km/h). The island was completely flooded by the surge of 4 m
and many oil rigs and public utilities were severely damaged (Fitzpatrick,
1999). When the storm hit the city of New Orleans still wind gusts of
135 mph were measured and a surge of 3 m was recorded. The hurricane
caused 81 casualties and the damage was up to 1.4 billion US$.

Hurricane Camille (1969) was one of the three hurricanes of category 5 that
made landfall during the 20th century. The hurricane had a relatively
small size. However, the wind gusts were severe and a wind speed of 201
mph was measured. The storm caused massive flooding and landslides in
Louisiana. Damage was suffered in a much bigger area as the hurricane
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Table 2.1: Historical hurricanes making landfall in New Orleans (characteristics are at
moment of landfall). Missing values could not be obtained from used sources (National
Weather Service, 2014; U.S. Army Corps of Engineers, 2006).

Storm name Central Storm Saffir-Simpson Observed storm
(year) pressure size* category surge

[mb] [km] [-] [m]

Hilda (1964) 960 39 3 2.3 - 3.0
Betsy (1965) 945 74 3 4.1 - 4.8
Camille (1969) 910 22 5 6.4 - 6.9
Babe (1977) 995 - 1 1.5
Bob (1979) 986 - 1 1.5
Elena (1985) 959 - 3 3
Juan (1985) 975 - 1 1.5 - 2.4
Danny (1997) 990 - 1 1.2 - 1.8
Cindy (2005) 991 - 1 1.2 - 1.8
Katrina (2005) 919 47 3 7.5 - 8.5
Gustav (2008) 954 - 2 4.5
Isaac (2012) 965 - 1 2.5 - 3.4

*radius from hurricanes centre to location of highest wind speed.

travelled further inland. In total 355 people died, which is remarkably
low given this extremely violent storm. An early warning system and
the success of evacuation worked and there were no casualties among the
thousands of offshore oil workers. The total damage is estimated at 11
billion US$.

Hurricane Katrina (2005) was one of the worst natural disasters of the US
history. Despite being classified as only a category 3 storm, surge levels
were much higher than could be deduced from the Saffir-Simpson scale.
Computer models made forecasts predicting a surge of 15 to 20 feet (4.5-6
m). However, when the hurricane made landfall Katrina produced a surge
as high as 27 feet (8.2 m). The storm and the surge levels caused many
breaches in the 350 mile levee system surrounding the city. In a total of 18
hours 80% of the city flooded 6-20 feet (2-6m) (Homeland security Council,
2006). The storm caused 1836 casualties and a total damage of 120 billion
US$ in the whole US.

Hurricane season

Each year several cyclonic storms are formed on the Atlantic Ocean during the
hurricane season. According to the National Oceanic and Atmospheric Admin-
istration (NOAA) the official hurricane season is between the first of June and
the 30th of November, with a peak in hurricane activity in the period between
mid-August until mid-October. During the season an average of 10 tropical
storms is formed above the Gulf of Mexico, the Caribbean Sea or the Atlantic
Ocean. In 2-3 year time 5 hurricanes make landfall in the US, two of which are
severe hurricanes (category 3-5). Since 1851 a total of 75 hurricanes of Katrina’s
landfall strength (category 3) hit the mainland of the US.
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Figure 2.3: 34 Hypothetical storm tracks (blue) making landfall in the vicinity of New
Orleans, including the track of hurricane Katrina (red) (U.S. Army Corps of Engineers,
2008a).

Hurricane tracks

Despite hurricane Katrina being the most memorable in face of the destruction,
the track of Katrina is far from unique. All hurricanes making landfall near New
Orleans are formed near the Gulf of Mexico and the Atlantic Ocean. Because of
the Coriolis force and general wind patterns on the earth, the paths of hurricanes
have 3 general directions. U.S. Army Corps of Engineers (2008a) used these
three, complemented with a fourth path, in their study to create 34 hypothetical
hurricane paths Figure 2.3. The fourth path, however, was only different far
away from the landfall location and lined up with the other directions close to
the shore. These tracks are a good representation of the hurricane activity near
New Orleans.
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2.2 Hurricane development

Storm surges are driven by meteorological processes. Low pressure weather sys-
tems can bring the water of the oceans into motion. These meteorological pro-
cesses can cause a variety of storms. Because this study is focussed on the Gulf of
Mexico, a storm is defined as a severe cyclonic wind storm ranging from tropical
storm to a hurricane. Additionally, this section will only describe the formation
of tropical storms rather than extratropical and subtropical storms and depres-
sions. This difference is important because tropical storms have the potential
to quickly develop into hurricanes while the latter two do not (Weather Under-
ground, 2014). Because of their nature, extratropical and subtropical storms will
not occur in the Gulf of Mexico.

The development of a hurricane starts with a low pressure area above a
tropical sea or ocean. First it forms a tropical depression, then a tropical storm
which may develop into a hurricane. In the development of a cyclonic storm
many processes are happening at the same time. These processes, schematized
in Figures 2.4 and 2.5, are explained below.

2.2.1 Meteorological processes

All cyclonic storms start with a low pressure area above a water surface. Distur-
bances over the Atlantic Ocean form the origin for the storms in the New Orleans
area. The prevailing wind blowing over this ocean is directed from Central Africa
to the west. When the water in the ocean is warm enough (over 26◦C) and a
constant wind is present, a tropical storm can develop. Wind blowing over the
surface of the warm ocean induces evaporation at the ocean’s surface (Figure 2.4,
process 1). The warm humid air rises (2) and condensates in the atmosphere
forming clouds (3) and releasing latent heat warming the air around (4). Hot
air will rise further up and as the wind keeps evaporating sea water it generates
more warm air pulling up the clouds and forming a column of clouds in the centre
of the depression (5) (National Weather Service, 2014).

As the column increases to go higher and higher, a high pressure area forms
on top of the cloud column and wind starts blowing from this high pressure
to the surrounding area with lower pressure (see the red arrows in Figure 2.5).
In the Northern Hemisphere those winds will bend to the right because of the
geostrophic winds around a high pressure area combined with the Coriolis force.
The cooled air flows to the outer boundaries of the storm and can fall down to the
sea surface again. At the same time the rising warm air causes a pressure drop
at the sea surface underneath the cloud column in the eye of the storm. This
generates winds at the sea surface towards the centre of this low pressure area.
Due to the Coriolis force these winds circulate in a counterclockwise direction
around the low pressure area (see green arrows Figure 2.5), so in the opposite
direction compared with the overcast. The rising air inside the centre of the
storm creates the eye of the storm rotating in the counterclockwise direction as
well.

The continuous supply of air at the sea surface moving towards the centre
creates more and more clouds. Around the storm’s eye rain bands form with the
same circulating properties. These are bands of thunderstorms often accompa-
nied with heavy rainfall and gusty winds. When a tropical depression is above an
ocean with warm water for a longer time, the continuous evaporation at the sea
surface makes the hurricane’s eye start spinning faster and faster. When wind
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Figure 2.4: Initial development of a column of clouds, the starting point for a tropical
storm (National Weather Service, 2014).

Figure 2.5: Wind structure and cloud of a tropical cyclone (National Weather Service,
2014).
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speeds reach 39 mph (17 m/s) the depression is termed a tropical storm and it
is given a name. If a tropical storm remains over warm water for a long enough
period, the core temperature will become warmer and wind speed increases even
more. The thunderstorm activities will then come closer to the centre and when
wind speeds exceed 74 mph (33 m/s) the tropical storm is grown into a hurricane.

2.2.2 Hurricane varieties

Each tropical storm or hurricane is different. The wind speeds, pressure inside
the eye, the eye’s size and the amount of rain it spills over the land can all be
different. Even a single storm itself is not the same over the whole lifespan.
When a storm develops the size and wind speed increase, but when it makes
landfall the wind speeds generally reduces due to friction by trees, houses or
other objects and the absence of the hot water energy source. When the storm
moves further on shore it gradually ceases to exist. Another difference are the
observed wind speeds in a single hurricane; the wind speeds at the right side
(in the Northern Hemisphere and viewed in the direction of forward motion)
of the hurricane are higher than those on the left side. This is caused by the
forward speed of the storm combined with the anti-clockwise circulation. Imagine
the hurricane in Figure 2.5 moving to the top right corner of the figure. The
winds at the right side of the hurricane are in the same direction as the storms
movement contributing the observed velocities, while the wind at the left side
of the hurricane point in the opposite of the hurricane’s direction causing the
observed wind speeds to be lower.

2.3 Storm surge development

When large amounts of water travel to the shore other factors such as bottom
slope and angle of approach become important.

Hurricanes cause several hazards such as the high wind speeds, wind gusts
and a lot of rain. Still, in coastal areas the storm surge caused by the hurricane is
one of the biggest concerns. A storm surge can cause enormous floods. The low
pressure at the sea surface and the high velocity winds are the main drivers of
the storm surge. A storm surge is basically water sucked up by the low pressure
and pushed towards the shore by the force of the wind swirling around the storm.

A storm surge is influenced by for instance, the geography and a variety of
different physical processes. Furthermore, it is found that large scale effects due
to the geometry of the Gulf of Mexico contribute to the surge as well. Along
with four other processes these create the final observed storm surge along the
coasts. These processes create the total water level observed at the coast are
schematized in Figure 2.6 and explained below the figure. The first two processes
are described in more detail in the following sections.

Total water level

The storm surge during a hurricane is, despite being the biggest, not the only
contributor to the final observed water levels along the coast during a hurricane.
The total water level is built up by the following factors influencing the sea level
at that specific moment. The last four are outside the scope of this research and
will therefore only be shortly touched upon.
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Figure 2.6: Schematic overview of storm contribution to the total water level at the coast
(green, right). The storm surge is created by the pressure and wind effect (blue, left),
influenced by different local factors (blue, middle). Large scale processes (purple, bottom)
generate an increase in water level farther away from the storm. However these can
propagate towards the location of landfall increasing the total water level as well. *Only
oscillations are meant which were driven by an earlier event. So, not the oscillations
caused by the storm event causing the present storm surge.
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Storm surge: The direct surge of the storm (dark blue) driven by the pressure
and wind field of the hurricane. The surge is influenced by many different
factors (light blue), ranging from site specific properties to the storms
forward speed, creating a local surge (Section 2.3.1).

Large scale processes: These processes (purple) can force the water along the
coast to increase with 1 m even if the storm is several 100 km away. These
processes could propagate and reach the landfall location before or during
moment of landfall enhancing the effect of the storm surge (Section 2.3.2).

Tides: Every day the water levels along the coast rise and fall due to the gravi-
tational pull of the Moon and the Sun. New Orleans experiences one high
and one low tide a day (diurnal tide) with a relatively small tidal range of
0.5 m. However, tide-surge interactions make it difficult to simply add up
the tidal water level and the surge water level (Bode and Hardy, 1997).

Wind waves: Near the coast wind waves increase the water level in two dif-
ferent ways: by wave run-up and wave set-up. Wave run-up is caused
by breaking waves which spill the water onshore letting the water reach
further inland. Wave set-up is caused when waves propagate towards the
shoreline and increases the mean water level with a typical order of less
than 0.5 m.

River discharge: Storms are generally accompanied by heavy thunderstorms
in the outskirts of the storm. In a short time this excessive rainfall in-
creases the river discharge in the region. Especially near deltas (such as
the Mississippi delta) the local water levels will rise.

Prior sea level oscillations: Oscillations can occur in a water body, for ex-
ample when a storm travels over a basin pushing the water against one
shore (wind effect). The oscillation can remain in the basin after the storm
passed. The surge of a second storm can be enlarged by these prior os-
cillations. When the time between the two successive storms matches the
natural period of a basin resonance can occur and amplify the water level
of a storm surge as observed in the North Sea by Weenink (1956). A single
storm itself can also cause resonance of the water in a basin, though these
oscillations do not fall in the context of the above mentioned oscillations.

2.3.1 Local processes

Local processes are processes in the direct vicinity of the hurricane. Physically
the atmosphere of a storm acts on the sea in two distinct ways; i) changing verti-
cal acting forces on the sea surface due to the atmospheric pressure changes and
ii) forces generated by wind stress at and parallel to the sea surface. Although
both forces can be described separately, the effect of the forces can usually not be
separately identified (Pugh, 1987). While for extratropical storms the pressure
effect and the wind effect are equally important, for tropical storms the wind
effect is dominant resulting in much higher surge levels (see Figure 2.7).

Reduced atmospheric pressure influences the water level, which is called
the inverted barometer effect (Proudman, 1953). A local low pressure area
causes the water level to rise compare to the surrounding regions. The at-
mospheric pressure inside the eye of a hurricane can be as low as 910 mbar
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Figure 2.7: Wind-driven and pressure-driven surge of a hurricane (National Weather
Service, 2014).

(Hurricane Camille, 1969) (U.S. Army Corps of Engineers, 2006). Com-
pared to the normal ambient pressure around new Orleans (1030 mbar),
the inverted barometer effect in this hurricane forces the water level to rise
1.15 m.

Wind exerts horizontal stresses at the sea surface. Energy and momentum are
transferred from the more rapidly moving wind to the water layer. The
wind stress brings the water into motion. Velocities of the water are highest
in the top layer of the water and could reach up to 3% of the winds speed
(Pugh, 1987). This results in piling up of the water at the coast (wind
set-up). When a storm is travelling to shallow water the Ekman transport
can also add to this wind set-up. This Ekman transport is induced by the
Coriolis force and is a function of wind stress and latitude. Wind stresses
induce a net transport of water with an angle due to the wind direction. In
the Northern Hemisphere this transport is directed 90◦ to the right of the
wind direction if the water depth is sufficient. However, in shallow areas
the Ekman spiral cannot develop completely resulting in a smaller angle
of the net transport due to the wind direction. Furthermore, due to the
increased bottom friction in shallow water, turbulence increases reducing
the angle even more (Pugh, 1987).

Thus, when a hurricane enters a shallower part of the oceans (continental slope)
the wind-driven surge will increase while the pressure driven surge will not
change.

Factors influencing the storm surge

After creation of the storm surge, several factors contribute to the height of a
storm surge at each specific location. Several studies have pointed out the most
important factors:

Central pressure A lower central pressure in the eye of the hurricane produces
a higher surge. This can be derived from the inverted barometer effect. The
central pressure is a minimal contributor compared to the other factors.

Wind speed Stronger winds circulating around the eye of a hurricane produce
a higher wind set-up, resulting in an higher surge.

Storm size The storm size is measured as the radius from the hurricane’s centre
to the location of highest wind speed. A larger storm produces a higher
storm surge (Irish et al., 2008). This is caused by two things: the winds
of the storm affect a larger area of the ocean, bringing more water into
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motion. Secondly, the storm affects a specific location for a longer period
(because of the size it costs more time for the whole storm to pass over a
certain point).

Angle of approach The angle at which the storm approaches the coastline has
effect on the height of the storm surge. Storms making landfall with a big
angle or perpendicular to the coast are likely to produce higher surge levels
than storms with a smaller angle.

Forward speed Faster moving storms generate in general a higher storm surge.
All the water of the wind-driven surge is driven to the shore in a much
shorter time than when the storm is moving slower. However, when a
storm is moving over a bay or another enclosed water body, slower storms
create a higher surge. The fast moving storms have already moved over the
bay before a wind-driven surge can be built up. So depending on geometry
forward speed can both enhance and decrease a surge.

Bottom slope Higher storm surges occur where the bottom is gently sloping in
contrast to steeply sloping shelves. This is particularly important for the
New Orleans area because the continental shelf is very shallow and deepens
gradually offshore.

Shape of coastline A storm will produce higher surges when it makes landfall
on a concave coastline than on a convex coastline. In very narrow basins
funnelling can cause a large amplification of the storm surge. Depending
on the shape a surge could even be coastal trapped and propagate like edge
waves causing enormous devastation (As-Salek, 1998).

Local features The final height of the storm surge is highly dependent on local
features as for example: man-made barriers, barrier islands, wetlands or
inlets. These features will affect the flow of the water and can either reduce
or amplify the storm surge (Resio and Westerink, 2008).

2.3.2 Large scale processes

The large scale meteorological nature of a hurricane does not only generate a
local surge at the location of landfall. In the Gulf of Mexico large shelf scale
processes are observed during the hours before, during and after landfall. The
Gulf of Mexico constitutes one big basin with a deep middle section and a broad
continental shelf along the coasts. Together with the concave geometry around
New Orleans this has led to hurricane induced surges that impacted over 1000
km of coastline. Recently more detailed studies (Hope et al., 2013; Kennedy
et al., 2011) are done to hurricanes and the affected water levels within the Gulf
of Mexico. These studies show processes as geostrophic set-up, forced early rise
of water in coastal bays and propagation of a free wave along the shelf. These
processes are most important for hurricanes with a large wind fields (over few
hundreds of kms).

Geostrophic set-up A large hurricane can induce strong shore parallel cur-
rents in the Gulf of Mexico. Due to the shape of the Gulf and the coun-
terclockwise ration of the hurricane’s wind field, hurricanes from the south
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east create a steady wind field along the Florida to New Orleans coast. Ek-
man transport induced by the steady winds causes water to pile up along
the coast, creating a geostrophic set-up.

Forerunner The cross-shore barotropic pressure gradient and Coriolis acceler-
ation in its turn force an alongshore current in the same direction as the
wind. The geostrophic balance between along shelf current velocities and
surface elevation can create a forerunner in the Gulf of Mexico. This prop-
agating wave along the shelf is most significant on wide, shallow shelves
and has a typical amplitude under 1 m (Kennedy et al., 2011). Forerun-
ners are observed to propagate with an average speed of 5-6 m/s. Kennedy
et al. (2011) specified the forerunner of hurricane Ike as a non-dispersive
free continental shelf wave which has a sub-inertial nature. This alongshore
forerunner induces an early rise of connected inland lakes and bays well be-
fore landfall which facilitates the inland surge penetration. A forerunner is
also found for hurricane Katrina (Figure 2.8). The forerunners is observed
along the coast from Florida to New Orleans.

Seiching Blain et al. (1994) showed that even larger scale processes are impor-
tant in the Gulf of Mexico. When a hurricane suddenly enters the Gulf of
Mexico resonant modes of the whole Gulf can be excited. These resonant
modes may even depend on interaction between the Gulf and contiguous
basins. The large scale seiching modes could have amplitudes of several
tens of cm (Kennedy et al., 2011).

2.4 Summary

The city of New Orleans is very vulnerable to storm surges; half of the city lies
below sea level making it prone to flood caused by the storm surges. The dense
population and lack of major highways increase evacuation times, resulting in
an even bigger risk for the population. Erosion of the Mississippi delta increases
the risks of flooding even more. Roughly five hurricanes make landfall in the
US every 2-3 years. For these hurricanes roughly three different paths can be
differentiated.

Hurricanes develop from a low pressure weather system at the Atlantic Ocean.
The pressure in the centre of the hurricane is low and increases toward the outer
boundaries of the hurricane. On the contrary, wind velocities are highest at the
edge of the hurricane’s eye and decrease further from its centre.

Local processes underneath the hurricane induce a pressure-driven and wind-
driven surge that are influenced by the local bathymetry and geometry of the
shoreline. Large scale processes on the other hand, create a rise of water levels
at locations far away from the hurricanes centre. This can generate a forerunner
propagating towards the location of landfall. Combined with the wind- and
pressure-driven surge this results in an additional rise of water level.
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Figure 2.8: The forerunner of hurricane Katrina. (a-g) Water surface anomaly over
time as observed along the coast (observed water levels excluding tides (National Oceanic
and Atmospheric Administration (NOAA), 2015)). A forerunner can be observed when
comparing all highest water levels (blue points) from the top to the bottom. The maximum
surge travels from southern point of Florida to New Orleans. Vertical lines indicate time
of landfall (black) and 20 hours prior to landfall (red). (h) The locations of water level
measurements a-g.



Chapter 3

Model set-up

The model used in this study is the newly developed storm surge model by Chen
(2014). The model is developed for his PhD project at the University of Twente.

This semi-analytical storm surge model is developed to cope with large com-
puter demands which arise when one would like to make a systematic analysis
of storm surge response. The model calculates three-dimensional flow, including
Coriolis effects and bottom friction, forced by a time-periodic wind stresses and
pressure gradients.

The idealized model combines a temporal Fourier transformation and the
Finite Element Method (FEM). This can be used to gain insight in the dominant
processes of a storm surge because the Fourier transformation makes it possible
to assess the surge reaction to each of the corresponding modes (Chen, 2014).

The model consists of two parts: a meteorological model and a hydrodynam-
ical model. The meteorological model generates input for the hydrodynamical
model through wind stress and atmospheric pressure gradients. The model is
schematically visualized in Figure 3.1.

This chapter presents successively the meteorological and hydrodynamical
parts of the model. Then the implementation of the model for this specific study
is presented (Section 3.3). This chapter answers research question one.

3.1 Meteorological part

The meteorological part of the model generates the forcing for the hydrodynam-
ical part. The atmospheric pressure field of a storm and the movement of the
storm is described by the Holland-B model (Holland, 1980). This parametric
pressure model is a simplification and thus an approximation of the pressure
field of a real storm. Wind is a result of pressure gradients and can therefore be
determined using the approximated pressure field of the storm.

3.1.1 Pressure field

Despite the complexity of a hurricane’s pressure field, it is found that this field
can be well represented by a relatively small set of parameters, primarily the
storm intensity, storm size, peakedness and forward speed (Resio and Westerink,
2008). Using the Holland storm model ((Holland, 1980)), these four parameters,
along with the angle and landfall location of the hurricane prescribe a specific
pressure field for a moving hurricane at each moment in time. The following six
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Figure 3.1: Schematic representation of the idealized storm surge model by Chen et al.
(2014). ηk and uk are the complex amplitudes of respectively surface elevation and
velocity at frequency ωk.

input parameters (storm parameters) are specified for the model to generate the
pressure field:

• Central pressure, Pc [Pa];

• Radius to maximum winds, Rmax [m];

• Holland-B parameter, B [-];

• Forward velocity of storms centre, Cf [m/s];

• Point of origin, (x, y)origin ;

• Storm direction, φ [◦].

Holland model

The parametric pressure model by Holland (1980) uses the six parameters to
generate a wind- and pressure-field of a hurricane. It is specifically useful for
tropical storms. These storms have no front and their pressure field has a circular
shape. The pressure field can therefore be described by the radial distance from
the hurricane’s centre with the following relation:

P = Pc + (Pn − Pc) exp

(
−
(
Rmax

r

)B
)

(3.1)

Here, r is the radial distance from the hurricane’s centre, P is the atmospheric
pressure as function of r and Pn is the ambient atmospheric pressure and other
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parameters are as described above. Input for the model is reduced by assuming
constant ambient pressure of 1030 mbar (consistent with the New Orleansarea).

The Holland-B parameter (B) and the radius to maximum wind speed (Rmax)
determine the shape of the radial pressure profile in the hurricane. Hence, using
the gradient wind equations the wind profile can be derived from the pressure
profile (Holland, 1980). The influence of the Holland-B parameter on both pres-
sure and wind profiles with a given Rmax can be seen in Figure 3.2. As can be
seen, the bigger the value of the Holland-B parameter, the steeper the pressure
profile at the Rmax of 20 km and the higher the wind speeds at that location.

Figure 3.2: The effect of varying the Holland-B parameter on (a) pressure profile and
(b) the gradient wind profile (Holland, 1980).

3.1.2 Wind field

The wind field is derived using the pressure field. It is modelled as a so-called
gradient wind. The forward movement of the storm and friction influence both
wind direction and speed. How the wind field is calculated is explained below.

Forward speed of the storm

Although the wind profile can be derived from the pressure profiles, for a moving
cyclonic storm this derivation is more complicated than for a non-moving storm.
As described in Section 2.2, observed wind velocities at the east side of a moving
storm are higher than at the left side. The forward speed of the hurricane and the
wind velocities are enhancing each other while at the west side of the hurricane
the opposite happens. Therefore the wind velocities are calculated using Chen
(2014):

Vw =
2

3
(−W +

√
W 2 +

(Pn − Pc)
B

ρa

(
Rmax

r

)B

exp

(
−
(
Rmax

r

)B
)

(3.2)

withW =
Cf sinκ− rf

2
in which Vw denotes the wind speed (m/s), ρa air density

(kg/m3), f = 2Ω sinϕ the Coriolis parameter and ξ the angle (◦) between the
storm track and the vector from the storm centre towards the point of interest.

Surface friction

Gradient wind blows parallel to the pressure isobars. However, the actual wind at
the sea surface is influenced by friction. The wind speed decreases and direction
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slightly changes. To correct the wind speeds, Brunt (1934) derived the following
equation:

Vs = Vg(sinβ − cosβ) ≈ 2

3
Vg (3.3)

Where Vs is the surface wind (m/s) at 10m above the surface and β the deflection
of the surface wind towards the storm’s centre. With a value of β = 17◦ (as used
by Jong (2012)) this results in a ratio of 2/3 as seen in Equation (3.2).

Wind stresses

Finally the wind stresses acting on the water surface are computed using:

~Tw = Cdρa

∣∣∣ ~Vw ∣∣∣ ~Vw (3.4)

where ~Tw = (Tw,x, Tw,y), ~Vw = (Vw,x, Vw,y, ) and Cd the dimensionless drag coef-
ficient (= 2.54e−3)1.

Altogether, the meteorological part generates the pressure and wind stresses
as function of time and space. The wind stress is used as the surface boundary
condition at z=0 and the pressure as input variable for the calculations. Both
the pressure field and wind field of a hurricane can be seen in Figure 3.2.
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Figure 3.3: The pressure (left) and wind field (right) of a hurricane with parameters
Pc = 92800 (Pa), Rmax = 52 (km), B = 1 (-) and Cf = 7.8 (m/s).

1Based on the analysis in Chapter 4, this value replaces the default value of 1.4e−3.
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3.2 Hydrodynamical part

The hydrodynamical part of the model calculates the solution for the surface
elevation and velocity field at each point in the domain as a function of time.
The time and space-dependent pressure and wind force the system. Fourier
transformation combined with the Finite Element Method is used to solve the
problem.

3.2.1 Shallow water equations

Assuming vertical displacement to be small compared to the water depth, the
three dimensional linearised shallow water equations are used to express conser-
vation of momentum and mass:

∂u

∂t
− fv = −g ∂η

∂x
− ρ−1∂P

∂x
+

∂

∂z
(Av

∂u

∂z
), (3.5)

∂v

∂t
− fu = −g∂η

∂y
− ρ−1∂P

∂y
+

∂

∂z
(Av

∂v

∂z
), (3.6)

∂η

∂t
+

∫ 0

−h

[
∂u
∂x + ∂v

∂y

]
∂z. (3.7)

Here, P is the atmospheric pressure from the meteorological model, η is the sea
surface elevation, g is the gravitational acceleration u and v are flow velocities
in x− and y−direction, respectively. Furthermore, η represents the free surface
elevation relative to the undisturbed water level z = 0 and the bed level z = −h

Turbulence is represented using a uniform eddy viscosity Av along with a
partial slip condition at the bed with resistance parameter s. This means with
a large s, there is no slip as the bottom boundary condition and a s = 0 means
a free-slip for which the problem is independent of vertical coordinate. This is
captured in the following boundary conditions for an imposed wind stress at
the free surface and the partial slip-condition at the bottom. The linearisation
procedure causes the free surface condition to be imposed at z = 0 instead of at
z = η.

Av
∂u

∂z

∣∣∣∣
z=0

=
Tw,x

ρ
, Av

∂v

∂z

∣∣∣∣
z=0

=
Tw,y

ρ
(3.8)

ρAv
∂u

∂z

∣∣∣∣
z=−h

= su, ρAv
∂v

∂z

∣∣∣∣
z=−h

= sv (3.9)

3.2.2 Solution method

To be able to calculate the solution the hydrodynamical model is divided in
two parts (as can be seen in Figure 3.1). The first part contains a Fourier
transformation of the pressure field and wind stresses to write them in a time-
periodic fashion. This means the continuous signal is decomposed in a number
of signals (modes indicated with index (k)) with different frequencies (ωk) and
amplitudes (Pk or Tw,k). Which means:

P (x, y, t) =

K∑
k=−K

Pk(x, y)e−iωkt (3.10)
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~Tw(x, y, t) =
K∑

k=−K

~Tk(x, y)e−iωkt (3.11)

The second part of the hydrodynamical model calculates the solution for each
of these modes. The shallow water equations are transformed and expressions
are created for both horizontal velocities, in terms of the surface slopes and
wind stresses. Substituting these expressions into the continuity equation and
integrating this from bottom to surface gives an elliptical equation for the surface
elevation. A complete derivation of this solution method can be found in Chen
et al. (2015).

This equation is finally solved numerically using the Finite Element Method
finding the surface elevation for each mode in the domain. With the surface
elevation the horizontal velocities for each mode can be derived. Linearity of
the model ensures that the basins response to forcing can be obtained by the
superposition of the responses to the Fourier forcing.

3.3 Model implementation

To simulate the storm surge response with the model of Chen (2014) the complex
New Orleans coastal basin is schematized. This section gives an overview of the
model choices to represent the schematized coastal basin of New Orleans. As
the model is constructed using successive loops of improvements only the final
model set-up is presented here.

3.3.1 Domain

The New Orleans coastal basin is a complex basin with many features such as
barrier islands and the large swampy areas along the coastline. In order to
make a sensitivity study on the most basic elements of the coastal basin most of
these features are simplified or left out of the geometry to study only the most
important processes.

For simulation purposes a small domain concerning only the local scale of
the New Orleans coastal area is preferred because of calculation time. However,
this local scale domain showed to be inadequate to compute the storm surge
response as also pointed out by Blain et al. (1994). Since cross-shelf boundaries
are in regions of significance for surge generation in a small domain. Surge and
boundary conditions could not be known a priori. Therefore a domain must
be chosen sufficient for simulating large scale processes as well. If the domain is
chosen to small entire flow phenomena may be merely model artefacts and which
appear and disappear.

To include the large scale processes the domain covers the whole north east
corner of the Gulf of Mexico as shown in Figure 3.4. For simplicity the coasts
of the basin are represented by straight lines. Inside the New Orleans coastal
basin the lines follow the coasts during high water, so swampy areas which flood
during high water are not present in this domain.

3.3.2 Bathymetry

As already seen in Figure 2.2, New Orleans is situated at a continental shelf.
The bathymetry is shallow near the coast with a steep drop to the deep open
water of the Gulf of Mexico. Because the New Orleans coastal basin is the region
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Figure 3.4: Schematized model domain of the north east corner of the Gulf of Mexico.
Blue: New Orleans coastal area. Black: domain boundaries, where dashed lines re-
semble inverted barometer boundaries. Green: schematic representation of a storm and
storm track, parametrized by hurricane size (Rmax), forward speed (Cf ), point of origin
(x, y) and storm direction (φ). Central pressure (Pc) is not shown.
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of interest, the bathymetry of this basin is schematized in more detail than the
rest of the domain. The bathymetry for the whole basin is a simplified version of
the real bathymetric data (see Figure 3.5). The shallow water depths represent
the swamps. During high tide the swamps are flooded but during low tide the
swamps are almost dry. This is difficult to implement in the model since it is a
linear model and cannot work with water depth of zero. The water depth for the
swamps is therefore exaggerated to 3 m. Between the swamps and the barrier
island the water level decreases slowly to 20 m with a big topographical step to
the continental shelf at 100 m.

In the rest of the domain, the continental shelf is represented with a water
depth of 20 m along the coast and 100 m further from the shore. The deepest
part of the Gulf of Mexico is 1000 m.

3.3.3 Boundary conditions

The model domain is surrounded by 2 different boundaries; closed boundaries
representing the physical coastline and inverted barometer boundaries connect-
ing open water with the Gulf of Mexico. The closed boundaries are represented
by a reflecting boundary where no normal flux is allowed. This means the ver-
tical integration of the normal velocities at these boundaries is zero (Dirichlet
boundary condition for velocities).

An open boundary is used to represent the open side of the basin. Both
a non-reflective boundary and a Dirichlet boundary with an inverse barometer
effect are considered for this case. Eventually the inverse barometer boundary
showed to be best option for this study.

The non-reflective boundary allows water to flow into the basin and makes
it possible for waves to propagate out of the domain. Even though this could
be a better presentation of reality than a Dirichlet boundary, this non-reflective
boundary gives difficulties if large differences in water depth are present near
the boundary. Furthermore, this boundary uses an assumption that the open
water outside of the domain has the shape of a ’channel’ with the width of the
open boundary and an infinite length. Because the open boundaries are cross-
shelf boundaries, a large change in water depth is present along this boundaries.
Choosing for this non-reflecting boundary condition means that it is not specif-
ically known how the boundary behaves with the large topographical step and
it incorrectly assumes the width of the Gulf of Mexico. This can have big in-
fluences for the amount of water transported by the hurricane towards and into
the basin. Both of these aspects are important for this study so therefore the
Dirichlet boundary condition is considered an option as well.

The Dirichlet boundary prescribes a certain water level at the seaward bound-
ary. This water level can either be a fixed water level, a periodic function (e.g.
tidal signal) or a calculated value from the inverted barometer effect. This im-
plies that the water level has a given value but still water can flow in and out of
the domain since the velocity flux over the boundary is not zero.

Despite non-linear interactions with storm surge, tides are not considered in
the model because the tidal range around New Orleans is relatively small (around
0.5 m). Furthermore, surface elevation due to the wind at open boundaries is
assumed to be small compared to the inverse barometric effect. Pascal’s law can
then be used to determine the surface elevation (ζ):
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Figure 3.5: (a) Schematized bathymetry including domain boundaries and locations. For
dashed black line the depth profile is shown in (b). Both show the different water depths,
3 m, 20 m, 100 m and 1000 m successively from west to east at the dashed line.
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ζ =
∆p

gρw
(3.12)

However, using this boundary implies that a wave generated inside the do-
main cannot propagate out of the domain.

Furthermore this boundary condition will lead to a discrepancy when, on the
one hand, there will be a wave reflected from the closed (coastal) boundary, giving
the points (nodes) at (or near) the boundary a value, and on the other hand,
the boundary condition prescribes other values at these nodes. This discrepancy
arises when the boundary is not sufficiently far away from the dynamic area in
the domain and could possibly make the open boundary a ’partially-reflecting’
boundary. However, as shown by Chen et al. (2014), a large topographical step
in a basin causes a circulation within the shallower part of the basin and mimics
in this way the effect of a Dirichlet boundary at the topographical step.

Therefore, taking this into account and compared with the non-reflecting
boundary condition, the Dirichlet boundary is considered the best option for this
domain. Prescribing the water level with the inverse barometric effect showed
to be the best representation for this study. Due to the low pressure inside the
eye of the hurricane the water level rises underneath it. This water level rise is
used as boundary condition for the model both inside and outside the eye of the
hurricane.

3.3.4 Storm parameters

The six storm parameters of the Holland-B model specify the different storms.
For calibration these parameters are based on historic hurricanes which deviate in
strength along there track. Therefore these parameters are time dependent. For
the sensitivity study however, the parameters are kept constant for the whole
timespan of the simulation. For historic storms parameters are only known
(or specified) for the first 66-72 hours. The recurrence time is much longer
and therefore the parameter set of the last known time step is assumed for the
remainder of the simulated time.

3.3.5 Friction parameters

Friction due to turbulence is represented by the vertical eddy viscosity (Av) and
a partial slip condition with resistance parameter (s) at the bottom. The values
of both of these parameters could be linearly proportional to the local water
depth or uniform over the entire basin. It is chosen to work with constant values
as used by Chen et al. (2014): Av = 0.025 and s = 0.01.

3.3.6 Numerical choices

Several numerical choices must be made for simulation of the same problem.
Each of the choices influences the accuracy of the results or the correctness of
the model. Below the numerical choices are explained.

Grid size for calculation

The storm surge model uses the finite element method which divides the whole
domain in smaller simpler parts (finite elements). The equations are solved for
each of the elements. Analogous to creating a circle with straight lines, the
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Figure 3.6: L2 norm (o) for different grid sizes within the local basin of New Orleans,
together with associated calculation time (*).

error decreases when the lines are smaller. This means that small elements are
preferred. However, with decreasing element size, the calculation time of the
computer increases rapidly.

Since this study requires many simulations, calculation time cannot be too
long. Selection of the appropriate grid size is therefore based on the calculation
error and the calculation time of the computer. A sensitivity study for the local
coastal basin of New Orleans is conducted to determine the optimal grid size for
the calculations. Several simulation runs are made with different grid sizes. The
L2-norm2

is used to determine the error between a certain grid size and the smallest
grid size which is assumed to be the best fit (Figure 3.6). A grid with 320 grid
points is considered appropriate. For the large scale basin this corresponds with
a grid size of 6 km. This grid size is used at the boundaries of the model and
in the New Orleans coastal area. For the wider part of the domain a bigger grid
size is used (20 km). This results in 10130 grid points (Figure A.2).

The storm surge model uses triangular elements, which can be either struc-
tured or unstructured. Because of the geometry of the New Orleanscoastal basin
a structured mesh is not appropriate for this study. The unstructured triangle
mesh is used.

2The L2-norm is defined as follows (Kumar et al., 2015) :

L2(Ω) = {φ such that ‖φ‖2 =

(∫∫
Ω

|φ|2
)1/2

<∞}, (3.13)

where φ is the difference between the numerical solution with the finest grid and the coarser
grid.
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Recurrence time

The Fourier transformation in the hydrodynamical model decompose the con-
tinuous signal of the forcing into a number of different signals with different
frequencies. The smallest frequency of the Fourier modes is determined by the
recurrence time of the model:

ω1 =
2π

Tr
(3.14)

where ω1 is the smallest frequency and Tr is the recurrence time.

Because the solution is based on a discrete Fourier analyses, the simulation
has no initial starting point and the storm is simulated again and again inside
the basin. The period between two successive storms must thus be chosen and
is called the recurrence period. If the recurrence period is too small, the water
level oscillation of the previous storm could still be present in the basin and
enhance the surge of the following storm. A large recurrence period means
that smaller frequencies (longer wave periods) can be captured in the Fourier
analysis. However, in that case more modes are needed to get the same accuracy.
Simulations showed the first used recurrence period of 20 days to be insufficient
to exclude sloshing from previous storms. The recurrence period was increased
to 30 days to reduce the effect of sloshing. However, sloshing did not disappear.
Combined with the found results for the number of modes, the recurrence period
had to be reduced to 7 days to give a proper representation of the forcing.

Number of modes

The Fourier transformation in the hydrodynamical model decomposes the con-
tinuous signal of the forcing into a number of different signals with different
frequencies.

ωn = ω1 ∗ n (3.15)

where ωn is the frequency of the nth-mode and n = 1, 2, ..., Nmax, with Nmax the
chosen maximum number of modes.

Analogous to the number of elements, increasing the number of modes gives
a more accurate signal because the highest frequency gets smaller and smaller.
However, more modes increase the calculation time. The number of modes is
also related to the recurrence period of the storm (Equation (3.14)), the longer
the period the more modes are needed for the same accuracy.

The default value of 30 modes is too small to represent the sudden change in
wind stresses and pressure caused by the hurricane. As illustrated in Figure 3.7,
128 modes and a recurrence time of 7 days give a relative good representation
for the forcing of hurricane Katrina. Even more modes should be used to reduce
the still present deviation in Figure 3.7 b and d. In combination with the calcu-
lation time a maximum of 128 modes chosen for the simulations. Resulting in a
resolution to capture waves with a period of at least 1.31 hour.

Time series time step

Even though a Fourier transformation is used, water levels can be calculated
both for the Fourier modes and as a time series. For these time series a inverse
Fourier transformation is used. Results can be calculated with each desired time
step.
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Figure 3.7: Real and Fourier representative of forces. (a) and (c): Fourier representa-
tive with 32 modes. (b) and (d): Fourier representative with 128 modes. Both with a
recurrence time (Tr) of 7 days.

The observed data has a time step of 1 hour. Furthermore, with chosen
number of modes (128) and recurrence time (7 days) the period of the highest
frequency is 1.31 hour. Choosing a time step bigger than this period ensure that
results are do not show small variations created by merely the highest frequency.
Therefore it is chosen to use a time steps of 2 hours for the time series of the
water levels, which decreases the calculation time as well when compared to a 1
hour time step.

3.4 Summary

The meteorological model generates the radial profiles of the pressure field and
wind stresses of a hurricane for each point in the domain as a function of time.
These forces are used as input for the hydrodynamical model, which is based on
the linearised three dimensional shallow water equations. A Fourier transforma-
tion and the Finite Element Method make it possible to calculate a solution for
the surface elevation at each point.

Domain and bathymetry are chosen to give an adequate representation of the
north west part of the Gulf of Mexico. An inverse barometer effect is used to
simulate the open boundaries with the Gulf, while closed reflecting boundaries
simulate the shoreline of Louisiana, Mississippi and Florida. Numerical choices
are based on the trade-off between accuracy and calculation time. This has
resulted in a grid size along boundaries and in the New Orleans area of 6 km, a
recurrence time of 7 days and 128 modes.
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Chapter 4

Model performance and
behaviour

The newly developed idealized storm surge model has never been used before
for a realistic case study. Therefore, during this first comparison to reality, the
model performance is assessed and the model behaviour using different physical
parameters is systematically explored. This is done to gain trust in the model’s
ability to simulate storm surges and judge its applicability for a realistic case
study.

First the selection of historical data is presented (Section 4.1) and uncertain-
ties of the historical data are quantified. These data are used for a hindcast and
to assess model behaviour (Section 4.2). Simulated water levels are shown with
maximum surge level and timing of these peaks. When necessary also results of
Fourier modes are presented. This chapter answers the second research question.

4.1 Historical data

Each year, many tropical storms make landfall in the US. Not all these storms
can be included in the dataset. Most common storms to calibrate and validate
models for the New Orleans area are the BRICKA storms (Betsy, Rita, Ivan,
Camille, Katrina and Andrew). These hurricanes are considered to form a good
representation of the range of realistic hurricanes for this study area. However,
many more storms have passed new Orleans. Suitable storms for the performance
assessment are selected using the following criteria.

• Data about storm parameters should be available during the course of the
hurricane towards the coast and at moment of landfall.

• Water level data should be available at coastal stations in and around the
coastal basin of New Orleans.

• For a storm to be selected data about both storm parameters and water
levels should be available for the same time span.

• A storm should make landfall in the proximity of the city of new Orleans
or the coastal basin.

• Water level data should have been recorded for a period of 10 days before
and after the storm to be able to see extra sloshing in the basin.
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Table 4.1: Selected hurricanes for assessing model performance and behaviour.
Data from National Climatic Data Center (2014). Water levels are relative to
NAVD88 (2004.65).

Storm name Date Max storm Max wind Min central
surge speed pressure
[m] [km/h] [mbar]

Rita 24-9-2005 1.94* 281 897
Katrina 29-8-2005 4.04* 233 918

Ivan 16-9-2004 2.23* – –
Andrew 26-8-1992 1.76* – –

*Sensor ceased transmission at this point and did not record maximum elevation.

• Water level data about one storm should be available at more than 3 dif-
ferent stations spread along the coast of the coastal basin.

• Storms should be tropical storms with a hurricane category (SS-scale) of 1
or higher.

Based on these criteria, data from hurricane Katrina, Ivan and Rita and
Andrew were found to be sufficient enough for the performance assessment. For
other hurricanes often no data were available for either storm or water level
data or the data were too old. For example, before 2004 the National Oceanic
and Atmospheric Administration (NOAA) (2015) did not record any data giving
information about the size of a hurricane.

4.1.1 Hydrodynamic data

The search for hydrodynamic data was difficult. Even though many storms pass
the New Orleans area consistent observations water level data were hard to find.
The National Data Buoy Center (NDBC) employs 15 floating buoys in the Gulf
of Mexico, however data have to be paid for and only wave levels were recorded.
The NOAA deployed many water level gauges and stations along the coasts
of the Gulf. In the New Orleans basin several hundred measuring points are
available. Unfortunately not all of them are active any more and no record is
present about when data was measured. So based on trial and error, stations
have been individually assessed for suitability. A second set of hydrodynamic
data during hurricane Katrina is obtained from a model study done by Dietrich
et al. (2012). This ADvanced CIRCulation (ADCIRC) model has calculated the
surface elevation including tides for the whole Gulf of Mexico. Water level data
at 6 locations is extracted for the purpose of this study.

Data preparation

Despite the verification of the NOAA, the observed water level data still showed
measuring gaps and inconsistencies. Some of the stations were destroyed during
hurricane Katrina and unable to record the maximum surge as well as the surge
of hurricane Rita two weeks later. Furthermore, the water levels were measured
with respect to the MLLW (Mean Lowest Low Water level). This MLLW is
different for each station so water levels could not be compared. The following
steps are made to prepare the data for use:
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Table 4.2: Water level observations/simulations at different locations for one or mul-
tiple hurricanes. Observed maximum surge is shown (relative to NAVD88 (2004.65)).
Locations A to K are shown in Figure A.1. (National Oceanic and Atmospheric Admin-
istration (NOAA), 2015)

Location Station Station Rita Katrina Ivan Andrew
name ID surge surge surge surge

[m] [m] [m] [m]
A SW Pass, LA 8760922 1.132 2.362 1.164 0.978*

ADCIRC 1 - 3.322 - -
B ADCIRC 2 - 5.175 - -
C ADCIRC 3 - 4.476 - -
D ADCIRC 4 - 4.692 - -
E ADCIRC 5 - 6.220 - -
F Waveland, MS 8747766 - 2.737* 1.450 1.371
G Gulfport, MS 8745557 0.9457 - - -
H Ocean Springs, MS 8743281 - 4.043* - -
I Pascagoula, MS 8741533 0.899 - - -

Horn Island, MS 8742221 - 1.898* - -
ADCIRC 6 - 4.071 - -

J Dauphin Isl., AL 8735180 1.233 1.942 2.177 0.826
K Pensacola, FL 8729840 1.119 2.038 2.230* 0.808

*Sensor ceased transmission at this point and did not record maximum elevation.

Gaps in recordings were present in the observed data. Time stamps of this
missing data were also missing so the data series just became shorter.
Missing time steps are searched manually and inserted with NaN-values
for the water levels.

Tides are included in the data. With tide predictions (NOAA) for the same
time-period these were removed from the recordings. However, small de-
viations were still present because tide predictions did not include wind
set up or other temporary factors. By excluding the tides the tide-surge
interactions are neglected. It is assumed that these interactions can be
neglected in the scope of this research.

The reference level for each station is different. A deviation from the NAVD88
(2004.65) (the NAP for the US) was not known for all stations. The same
method is used as by U.S. Army Corps of Engineers (2008b). They resolved
this by assuming the MSL (Mean Sea Level) to be constant for the whole
Louisiana coast and on average to lie 0.5 ft above MLLW. The MSL was on
average 0.44 ft above NAVD88 (2004.65) so the MLLW data is corrected
with +0.06 ft.

ADCIRC data are only available including tides. To be comparable with other
observations, the best fit tidal predictions at nearby stations during hurri-
cane Katrina are subtracted from these simulated time series.

Conversion from feet to meters was needed to be able to compare the sim-
ulations with the observed data. At the end, all data are available in m
+NAVD88 (2004.65).

The available stations of NOAA and the ADCIRC simulations have 3 loca-
tions which should show similar water levels. Figure 4.1 shows all measured
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Figure 4.1: Observed (red) and ADCIRC simulated (blue) water level data during hur-
ricane Katrina 24-8-2005 till 1-9-2005.

water levels for hurricane Katrina. It can be seen that at locations E/F and I
the water levels are similar until the measuring stations are destroyed. For loca-
tion A however, the maximum water levels deviate almost a meter. Therefore,
the results of the model study will be either done with the NOAA observations
or the ADCIRC simulations, both datasets will not be combined for the model
assessment.

4.1.2 Meteorological data

The meteorological data should provide the six parameters to calculate the pres-
sure and the wind field along the whole transect of the storm. Data for ap-
proximately 3 days before landfall is necessary because if landfall parameters
would be used as constants for the whole track, the surge tends to be underes-
timated (Vickery and Wadhera, 2008). Tropical storms tend to decrease in size
and intensity the 12 h prior to landfall.

Several studies use hurricane data, however all studies showed quite big de-
viations in used parameters. Again the NOAA provided raw data, which was
finally used; the HURDAT2 (HURricane DATabase 2) (National Climatic Data
Center, 2014). This database provided 6-hourly data about the central pressure
and location of the storm’s centre, which could be used to obtain the Cf , φ and
(x, y)origin. Vickery and Wadhera (2008) derived 3-hourly Rmax and B from
measured wind speeds and pressure profiles of the hurricanes. Unfortunately
this data did not extend beyond the moment of landfall and was only available
in graphs.
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Figure 4.2: Hourly storm parameters Pc, B , Rmax and Cf of hurricane Katrina from
28-8-2005 0.00h till 30-8-2005 18.00h.

Data preparation

With these two sources the six different parameters can be extracted from the
database or derived from known values. A short description of this process is
given below. Data about central pressure were usable without any preparation.
The resulting parameters of hurricane Katrina can be seen in Figure 4.2, values
for the storm direction (φ) and parameters of other storms can be found in the
Appendix B.

Cf was calculated using the latitude and longitude of the hurricane’s centre.

φ and (x, y)origin were derived from the latitude and longitude and translated
to the coordinate system of the domain.

Rmax and B have been read from the graphs and extended for the time after
landfall. Vickery and Wadhera (2008) found hurricane size and Holland-B
parameter to decrease after landfall. The data have therefore been ex-
tended with decreasing values after landfall (as suggested by U.S. Army
Corps of Engineers (2008a)).

Linear interpolation has been finally done to determine the data for hourly
intervals usable for the model calculations.

4.1.3 Qualification of uncertainty in historical data

Uncertainty of the model input and used observation data is described here.
Because data were prepared and were used for an idealized model study it is dif-
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Table 4.3: Quality assessment of used data

Hydrodynamic data Data about Uncertainty

NOAA (1hr) ζ(t) low
ADCIRC (1hr) ζ(t) medium

Meteorological data

HURDAT2 (6hr) Pc, (lat, long)eye low
FIS study (3hr) B, Rmax high

ficult to make a quantitative analysis of the uncertainty. Therefore, uncertainty
is qualified by using three categories: high, medium and low.

NOAA water level data are measured with gauges situated along the shore
line. The uncertainty of the measuring devices is the order of mm and
is therefore low compared with the uncertainty in the tide prediction ( 5
cm). The predicted tides are used to calculate the water level anomaly,
the storm surge. Even though there are missing time steps in some of the
observation time series the water levels are quite accurate. The uncertainty
in the water level data is qualified as low.

While water level uncertainty is low, data compared to model simulations
could still deviate a lot due to the very local effects near some stations. For
example station SW Pass is in a swamp and in front of the station Waveland
a barrier island is situated. Both of these features ar not simulated in the
model.

ADCIRC water level data are obtained from another simulation model. De-
spite that model is calibrated and validated the uncertainty of these water
levels is higher than real observed water levels. The typical error for the
water levels of hurricane Katrina was 0.5 m for 72% of the measurement
locations (Dietrich et al., 2012). This is higher than the uncertainty of the
NOAA water levels. The uncertainty is therefore qualified as medium.

HURDAT2 data are measured during the whole course of a hurricane. With
measuring stations, satellite images and aircrafts the pressure and the loca-
tion of the storm are determined. Data are then analysed and if necessary
revised. The uncertainty in this measurements is therefore qualified as low.

FIS study data (U.S. Army Corps of Engineers, 2008a) for both B and Rmax

are derived values. U.S. Army Corps of Engineers (2008a) derived these
values from snapshots of wind field and data collected during hurricane
reconnaissance flights. Because approximations and assumed relations are
used, the uncertainty of this data is qualified as high.

4.2 Model properties

Water level data from historic storms are used to compare with the computed
surge levels. The default physical parameters (as described in Section 3.3) are
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used for these base cases. Assessing the model behaviour is done by systemati-
cally varying these physical parameters. This section describes the method and
the results of the model performance and behaviour. The datasets of hurricane
Katrina and Ivan are used for this, because these datasets were most complete.

4.2.1 Method

The model performance is judged by hindcasts of both hurricane Katrina and
Ivan. In Chapter 3 the default values for the model input are determined. To-
gether with storm data of both hurricanes (Appendix B) the hindcasts are made.
These simulations are the base cases for the performance analysis. The results
are discussed Section 4.2.2. The model behaviour is determined by investigat-
ing the effect of variations in model input on the model output. The default
physical parameters will be systematically deviated within realistic ranges. The
behaviour will be assessed using an individual parameter variation, thus only
one parameter will be varied per simulation. The other parameters are kept
constant. Simulated results are compared to the mentioned base case.

During this behaviour analysis storm parameters are not considered for vari-
ations. These are based on historic storm data and regarded to as fixed. This
means that the forcing of the model is kept constant for each of the hurricanes.
The following input varied instead:

Friction parameters The eddy viscosity (Av) and the slip parameter (s). The
default model values for the Av and s were used for the base case, respec-
tively 0.025 (-) and 0.01 m/s. Variations were made around these values
resulting in the values 0.015 0.025 0.035 for Av and 0.001 0.01 0.1 for s.

Secondly, the friction type was changed as well. In first instance the pa-
rameters were uniform over the water depth and constant over the whole
domain. Runs were also made with both parameters still uniform over the
water depth but linearly dependent on water depth over the basin. Which
means that in shallow water the slip parameter and eddy viscosity are
higher than in deep water.

Bathymetry The bathymetry of the Gulf is simplified for implementation in the
model (Figure 3.5). To investigate the influence of depth, this bathymetry
is varied by adapting the depths with +20% and -20%.

A third bathymetry is used which has a smoother transition between the
continental shelf and the deep part of the Gulf (Figure D.1)

Drag coefficient The wind stresses are computed with Equation (3.4). The
drag coefficient in the model has a default value of 1.4e−3 (-). However
(Amorocho and DeVries, 1981) found an upper limit for this value. Surface
winds above this velocity form a patches of foam. For wind velocities above
26.8 m/s the value should be 2.54e−3 (-), so a run is made with this value
as well.

Number of modes The number of modes is chosen so that the forcing is rep-
resented best without a too large calculation time. A higher number of
modes should increase accuracy. To see the effect, a run is made with an
doubled number of modes (=256 modes).
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Grid size The grid size is trade-off between accuracy and calculation time. A
run is made with elements half the size of the used grid.

During the process of this performance and sensitivity analysis the results
deviated so much from observations that multiple adoptions had to be made
to the model set-up. This resulted in an iterative process for the model in
combination with hurricane Katrina. This hurricane was used because of the
amount of available data. At the end, only qualitative comparison of results is
used to assess the influence of the parameters.

Selected indicators

Different indicators were used to judge the results of the model sensitivity anal-
ysis. For comparison with observed water level the model extracts simulated
water levels at roughly the same locations as the observations. The model cal-
culates with polynomial functions the value in a triangular element. If the point
of interest is not on the grid node but inside the triangle, a quadratic function
is used to calculate the value between the grid points. The following indicators
are used as guide for the comparisons:

• Water level trend, ζ(t)

• Maximum observed water level, ζmax

• Timing of maximum water level, t(ζmax)

4.2.2 Base cases

The results of the base cases are shown in Figure 4.3 and in Appendix C. The
figures show the observations and simulations for 6 different locations. The
reproduced water levels do so much deviate from observations that quantitative
comparison using the selected indicators is not possible. Therefore the results
are judged qualitatively and are eye-balled for comparison.

Compared with the NOAA observations of hurricane Katrina Figure 4.3 the
following can be said about this base case simulation:

ζ(t) The simulated water levels trends are roughly in line with the observed water
levels (NOAA). The water levels increase towards the moment of landfall
and decrease afterwards. The simulated water levels show after the surge
a periodic signal which is not registered by the measuring stations. This
sloshing is probably model induced due to the chosen boundary conditions
of the model and is therefore left out of further comparisons in this section.

At locations H-K the water levels running up to the start of the main surge
(hours 10-30) are rather spiky compared to the observed levels. Recorded
water levels show an early rise of water as well, but with a much smoother
character. For location F however, the simulated water level before hour
38 does not show any sign of increase.

ζmax Peak water levels are comparable with the observed. Unfortunately, it
cannot be determined for locations F, H and I. High water marks at these
locations reach up to 6-8 meter (Orders, 2006). Even though these high
water marks include waves, the simulated peaks are probably underesti-
mated.
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t(ζmax) The timing of the maximum water level is fair. For locations with ob-
served maximum water levels the simulated highest water level was within
4 hours for the observed peaks.

If the simulations are compared with the ADCIRC simulations bigger devia-
tion with observed water levels are found. However, the course of simulated the
water level is still qualitatively comparable. In general the ADCIRC simulations
show a peak surge about 2 m higher than computed with the storm surge model.
The timing of the computed peaks on the other hand is rather consistent with
the ADCIRC simulations. Only location E shows a very different surge than is
computed with the model, which is neither comparable in qualitative water level
trend, nor in timing of the peak surge.

The base case simulation for hurricane Ivan shows a roughly comparable be-
haviour as well. This hurricane generated a lower surge than hurricane Katrina.
Less water is brought into the basin, therefore hurricane Katrina is used for the
behaviour assessment.

4.2.3 Results

The surge for hurricane Katrina with default parameter set is shown in Sec-
tion 4.2.2. Results of all other physical parameter sets are compared to this
default storm surge. It is important to keep in mind that the outcome of this
analysis, depends on the chosen storm parameters. For example, sensitivity for
certain parameters could be higher when more extreme storm parameters are
used. Nevertheless, this analysis shows the qualitative behaviour of the model.

For each of different input sets a brief judgement of the influence is given,
which is based on water level simulations and when relevant, amplitudes of the
Fourier modes. The effect is qualified in a qualitative way using three levels:
low, medium and high. Result of the drag coefficient are shown in Figure 4.4,
other figures of the results are shown in Appendix D.

Friction parameters’ effect is shown in Figures 4.3 and C.1. This shows the
effect of the different combinations of Av and s do not have a large influence.
These parameter combinations do not influence the water level trend and
only change the water level with a few centimetres. The effect of friction
parameters is qualified as low.

Bathymetry’s effect is shown in Figure D.4. This shows a change in depth of
+ or - 20% does only influence the water levels in the order of centimetres.
The smoothed bathymetry on the other hand has more effect. At locations
H, I and J the peak surge is shifted with 2-4 hours. The surge levels
decrease slower to the original water level. Also the spiky signal before
land fall is not present as well. At location A, however, this spiky signal is
still visible.

The Fourier amplitudes show that for the smoothed bathymetry long pro-
cesses (low frequencies) are more important. There is almost no noise at the
higher frequencies, which is the case in all three not smoothed bathyme-
tries. Noise is only still at location A (the only location with the spiky
water level signal). The large peak in amplitude at mode 71 and around
mode 11 are also not present for the smoothed basin.

1Note: All 128 modes and associated frequencies only apply to this study where Trec = 7
days.
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Figure 4.3: Simulation results for hurricane Katrina (a-f). Vertical dashed line rep-
resents the time of landfall (t=39). (h) shows measuring locations and the track of
hurricane Katrina.



4.3. Summary 45

This means that the effect of the bathymetry is low when only depth is
changed. If the shape of the topographical step is changed the effect is
bigger and qualified as medium.

Drag coefficient’s effect is shown in Figure 4.4 . This shows that the drag
has large quantitative effects on the peak water levels. These are increased
with 1-1.5 meter at the most extreme locations. These peak water levels
are in better agreement than simulated with the original drag coefficient.
Also when comparing to the ADCIRC simulations (Figure D.6). The trend
of the water levels is not qualitatively influenced. The drag coefficient in
linearly implemented in the model, so almost doubling the drag coefficient
doubles wind-driven surge. The pressure-driven surge, though is not in-
fluenced. Due to the large increase of peak levels the effect is qualified as
high.

Number of modes hardly effect the water levels. This is shown in Figure D.7.
Water level deviations are only centimetres and the peaks levels are not
influenced at all. The effect of increasing the number of modes is therefore
qualified as low.

Grid size’s effect is shown in Figure D.8. This shows that the grid size mainly
affects the water level trend prior to land fall. With the finer grid, the
amplitude of the spiky signal is decreased, creating a better match with
observed water levels2 Peak water levels and the timing are only slightly in-
fluenced, changing respectively, maximum 15 cm and 2 hours. The Fourier
amplitudes a change as well. The peak amplitudes of mode 12 are smaller
as well as the noise of higher frequencies. This shows that due to grid size
changes other modes are more important. This is important because the
grid size is a numerical choice and physically there should be no differences
between the two simulations. The effect of grid size is therefore qualified
as high.

4.3 Summary

Historical data were gathered and prepared. These data were used as input for
the storm parameters and as reference water levels to assess the model perfor-
mance. The model performance is assessed using hindcasts of hurricane Katrina
and Ivan. Simulated water levels are qualitatively comparable with observed wa-
ter levels. On average the model underestimates the surge levels over the whole
durations. The simulated water levels show also a spiky and a period signal
which is not observed in data. Even though the height of the surge is not well
represented, the timing of the simulated maximum water levels is reasonable.
This implies that the surge moves in the same manner through the basin as in
reality. Based on this, it is concluded that the most important processes are
correctly simulated by the model. Therefore the performance of the model is
considered to be sufficient to use it for a sensitivity study to storm parameters.

The behaviour study indicates that the friction parameters and number of
modes hardly influence the results. The effect of bathymetry is different, chang-
ing only water depth has small effects compared to changing the slope of the

2This effect was discovered after sensitivity study mentioned in Chapter 5. Those scenarios
are therefore simulated with the default parameter values.
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topographical step. Changing the slope changes the processes of the storm surge.
On the contrary, the drag coefficient and grid size have a larger effect on the re-
sults. The higher drag coefficient only influences the height of the surge creating
much higher water levels which are in better agreement with observations. The
default Cd-value is therefore replaced. The grid size mainly affect the ’spiky’
signal prior to landfall, indicating the grid size still affects the processes of the
storm surge. Unfortunately these findings could not be taken into account for
the simulations of storm scenarios in Chapter 5. Since these were discovered
after these simulations.

The quality of the used data could also explain some of the observed dif-
ferences between observations and simulations. Main contributions are local
features near observation stations and the high uncertainty for the Holland-B
parameter and the storm size. Differences between simulated and observed data
is therefore not merely caused by model performance. Though that is still con-
sidered as main contributor.
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Figure 4.4: Simulated water levels for hurricane Katrina with different Cd-values. Ver-
tical dashed line represents the time of landfall (t=39).
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Chapter 5

Sensitivity analysis and
physical interpretation

This chapter presents the sensitivity study of surge response to storm parame-
ters. Several storm scenarios are designed and used for simulations (Section 5.1).
The results of these simulations are presented (Section 5.2) and a qualitative in-
terpretation of the sensitivities is made in Section 5.3. Finally, it is discussed
how the surge response can be explained(Section 5.4). This chapter answers the
third and fourth research questions.

5.1 Storm scenarios

For this part of the study a realistic but synthetic range of hurricanes is modelled.
Based on historical and probable combinations of storm parameters, two different
storms are developed which can approach the coast over three different paths,
resulting in six storm scenarios. The parameter selection to form these scenarios
is discussed below and more extensive in Appendix E.

As shown before, despite the complexity of a hurricane’s wind and pressure
field, it is found that the structure of the circulating wind can be well represented
by a relatively small set of parameters. The first 4 parameters (Pc, Rmax, B, Cf )
determine the storm’s pressure and wind field, while the latter two ((x, y)origin,
φ) describe the path of the hurricane.

Parameter constraints

Selection of parameters and combinations of parameters for a scenario is based
on three different aspects: (i) Realistic ranges for storm parameters in the New
Orleans area, (ii) interrelations between storm parameters, (iii) assumptions and
constraints for parameters in combination with the FEM-model. Each of these
three aspects is covered in Appendix E.

A fourth restriction was time, this formed the main restriction for the scenario
selection. Many scenarios can be formulated with selected parameters but only
a small set of scenarios can be run during this study.

Parameter choice

The parameter selection is aimed at selecting a synthetic set of probable hur-
ricanes. An advantage of this, over methods that depend heavily on historical
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storms, is that this also considers storms that might happen, whereas one oth-
erwise only considers storms that did happen.

The parameters shown in Table E.1 are selected based on the different pa-
rameter constraints as described in Appendix E. Using these parameters 108
different scenarios can be formulated. This number is too large for this study so
a selection of six scenario is made Table 5.1. The different storm directions are
visually presented in Figure 5.1.

In the process of scenario selection it is chosen to study some parameters less
intensively than others. So, the Pc = 960, Rmax = 21, Cf = 10 and the second
track of each direction ((x, y)origin =A’) are not studied in the first selection of
scenarios.

Table 5.1: Selected storm scenarios based on the storm parameters. Holland-B parameter
has a constant value of 1.1 and is therefore not shown in this table.

Scenario Pc Rmax Cf φ* (x, y)origin
1 900 32 6 7.5 A
2 930 47 6 7.5 A
3 900 32 6 322.5 B
4 930 47 6 322.5 B
5 900 32 6 277.5 C
6 930 47 6 277.5 C

*relative to the North.
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Figure 5.1: The three main storm directions as specified in Table 5.1. Where NE, N and
NW represent -7.5◦, 322.5◦ and 277.5◦ respectively. Also the 8 measurement locations
used for analysis are shown.
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5.2 Simulation results

The results of the simulated scenarios are shown in this section. These results
consist of graphs and tables based on water level time series and of frequency
spectra and figures based on elevation amplitudes from the Fourier modes. These
results will be discussed successively in Sections 5.2.1 and 5.2.2.

Features of the found water levels and elevation amplitudes are described per
two scenarios with the same storm direction. This is done because Figure 5.2
shows that scenarios with the same angle have roughly the same results, which
is also the case for the elevation amplitude of the Fourier modes.

This section gives a factual description of the results. An interpretation of
these results is given in the following sections Sections 5.4 and 5.5. Just as
assessing model performance and behaviour is done qualitatively.

5.2.1 Water level time series

Simulated water levels for the six scenarios are shown for six different locations
(Figure 5.1 (Locations A, B, D, F, I & K)). The same three indicators are used
for assessing the water levels as for the model performance (Chapter 4): water
level trend ζ(t), peak value ζmax and moment of peak value t(ζmax).

The six measuring locations are chosen in such way that at all boundaries
of the coastal basin water level can be observed and important processes can
be captured as well. Even so, these six locations have shown to be important
for the city of New Orleans. Location D is located near the dikes defending
the city and roughly at the location where hurricane Isaac had produced the
highest surge (Figure 1.1), while hurricane Katrina generated the highest surge
near locations A, B and I. Location K is used to assess if a forerunner can be
observed propagating along the coastline from the east.

First the results for the water levels (ζ(t)) for all storms are shown in Fig-
ure 5.2 and the ζmax and t(ζmax) are shown in Table 5.2 together with Figure 5.3.
More results for each scenario separately can be found in Appendix F.

Scenario 1&2

The results of storm scenarios 1 and 2 are shown in Table 5.2 and Figure F.1.

ζ(t) The water levels of both scenarios show a distinct surge at all locations
around the moment of landfall. At locations A-F the maximum surge is
measured before landfall while at locations I and K this is after landfall.
After the water levels decrease even below 0. For scenario 2 only at location
F the surge starts to decrease earlier.

ζmax The maximum water level in both scenarios is the highest at location B.
The second highest surge is at location I which is 6 hours later than at
locations B. Both of these peaks are much higher than at the other locations
which have maximum surges between 0.5 and 1.5 m. The difference in peak
surge at location B between the two scenarios which is over 1 m.

t(ζmax) The timing of the maximum surge levels (Figure 5.3) shows that the
surge propagates from location A to K passing all locations in between.
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Figure 5.2: Simulated water levels for scenarios 1 to 6 at six locations. Locations are
shown in Figure 5.1.
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Table 5.2: Simulated maximum water levels and time of observation (hour). All storms
make landfall at t = 40. Table organised per storm direction.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6
ζmax ζmax ζmax ζmax ζmax ζmax

(t(ζmax)) (t(ζmax)) (t(ζmax)) (t(ζmax)) (t(ζmax)) (t(ζmax))

A 0.97 (36) 1.09 (36) 2.66 (36) 2.69 (36) 4.90 (38) 4.32 (38)
B 6.43 (38) 4.59 (38) 7.31 (38) 6.78 (38) 5.74 (38) 5.60 (38)
D 2.48 (38) 2.58 (38) 1.41 (38) 1.55 (38) 0.87 (72) 0.94 (70)
F 1.16 (40) 1.34 (40) 2.36 (46) 2.42 (46) 4.58 (46) 4.34 (46)
I 4.17 (44) 3.42 (44) 3.56 (42) 3.59 (42) 5.29 (38) 4.97 (40)
K 2.14 (48) 2.24 (48) 1.06 (42) 1.29 (42) 3.31 (32) 2.75 (32)

Figure 5.3: Visual representation of Table 5.2. Surge pattern (black) through the New
Orleans coastal basin based on (timing of) peak surges for three different storm directions
(blue dashed line). Numbers at locations resembles timing of the peak compared to the
first maximum surge. From left to right: scenario 1&2 (NE), scenario 3&4 (N), scenario
5&6 (NW).

Scenario 3&4

The results of storm scenarios 3 and 4 are shown in Table 5.2 and Figure F.2.

ζ(t) The water level trend of both scenarios show a distinct peak at locations A,
B, D, F and I while at location K no distinct peak can be seen. The water
levels show that the surge begins at the Mississippi dikes and then goes to
the opposite shore without propagation into the shallow water (3 m) near
D and F.

ζmax The maximum surge is highest at location B, about twice as high as the
second highest (location I) and multiple times higher than the other loca-
tions.

t(ζmax) The peak surges are measured at locations A, B and D before landfall,
the other peaks after landfall.

Scenario 5&6

The results of storm scenarios 5 and 6 are shown in Table 5.2 and Figure F.3.
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ζ(t) The water levels for scenario 5 and 6 are almost the same, only the water
levels for scenario 6 are less extreme. The water levels show high peaks
on each location except location D. At this location no significant surge is
simulated. After the surge the water levels show a periodic signal. Before
the highest peak surge a smaller surge can be observed at locations A, B,
I, K between hours 14 to 24. This surge has a height of approximately
0.7-1 m, and seems to propagate from K to A along the coast. This is
also visible in the simulations where can be seen that a wave propagates
along the coast from east to west and keeps circulating after the storm is
passed (resulting in the periodic signal).The surge does not propagate into
the shallower part of the basin until storm is passed and only results in a
surge at location F.

ζmax Maximum surge of locations A, B and I are highest and comparable (3 m).
At other locations (D, K) the maximum surge is lower, and at location D
no distinct surge simulated at all.

t(ζmax) The timing of the peak surges are before landfall at locations A, B I
and K while the surge at location F is after landfall.

5.2.2 Elevation amplitude of Fourier modes

The elevation amplitudes for the Fourier modes is shown for 8 different loca-
tions. The same six locations as used in the previous section, complemented
with locations L and M. These extra locations are chosen to capture more in-
formation about the large scale processes. The spectral response is used to gain
more insight in the processes of the surge responses.

Results of the Fourier modes are depicted in two manners: an amplitude
spectrum for the eight locations (Figures 5.4 and 5.6 and appendix G) and a
surface plot of modes with the highest amplitudes (Appendix G).

The spectra show mode 0 to mode 128. Where mode 0 is the time independent
mode and mode 128 the highest frequency1 (with a period of 1.3 hours).

Scenario 1&2

The results of scenarios 1 and 2 are shown in Figures 5.4, G.1, G.4 and G.5.
The amplitude spectrum shows that the lowest 8 modes create the highest

amplitudes in the coastal basin. At locations B and I even higher modes still
create an amplitude above the 0.02 m (horizontal line). For all locations applies:
the higher the frequency, the lower the amplitude. In the shallow area mode 0
shows a rather small amplitude. The amplitudes of scenario 2 are at all locations
slightly lower than scenario 1.

These observations can also be seen in the surface plots in which the lowest
8 modes are shown (Figure G.4). In these plots can be seen that the largest
amplitude of the modes are all located at the shallow part of the basin which, in
this case, is also underneath the storm track of the hurricane.

Scenario 3&4

The results of scenarios 3 and 4 are shown in Figures 5.5, G.2, G.6 and G.7.

1Note: All 128 modes and associated frequencies only apply to this study where Trec = 7
days.
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Figure 5.4: Fourier spectrum of elevation amplitude (m) for scenario 1.
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Figure 5.5: Fourier spectrum of elevation amplitude (m) for scenario 3.
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Figure 5.6: Fourier spectrum of elevation amplitude (m) for scenario 5.



58 Chapter 5. Sensitivity analysis and physical interpretation

The spectra of scenario 3 and 4 look like those of scenario 1 and 2. The
lowest frequencies still have the highest amplitude. However, for location I the
amplitudes of modes 9 to 15 are higher than mode 8. These modes have a period
between 18 and 11 hours. A single amplitude peak for mode 7 can be seen at
locations K and L, this mode has a period of 24 hours.

The higher influence of the 7th mode can also be seen in the surface plots.
The light blue area extends to locations K and L. Secondly, these plots show
again that the highest amplitudes for the first 8 modes are underneath the storm
track.

Scenario 5&6

The results of scenarios 5 and 6 are shown in Figures 5.6, G.3, G.8 and G.9.
The spectra of scenario 5 and 6 are more divers than the ones of the other

scenarios. Several separate peaks can be distinguished in the spectra; At all
locations mode 7 shows a large amplitude compared to the modes which are
slightly lower or higher. Second, Location I, K and L also show a peak at mode
15, which could be a higher harmonic, separately induced by the storm. Third,
at these three locations an increase in amplitude can also be seen at modes 28 to
41, with a peak around mode 35. Fourth, location A, I, K, L and M show noise
in the higher frequencies, which is absent at locations B, D and F.

The surface plots also indicate that the 7th mode has a large amplitude over
almost the whole basin. Furthermore, these surfaces show that the maximum
amplitude is spread over the whole basin. In contrast to the previous scenarios
were this was more confined along the coastline and beneath the storm track.

5.3 Parameter sensitivity

Simulations of the different scenarios reveal sensitivity to used storm parameters.
The varied storm parameters are two combinations of Pc and Rmax and three
different storm tracks ((x, y)origin, φ). These observed patterns and sensitivities
are described in this section.

5.3.1 Track

The storm track shows to be a more important parameter than the difference in
Pc and Rmax. A clear distinction can be made between the water level trends of
hurricanes with the three different directions (NE, N, NW) (Figure 5.2). This
distinction can also be made based on the frequency spectra of the Fourier modes.
Storms with the same direction show a similar qualitative pattern for the water
levels Figure 5.3 and Fourier spectra Figures 5.4 to 5.6 and G.1 to G.3.

Direction NE and N are qualitatively more similar than direction NW. Water
levels of direction NE and N show in general a steep increase to the maximum
surge, with a relative constant water level before and after the storm. Storm
direction NW on the other hand, is especially different because these storms
cause a periodic signal after the storm surge and show a water level increase a
day prior to landfall.

The maximum surge depends on the storm track as well. When comparing
storm tracks, the difference in the surge at all locations is in the order of tens of
cm to several m. A maximum difference of 2.36 m can be observed at location
A (between scenario 1(NE) and 5(NW)).
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Also the timing of the maximum surge is influenced by the storm track.
Where the maximum surge at location F for scenario 1 and 2 is around moment
of landfall, it is 6 hours later for scenarios with both tracks N and NW. The
maximum surge levels also indicate that the storm surge for different directions
moves in a qualitatively different path through the basin (Figure 5.3). The storm
surge from NE track starts at the A to D and out of the basin at K. Whereas
the surges of storm directions N and NW end up at the closed end of the basin.

The analysis of the elevation amplitudes of the Fourier modes shows the same
importance of hurricane track. The amplitude spectra for the NW direction
storms are clearly different than for the other storm scenarios These spectra
show a peak at all locations for mode 7 and more noise at the higher frequencies.

All in all, the storm track influences all the indicators selected for the water
level analysis and is therefore considered as an important parameter for the storm
surge response. Not only the maximum surge is different, but also the whole
process of the surge entering the basin happens shows a completely different
pattern. This can also be found in the spectral response. Which reveals a
different response to the Fourier modes per storm direction.

5.3.2 Pc & Rmax

Comparing the results of two scenarios with same track (e.g. 1&2, 3&4, 5&6)
shows that the surge response is almost insensitive to the different combinations
of Pc and Rmax.

Scenarios with the same storm direction show the same qualitative water level
trend. The observed maximum surge level tend to be higher for scenarios with
a lower central pressure. This can also be derived from the spectral response,
where the spectral response per storm direction is comparable. The amplitudes
for the scenarios with the lower pressure are slightly higher.

For scenarios with storm track NE and N the relative difference between
water levels of the two storms is relative small, whereas for scenarios 5 and 6
this difference is bigger. Especially at locations A, I and K the water differences
between the storms are around the 35 cm. For scenarios 1&2 and 3&4 this
difference is in the order of a few cm (except for the maximum surge).

The results also demonstrate that timing of the maximum storm surge is
scarcely influenced by different Pc and Rmax combinations. The timing of the
peaks deviates with a maximum 2 hours, which is the smallest time step for the
calculations, meaning that the deviation could be even smaller.

In other words, hurricanes with a lower central pressure and smaller size tend
to produce higher maximum water levels, whereas the course of the water levels
is only slightly influenced. Scenario 5 and 6 on the other hand, show that the
sensitivity to Pc and Rmax depends on the track of the hurricane as well.

5.4 Physics behind the storm surge responses

The deviation in storm surge responses reveals that different physical processes
take place for each landfall making hurricane. Depending on the scenario, some
of these processes are more important than others. These processes can either
be local factors or large scale factors as specified in Section 2.3. Since the storm
scenarios do not cover change in forward speed and Holland-B parameter, pro-
cesses related to these parameters are ruled out. The slope and the shape of the
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coastal area are also kept the same for all scenarios, yet, these factors could still
be of influence because of the different angles of approach.

Surge movement through basin

The difference in surge movement through the basin is shown in Figure 5.3. It can
be seen that this is mainly dependent of the storm’s direction and wind direction
during its track over the basin. This can be deduced from the coastal basin’s
shape and the wind direction. It acts like a concave basin capturing the surge for
the storms of direction NW, while for directions NE and N the Mississippi dikes
form a solid barrier for the storm surge. Winds first blow towards the Mississippi
river dikes and later blow away from the dikes onto the shore around location I.

Bouncing

As described in Section 1.2 hurricane Katrina seemed to be ’bouncing’ from the
Mississippi dikes to the northern coast of the basin. This bouncing can also be
found in the surge response of storm directions N and NW when looking at the
peak water levels (Figure 5.3). These tracks are both comparable to the track
of hurricane Katrina in different stages of her approach to New Orleans. The
NW track is applicable to the first part of hurricane Katrina’s track entering the
Gulf, while the N track is more comparable to Katrina’s direction when making
landfall.

The results for water levels and amplitudes spectra indicate that this bounc-
ing is a single event. The water levels at locations show no sign of a second
peak between 5-6 hours, the spectra do not show a higher amplitude at modes
with this period either. The surge only bounces from the Mississippi dikes to
the northern shore where it is not reflected again. This bouncing is therefore not
considered as a form of resonance within the coastal basin.

(Fore)runner

The storm surge responses of scenario 5 and 6 show influence of a large scale
effect. An early rise of water level is simulated 20 hours before the storms makes
landfall at the coasts of New Orleans. The early rise suggests a forerunner
entering the basin. This forerunner is created at the coasts of Florida by the
continued shore parallel winds. It propagates from east to west (to New Orleans).
The forerunner reaches the basin one day ahead of the storm’s surge.

On the other hand, this forerunner can be seen as a runner creating a periodic
signal as described in the following paragraph.

Geometry and bathymetry

Bathymetry and geometry of the Gulf have a large influence on the surge re-
sponse. The shape of the Gulf and the continental shelf make it possible for a
forerunner to develop if the storm direction is north west.

Even so, the topographical step, near the coastal basin, increases the effect
of the storm surge from all directions amplifying the surge compared to the deep
water. The shallow part at the closed end however, indicates to decrease the
surge or reflect the surge rather than to increase it. This can be caused by the
higher friction in this shallow area.
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The NW storm track shows also signs that can be related to shelf resonance.
Looking at the amplitude spectra of scenario 5 and 6 (Figures 5.6 and G.3), these
show higher amplitudes for modes 28-41 at locations I, K and L. The surface
plots (Figures G.8 and G.9) show that these amplitudes follow the underling
bathymetry lines. This increase in amplitude can be related to shelf resonance
due to a reflecting wave at the topographical step. This is also observed during
hurricane Ike (Hope et al. (2013)). According to Pugh (1987), the period of an
open resonant basin is computed as:

Tnatural =
4L√
gh

(5.1)

where T is the resonant period (s), L the length of the open basin (m) and h
the water depth (m). At locations I, K and L the water depth is 20 m. The
distance to the topographical step is between 50 and 80 km (depending on the
wind direction). The resonance period should than be between 4 and 6 hours.
This is consistent with the period of modes 28-41.

5.5 Anomalies

Some of the results are remarkable compared with observed water levels of hur-
ricanes and my expectations of the surge water levels. These exceptions are
discussed here.

Spiky signal

The water level trends of scenarios 5 and 6 show a ’spiky’ signal prior to the
maximum surge. This behaviour was not expected beforehand and is also not
observed in the other scenarios. An explanation could be the large grid size at
the topographical step. The large change in water depth for different adjacent
elements could lead to solutions which are less accurate. However, as discussed
in Section 4.2.3, decreasing the element size resolves not all spiky signals.

A possible other explanation is given by Valle-Levinson (2015), who calls this
signal ’wiggles’ which arise from atmospheric forcing interacting with long ocean
waves. These wiggles are observed to have periods in the order of 1 hour and
are known as meteotsunamis.

Periodic signal

The periodic signal (observed in scenarios 5 and 6) cannot be explained by known
physical processes from real hurricane surges. Nevertheless, it can be explained
by a (fore)runner and the model boundary conditions.

This periodic signal suggest that the Dirichlet boundary conditions partially
reflect the forerunner and keep the wave circulating inside the domain. Inside the
basin it propagates like a Kelvin wave along the inverted barometer boundaries
towards the coast of Florida again. The runner has a velocity of approximately
50 km/h along the coasts where the water depth is 20 m. This propagation speed
is consistent with a Kelvin wave for this depth (50.4 km/h). In the deep part of
the basin the amplitude of the circulating wave decreases while the propagation
speed increases. This is also consistent with the wave speed in 1000 m deep water
(as in the Gulf of Mexico). A wave with that depth should have a propagation
speed of 100 km per hour.
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The periodic signal has a period of 22-24 hours. This is consistent with the
results in the Fourier spectra (Figure 5.6), that show a peak at mode 7 for all
locations. This mode has a period of 24 hours. The surface plot of mode 7 also
shows high amplitudes in the shallow parts and a lower amplitude in the deep
part which is in accordance with a Kelvin wave in deep and shallow water.

If the runner was merely a forerunner consisting of one wave signal, this would
have shown up in the amplitude of mode 1. Because this mode shows water
elevations which happen only once every 7 days (Trec), as would be expected
from a forerunner.

No funnelling

Observed surge levels of hurricane Katrina and Isaac show that the maximum
water level at locations D and E are among the highest. This can be explained
by the funnelling effect of the basin and the shoaling effect of a decreasing water
depth. In the simulations of the scenarios however this is not seen.

Compared to other locations the surges of storm directions N and NW (sce-
narios 3-6) show only a minor increase in water level at location D (closed end of
the basin). This phenomenon is remarkable because both of these storm direc-
tions fill the basin and the surge moves to the closed end of the basin (Figure 5.3).
The closed end of the basin is shallow (3 m), implying a higher friction which
can reduce the surge levels. However, it seems as if the surge is possibly reflected
at this shallow part and does not travel further into this shallow area.

5.6 Summary

To investigate the sensitivity to storm parameters, many scenarios can be cre-
ated. For this study a synthetic set of 6 scenarios is composed. These scenarios
represent storms that might occur in the New Orleans area.

Simulations of these scenarios show that surge response is more sensitive to
storm direction than to the combination of Pc and Rmax. All selected indicators
(the water levels, peak levels, timing of the peaks and amplitude spectra) of
different storm directions show a clear distinction. This difference is larger than
for the different combination of Pc and Rmax. A lower Pc and a smaller Rmax

only tend to produce a higher maximum surge in the order of centimetres. Not
only the water levels are influenced by the storm direction, also the whole process
of the surge entering the basin shows a completely different pattern.

This surge response can mainly be explained by a combination of local and
large scale processes. The surge movement through the basin is mainly caused
by the storm direction and local geometry of the basin. This results in the surge
bouncing from one side to the other for NW and N storm directions, while for
the NE direction the surge moves along the coasts.

Large scale processes on the other hand, are most important when the storm
has a north western trajectory. The geometry and bathymetry of the Gulf com-
bined with the continued shore parallel winds create a (fore)runner along the gulf
of Florida which propagates with approximately the same speed as the hurricane
towards New Orleans.

The spiky and periodic signal observed in the water level simulations. Both
can be explained by made model choices. Nevertheless, the spiky signals could
also be so-called meteotsunamies.



Chapter 6

Discussion

The previous chapters report the model set-up, model performance analysis and
the conducted surge sensitivity study. This section discusses some important as-
sumptions, model choices and the found results. Model input based on historical
data is briefly discussed as well.

6.1 Storm surge model

In order to do a sensitivity study, model calculation time needs to be low. The
storm surge model is therefore selected for this study due to its idealized charac-
ter. The finite element method together with the Fourier transformation results
in a relatively quick model. However, during the process of setting up the model
multiple adaptations were made resulting in a calculation time of 3 hours. The
linearised nature of the model affects the results, this effect is discussed in the
following sections.

6.1.1 Linearised shallow water equations

Linearised shallow water equations are used for the model formulation. This
means that the advection terms are absent and bottom friction is linearly imple-
mented. Furthermore this implies that the model cannot deal with zero water
levels at some locations. The domain is therefore formulated with a larger water
depth than is comparable with reality. Compared with reality the bottom stress
in shallow waters will be less resulting in an even higher surge than simulated in
the model.

Excluding non-linear effects

The observed water levels at the coast are built up by several components (Sec-
tion 2.3). The sum of these components results in the total water level used
for coastal protection purposes. In this research, all components are excluded
except the large scale processes. However by doing this, non-linear interactions
between for example tide and storm surge are neglected.

The tides are not considered in the model. The used observed water lev-
els however, did include tides before preparation. Tidal predictions are simply
subtracted from the observed water levels. It is shown that non-linear effects
are greatest when hurricanes make landfall during low tide (Rego and Li, 2010).
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Non-linear effects could reach up top 80% of the tidal amplitude, which in this
case is 0.4 m.

Tides could be included in the model by imposing a tidal signal on the open
boundaries of the model. This would improve the computations of the surge
levels but the inverted barometer cannot be applied at the same time. For this
idealized study to storm parameters the tide is therefore neglected.

6.1.2 Grid size and bathymetry

The grid size should be smaller in areas with large variations in bathymetry (or
geometry) to capture a smooth signal for all the changes. In this model set up
the grid size is only reduced in areas along the coasts. The topographical step at
the border of the continental shelf is covered with a bigger grid size. This could
lead to large differences between elements and a solution which is not as accurate.
This could be a possible explanation for the ’spiky’ behaviour of the water level
prior to landfall of the hurricane. Increasing the number of elements at the
topographical step could diminish this effect. As seen in the model sensitivity,
a finer grid reduces the amplitude of the ’spiky’ signal but does not eliminate it
completely. A drawback of this finer grid is the increasing computational time.

6.1.3 Boundary conditions and domain size

The boundary conditions in this study showed to be very important but at the
same time very difficult to impose realistically. Especially the choice for the
open boundary condition was a trade-off between calculation time, precision and
link to reality. Simulations showed that domain size and the choice for an open
boundary were coupled, therefore these are discussed together.

Closed boundaries

The choice for the closed reflecting boundaries representing the coastlines of the
domain is quite straight forward. Water should be limited to flow only inside
the basin. Still this choice for closed boundaries influences the results. In reality
the coastline lies more inward during high water levels than during low water
levels, and during a surge, water can flow land inward if water levels reach above
the defence systems. The boundaries are modelled as a wall thus all waves are
reflected. These aspects causes a higher simulated surge and less dissipation of
energy. For this reason can simulated resonance or sloshing effects be larger than
in reality.

Inverse barometric boundaries and domain size

The open boundary choice was more complex. Several model simulations were
made to assess the effects of the different boundary conditions, either a non-
reflecting boundary condition or an inverse barometric Dirichlet boundary con-
dition. Furthermore different domain sizes were used for these considerations.

The Dirichlet boundary condition imposes a surface elevation and should
therefore be located at locations where surface elevation due to wind is small
compared to the inverse barometer effect of a hurricane. The boundaries should
be far away from the dynamic area in the domain. This is not the case for the
western boundary, from the Mississippi dikes to the most southern boundary.
The boundary crosses the topographical step and is close to the New Orleans
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coastal basin where many processes take place during a storm surge. At this
boundary a discrepancy could arise between the imposed water levels and water
levels inside the domain. Possibly creating an ’partially-reflecting’ boundary
condition. The simulations suggest that this is also happening. The periodic
signal is simulated for the north west directed storms. These simulations show a
wave travelling through the basin along both closed and open boundaries. The
boundary should therefore be located further away.

The effect of this rotating wave is assumed to be small. The wave dissipates
slowly and is in the order of a few cm at the end of the recurrence time.

The very first simulations started with merely the local domain (blue in
Figure 3.4), but this showed to be inadequate to simulate large scale effect and
not applicable with the open boundary condition. The larger domain used in
this study showed to be able to include the large scale processes. Nevertheless as
discussed, the open boundaries at some location are still too close to the dynamic
area. Blain et al. (1994) emphasize that the domain should be even bigger; a
domain capturing the whole west side of the Atlantic ocean, including Caribbean
islands. For this study it was practically impossible to simulate with such a basin
concerning the large increase in calculation time this would mean.

6.2 Historical data

Historical data were obtained from various sources. Uncertainty is already as-
sessed in Section 4.1.3 and summarized in Table 4.3. Both sources for water level
are considered as moderate to good. However the simulations can still deviate
from these water levels since the domain does not includes Lake Pontchartrain.
This lake is located north of New Orleans. A study on the closure of the lake
during storm demonstrates that closing lake Pontchartrain results in water levels
up to 4 ft (1.22 m) higher for a 100-year storm along the Biloxi marshes and the
coasts of Lake Borgne surges (Southeast Louisiana Flood Protection Authority
- East, 2012).

However, the simulated water levels at these locations (D to H) are lower than
the observed water levels. These location are also situated at the coast of the
shallowest part of the basin. At this closed end, the water depth is exaggerated
resulting in a lower surge. It could be that the effect of closing the lake is reduced
by the larger simulated water depth.

6.3 Model behaviour

The model behaviour is analysed in Chapter 4. This reveals that this idealized
model is only capable reproducing a qualitative comparable surge response. This
is an reasonable result, taking into account the idealized nature of the model.
The model behaviour proves that the model does simulate the main processes of
a storm surge and can be used to study surge response. However, it means that
conclusions based on the simulated water levels and amplitudes spectra should
be made with care.

The sensitivity to grid size implies that the simulated water levels are still
dependent on numerical choices. This is undesirables because it means that
found patterns in the water levels could be model induced instead of induced by
the wind and pressure forcing. The size of the elements should be further refined
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for following studies. Based on already made model improvements made by Chen
(Appendix H) concerning grid size, it is shown that increasing the number of grid
points improves the results.

6.4 Sensitivity study

The sensitivity study to storm parameters is the main objective of this study.
The results of the storm scenarios are already shown in Chapter 5. Implications
of these results are discussed here.

First, the number of storm scenarios is limited. At most two different values
are used for a parameter which means that only limited conclusions can be based
on these results. On the other hand, the simulations show enough deviation to
conclude that the storm track is an important parameter. A step to increase the
number of scenarios is already made and described in Appendix E.

Secondly, the simulations show a ’spiky’ behaviour prior to landfall and in
some cases a period signal after landfall of the hurricane. These phenomena
cannot be explained entirely yet. Their impact on the storm surge cannot be
predicted.

Finally, the sensitivity study reveals no big influence of the Rmax or Pc

whereas these are considered as important parameters for the surge levels in
both the Saffir-Simpson scale and by Irish et al. (2008). This may be explained
by the combined change of Pc and Rmax in the scenarios. It could be that the
higher central pressure decreases the effect of a larger Rmax. Furthermore the
effect of Rmax or Pc is more apparent at one of the tracks. This suggests that pa-
rameters could be more or less important when a storm approaches New Orleans
from another direction.

6.5 Summary

The storm surge model and the chosen model set-up result in several drawbacks.
The grid size is too large at the topographical step and the open boundaries
still partially reflect a wave. This affects the results by the seen ’spiky’ signal
and the period signal. However, the qualitative surge response is considered
to be simulated fair despite of these phenomena. The model is therefore still
considered appropriate for the sensitivity study to storm parameters.

Historical data is selected and prepared with care, nevertheless the locations
of the simulated water levels are approximations. This way the simulated water
levels could still deviate much from the observed ones.

The results of the sensitivity study are notable. The storm track is found
to be the most important parameter for all factors concerning the surge. In
literature however the focus is still on the storm intensity and storm size as main
contributor for the maximum surge.
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Conclusions and
Recommendations

This research is focussed on storm surges and the effects of storm parameter
on the surge responses at the coasts of New Orleans, through idealized process-
based modelling. This final chapter presents answers to the research questions
posed in the first chapter. Recommendations will be made based on the answers
to the research questions and the discussion in Chapter 6.

7.1 Conclusion

The research questions formulated in the first chapter will be answered here.
Focus is on the last two questions because these are the main questions con-
tributing to the objective of the study, whereas the first two questions address
model properties and its performance.

1. How can the domain, parameters, forcing and boundary conditions
of the idealized storm surge model be formulated to calculate the
storm surges at the coasts of New Orleans?
This question has been answered in Chapter 3. Bathymetry and domain are
chosen to schematically represent the New Orleans area. An inverse barometric
Dirichlet boundary is used to represent the domain boundaries connected to the
open water of the Gulf. The coastal boundaries are represented by reflecting
boundaries where no normal flux is allowed.

Despite the relatively small area of interest the domain was chosen to simulate
the whole north west part of the Gulf of Mexico. A small domain concerning
only the local scale of the New Orleans area showed to be inadequate, large scale
processes could not be simulated.

2. How does the idealized storm surge model behave and perform
when applied to a realistic case study?
This question has been answered in Chapter 4, where model performance and
sensitivity are investigated.

The model’s performance is assessed by a hindcast of two historic storms.
The reproduced water levels showed that the model is able to simulate qual-
itatively comparable surge levels. However, no quantitative comparison could
be made because the simulated water level deviated too much. With a drag
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coefficient of 2.54e−3 (-) the model reproduces comparable peak surges, while
it underestimates the water level rise prior to landfall. The timing of the peak
water levels is comparable, just as the overall simulated water level trends at the
measurement locations.

The maximum surge levels are comparable but the water level trend is un-
derestimated prior and after landfall. The timing of these peaks levels on the
other hand, is comparable at all locations. The qualitative trend of observed
water levels is reproduced by the model.

During the behaviour analysis it was pointed out that the simulated ’spiky’
signal can be partially explained by the grid size. A new grid with smaller
elements reduced the amplitude of the spikes, but those did not vanish completely
and not at all locations. The behaviour study also revealed a high dependency
to drag coefficient. The higher drag coefficient resulted in surge levels which
were in better agreement with the observations. The default drag coefficient is
therefore changed to this higher value for the sensitivity study.

The model demonstrates to be insensitive to friction parameters and the
number of modes. The influence of changes in water depth was small as well,
though changing the slope of the topographical step had a larger effect.

The model is judged to reproduces water levels which are in fair agreement
with the observations. This is considered to be sufficient to study the sensitivity
of surge response to storm parameters.

3. What is the sensitivity of the storm surge response to storm pa-
rameters?
This question has been answered in Chapter 5, where six different storm scenarios
are presented.

The computed surge levels show that for this set of storm scenarios the track
of the storm is the most important storm parameter. Water level trends for
storms with different directions show a clear distinction. The storm direction
affects all used indicators; maximum surge level, timing of the surge, the whole
trend of the water level as the amplitude spectra. The deviation of surges caused
by storm direction is in the order of tens of cm to several m, with a maximum
of 2.36 m. The combinations of Pc and Rmax on the other hand show only small
differences in maximum surge, in the order of a few cm to 35 cm. The results
also revealed that the sensitivity to Pc and Rmax is depending on the storm track
as well.

The simulated surges for the three different storm paths show a completely
different pattern for the whole process of the surge entering the basin. Where
the surge for the north east storm direction develops along the Mississippi dikes
and goes to the east, the surges of the northern and north west track come from
the east and are captured in the New Orleans coastal basin.

The direction of the storm has also affect water levels further away from the
New Orleans coastal basin. The north western track is the only storm direction
which generates a forerunner increasing also the water levels far away from the
storm. This forerunner propagates from east to west along the coasts of Florida.

4. How can the (characteristic) storm surge response be explained?
This question has been answered in Chapter 5. The deviation in storm surge
responses reveals that different physical processes are happening simultaneously.
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Both local processes and large scale processes are affected. Depending on the
storm the relative importance of these processes is different.

The sensitivity reveals that the storm direction mainly determines the im-
portant processes. The surge pattern moving through the basin is mainly caused
by the local geometry of the basin and the wind direction. For the northern
direction the surge moves out of the basin towards the east. While for the other
directions the basin acts more like a funnel, capturing the surge at the closed
end. This results in the observed surge to bounce once from one side to the other
side of the basin.

large scale processes are more important for the storm with a north west
direction. A forerunner is generated while this is not apparent for the other
two storm directions. The geometry of the Gulf is a main contributor for this
distinction. The north western path runs along the coasts of Florida inducing
a set-up and the forerunner. The storms with other paths have no coastline
and continental shelf at the east side of the hurricane where these processes can
develop.

7.2 Recommendations

Based on this research multiple recommendations can be made. Both for fur-
ther research as for improving the model. Furthermore recommendations can
be formulated for policy makers. Most aspects have been discussed already in
Chapter 6 and are only shortly touched upon.

7.2.1 Recommendations for further research

Further research should focus on extending the number of scenarios. A first start
for this is already made. The focus should be on the sensitivity of different storm
parameters as well as the sensitivity in combination with each other. Results of
this study indicate that for instance the sensitivity for Pc and Rmax is higher with
a specific angle of landfall. With more scenarios the different surge responses
between Isaac and Katrina (Chapter 1) could be explained in more detail.

Secondly, in my opinion more research is needed into storm surges on non-
straight coastlines and the effect of large scale processes. Several storm surge
studies are now focused on straight coastlines, only varying the storm parameters.
The effect of large scale processes is then small or not considered. Yet this study
shows that geometry of the coastline is important as well, for both the storm
surge as well as the large scale processes contributing to storm induced water
level changes.

7.2.2 Recommendations for improving the model

Further research using this model should start by improving the model. As dis-
cussed the results still show some unfathomed phenomena. Most important point
of improvement is open boundary condition. The boundary conditions should be
improved to allow a wave to travel out of the basin, without partially reflecting
it. Even tides could be incorporated in the model by adding the periodic sig-
nal to the domain boundaries. Secondly, the element size of the grid should be
decreased. The elements should be smaller especially at the topographical step
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to ensure results are not affected by merely model induced signals. A start for
this improvement is already made and shown in Appendix H Additionally, the
domain of the study should be extended. Behaviour of large scale effects such as
seiching of the entire Gulf is unknown at the boundaries of this domain. The ac-
curacy of the forcing storms can be improved by using more modes representing
the forcing.

Finally, the objective of this study is not to accurately predict extreme water
levels. It cannot be recommended to use this model to predict extreme conditions
during storm surges, since the model is used to determine the effects on only
the most important processes of a storm surge. Other models should be used
for that purpose. However, more information about storm surge response and
characteristics obtained with this model can be used to improve the design of
coastal defences.

7.2.3 Recommendations for policy makers

This study shows that the storms that approach the New Orleans coastal area
with a NE direction are very important. Water levels are higher at most locations
and a forerunner induces a higher set-up before landfall of the hurricane. Policy
makers should focus on storms from this direction and steer more sensitivity
studies to focus on this direction sensitivity and the specific geometry of the
New Orleans coastal basin within the Gulf of Mexico.
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Appendix A

Model set-up

This appendix presents extra figures illustrating the model set-up. This model
set-up is described in Chapter 3.

Figure A.1 shows all observation and measure locations which are mentioned
throughout the report. Figure A.2 shows the nodes for the unstructured mesh
used for this study.
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Figure A.1: Schematic representation of observation and measuring locations in the New
Orleans area used for calibration and validation. All stations are listed in Section 4.1.1
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Figure A.2: Grid nodes (total of 10130 nodes) of the unstructured triangular mesh used
for the simulations. Along coasts and in New Orleans coastal zone grid size is 6 km and
20 km in the middle of the domain.



Appendix B

Storm parameters

This appendix presents the storm parameters for hurricanes Katrina, Ivan and
Rita. These are referred to in Section 4.1.2. First a table is presented with
the used direction of each storm, then the other parameters are presented in
Figures B.1 and B.2. Parameter of hurricane Katrina are shown in Figure 4.2.

B.1 Use of parameters

The values of 5 out of six storm parameters are given in the table and figures in
this appendix. The sixth parameter, the location of the storm’s centre at each
time step, is derived from the forward speed Cf and the storm direction /phi.

All parameters are only specified for the first 67 (Katrina) or 73 (Ivan and
Rita) hours. After these time steps the calculation continues with fixed param-
eter values to the last time step, t = Trec ∗ 24 = 168. The last prescribed value
of all parameter are used for this remaining period. Meaning that the storm’s
wind- and pressure-field do not change over time and that the storm direction is
one straight line.

Table B.1: Parameter values of storm direction (φ) for hurricanes Katrina, Ivan and
Rita.

Time Katrina Ivan Rita
(h) (◦) (◦) (◦)

1 255.96 295.64 233.23
2 255.96 295.64 233.23
3 255.96 295.64 233.23
4 255.96 295.64 233.23
5 255.96 295.64 233.23
6 255.96 295.64 233.23
7 256.23 294.57 228.41
8 256.23 294.57 228.41
9 256.23 294.57 228.41
10 256.23 294.57 228.41
11 256.23 294.57 228.41
12 256.23 294.57 228.41
13 264.17 295.77 233.49
14 264.17 295.77 233.49

Continued on next page
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Table B.1 – continued from previous page

Time Katrina Ivan Rita
(h) (◦) (◦) (◦)

15 264.17 295.77 233.49
16 264.17 295.77 233.49
17 264.17 295.77 233.49
18 264.17 295.77 233.49
19 286.70 311.00 250.00
20 286.70 311.00 250.00
21 286.70 311.00 250.00
22 286.70 311.00 250.00
23 286.70 311.00 250.00
24 286.70 311.00 250.00
25 297.03 322.00 252.00
26 297.03 322.00 252.00
27 297.03 322.00 252.00
28 297.03 322.00 252.00
29 297.03 322.00 252.00
30 297.03 322.00 252.00
31 317.39 330.32 259.56
32 317.39 330.32 259.56
33 317.39 330.32 259.56
34 317.39 330.32 259.56
35 317.39 330.32 259.56
36 317.39 330.32 259.56
37 317.82 324.61 258.00
38 317.82 324.61 258.00
39 317.82 324.61 258.00
40 317.82 324.61 258.00
41 317.82 324.61 258.00
42 317.82 324.61 258.00
43 317.82 324.61 258.00
44 317.82 324.61 258.00
45 317.82 324.61 258.00
46 317.82 324.61 258.00
47 317.82 324.61 258.00
48 317.82 324.61 258.00
49 317.82 324.61 263.37
50 317.82 324.61 263.37
51 317.82 324.61 270.00
52 317.82 324.61 270.00
53 317.82 324.61 270.00
54 317.82 324.61 270.00
55 317.82 324.61 270.00
56 317.82 324.61 270.00
57 317.82 324.61 270.00
58 317.82 324.61 270.00
59 317.82 324.61 270.00
60 317.82 324.61 272.00

Continued on next page
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Table B.1 – continued from previous page

Time Katrina Ivan Rita
(h) (◦) (◦) (◦)

61 317.82 324.61 271.03
62 317.82 324.61 280.00
63 317.82 324.61 280.00
64 317.82 324.61 280.00
65 317.82 324.61 280.00
66 317.82 324.61 281.00
67 317.82 324.61 281.89
68 324.61 281.89
69 324.61 281.89
70 324.61 281.89
71 324.61 281.89
72 324.61 281.89
73 324.61 281.92
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Figure B.1: Hourly storm parameters Pc, B , Rmax and Cf of hurricane Ivan from
14-9-2004 0.00h till 18-9-2004 0.00h.
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Figure B.2: Hourly storm parameters Pc, B , Rmax and Cf of hurricane Rita from
21-9-2005 0.00h till 24-9-2005 0.00h.



Appendix C

Base case simulations

This appendix shows results of the base case simulations which are referred to
in Chapter 4 . Base case simulations use the default model set-up as described
in Chapter 3 and the storm parameters as specified in Appendix B.

Results of the water levels of hurricane Katrina are already presented (Fig-
ure 4.3). Water levels of hurricane Ivan and Fourier spectra of Katrina and Ivan
are shown in this appendix.
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Figure C.1: Simulated water levels for hurricane Ivan (a-d). Vertical dashed line rep-
resents the time of landfall (t=36). (e) shows measuring locations and the track of
hurricane Ivan.
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Figure C.2: Fourier spectra of elevation amplitude (m) for base case of hurricane Kat-
rina.
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Appendix D

Model performance

This appendix presents input and results of different simulations made to assess
the model performance and behaviour. First the used input values and varied
values are shown in Table D.1, followed by two extra figures visualizing the
changes in input for bathymetry and grid size.

Second, the results of the different simulations are shown in Figures D.3
to D.9. These results are referred to in Section 4.2.3.

Table D.1: Default and varied physical parameters used to assess model behaviour.

Physical parameter Default value Changed values

Friction Av (m/s2) and s (m/s) Av (m/s2) and s (m/s)
0.025, 0.01 0.035, 0.01

0.015, 0.01
0.025, 0.001
0.025, 0.1

Bathymetry Water depth (h) Water depth (h)
Figure 3.5 -20%

+20%
Smooth (Figure D.1)

Drag coefficient Cf (-) Cf (-)
1.4e−3 2.54e−3

Number of modes k (-) k (-)
128 256

Grid size Element size (km) Element size (km)
6, 20 (Figure A.2) 3, 10 (Figure D.2)
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Figure D.1: Smooth bathymetry used for model behaviour assessment including domain
boundaries and locations.
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Figure D.2: Fine grid (total of 31673 nodes) of the unstructured triangular mesh used
for model behaviour assessment. Along coasts and in New Orleans coastal zone grid size
is 3 km and 10 km in the middle of the domain.
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Figure D.3: Simulated water levels for hurricane Katrina with different combinations of
Av and s. Vertical dashed line represents the time of landfall (t=39). Av = 0.025 (m2/s)
and s = 0.01 (m/s) are the base case values, other numbers in legend show deviations
from this combination.
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Figure D.5: Fourier spectra of elevation amplitude (m) for hurricane Katrina and a
smooth bathymetry (Figure D.1).
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Figure D.7: Simulated water levels for hurricane Katrina with a different number of
modes (Trec is kept the same). Vertical dashed line represents the time of landfall (t=39).



93

ζ
(m

)

0

2

4

6
(a) Location A (b) Location F

ζ
(m

)

0

2

4

6
(c) Location H (d) Location I

Time (hours)
0 20 40 60 80

ζ
(m

)

0

2

4

6
(e) Location J

Time (hours)
0 20 40 60 80

(f) Location K

10130 points 31673 points Observed
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Figure D.9: Fourier spectra of elevation amplitude (m) for hurricane Katrina and a fine
grid (Figure D.2).



Appendix E

Storm scenario selection

This appendix presents the selection of storm parameter and scenarios. These
scenarios referred to in Section 5.1.

For this study a set of 6 scenarios is simulated and 9 other scenarios are
proposed. Based on historical and probable combinations many more scenarios
can be composed. In an ideal situation a plan is made for 108 storm scenarios.
Based on the storm parameters 18 different storms are composed which can
approach the coast over the 6 different paths.

E.1 Parameter constraints

Selection of parameters and combinations of parameters for a scenario is based
on three different things; (i) Realistic ranges for storm parameters in the New
Orleans area. (ii) Interrelations between storm parameters. (iii) Assumptions
and constraints for parameters in combination with the FEM-model. Each of
these three is covered below. A synthetic set of probable hurricanes is chosen.
An advantage of this over methods that depend heavily on historical storms is
that this also considers storms that might happen, whereas one otherwise only
considers storms that did happen.

E.1.1 Realistic ranges

Straatsma (2015) summarized in the literature study the historical ranges for
these parameters in the New Orleans area:

• Pc: 910 to over 970 mbar.

• Rmax: 11 to 74 km.

• B: theoretically from 1 to 2.5, however values used in studies about hurri-
canes around New Orleans range from 0.9 – 1.9.

• Cf : around 5.6 m/s.

• Paths (φ and (x, y)origin) between 110 and 230 degrees with respect to the
north.
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Figure E.1: Relationships between B (left) and Rmax (right) Vickery and Wadhera
(2008).

E.1.2 Parameter interrelations

Relations between storm parameters imply that the parameters cannot be se-
lected without caution. Parameters, Pc, Rmax and Cfw are most important
storm parameters (Resio and Westerink, 2008) describing the wind and pressure
fields. However, as found by Vickery and Wadhera (2008) these parameters are
not completely independent of each other. They found statistical proof for a
relation between Rmax and B and B and latitude (Figure E.1).

This research is focused on a fixed location of 29 (◦) latitude which means
that B parameter can still vary between 0.9 and 1.6. The interrelation of B with
Rmax shows that B decreases when Rmax increases, the range of B is still very
large so not more restricted than the already mentioned one.

Furthermore, Vickery and Wadhera (2008) found a relation between Rmax

and ( ∆Pc ). Even though this relation is not statistically proven for hurricanes
at the Gulf of Mexico, it is 94% statistical proven for all hurricanes of the Atlantic
Ocean. Therefore it is recommended to use the following relation between Pc

and Rmax:

ln(Rmax) = 3.858− 7.7× 10−5∆P 2
c ;

r2 = 0.290, σlnRmax = 0.390 (E.1)

U.S. Army Corps of Engineers (2008b) stresses this apparent differences be-
tween hurricanes at the Gulf of Mexico compared with hurricanes along the whole
coast of the Atlantic. Therefore the relationship E.1 is used as guidance and not
as strict constrain for the storm scenarios.

Together, these relations indicate that for instance the likelihood of a storm
with a Pc less than 930 mbar and a Rmax greater than 40 km , combined with
a B value of greater than 1.1, is remote.

E.1.3 Parameters and the storm surge model

The storm scenarios are used to generate probable hurricanes to simulate with
the idealized storm surge model. Because of this, some simplifications are made
for the parameter and scenario selection:

• In contradiction to reality storm parameters are kept constant during the
hurricanes approach to the coast to estimate the surge. However, it is
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Figure E.2: Modelled and observed Pc and Rmax for Gulf of Mexico hurricanes Vickery
and Wadhera (2008).

shown this idealized approaches is not a good assumption for predicting
the real surge at the coast, this is neglected because the objective is not
about predicting water levels but about the general mechanism of the storm
surge.

• The paths of hurricanes are simulated as a straight line.

• The calculation time of the model is about 200 minutes. It is impossible
to simulate many storm scenarios within this study.

E.2 Parameter choice

The storm scenarios were chosen based on the previous considerations. For
each of the parameters is described why these values are chosen. In general the
scenarios are aimed to represent relative severe storms (category 3 and higher).

Pc is based on intense hurricanes which have a normally a central pressure lower
than 960 mbar. Because central pressure is a very important factor deter-
mining the wind and pressure fields three values are chosen: 900, 930 and
960. These values are in accordance with both historical data and scenarios
used by FIS and Irish.

Rmax could be based on relation found by Vickery. For the pressures 900, 930
and 960 this gives the following radii: 13, 21 and 32 km. However, these
radii are small and much bigger radii fall within the range of 2 times the
standard deviation of this relationship (Figure E.2). Furthermore, the
radius of 13 km is quite exceptional, while radii bigger than 32 km have
happened more often in historic storms with a pressure of 930 or 960 mbar.
Therefore, the radius of 13 km is exchanged for a large radius of 47 km. And
nonetheless this large radius is remote for a storms with a central pressure of
900 mbar, hurricane Katrina fitted in this category on its biggest moment.

B is on average 1.21 according to Vickery and Wadhera (2008). In the last
few hours before landfall the B parameter tends to decrease 0.21. Both of
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these values (1 and 1.21) are close to the values used in U.S. Army Corps of
Engineers (2008a). This study however uses a fixed B for the whole storm
track, thus it is chosen to select a value of 1.1.

Cf has a large range of values in several model studies. Based on historic storms
the value will be around 5.6 m/s, but (Peng et al., 2006) also used a value
of 10 m/s. Which is high but not unrealistic. Therefore two selected values
for forward speed are 6 and 10 m/s.

φ is derived of the possible storm tracks in New Orleans. Historic storms show
that tracks with a angel of lower than 110◦ and higher than 240◦ are highly
unlikely. This is because of the shape of the Gulf of Mexico and Florida
lying to the east of New Orleans. Hurricanes with a track lower than
110◦ first make landfall in Florida, this will diminish the strength of the
hurricane considerable and change the track. Three different angles are
selected; one angle due north (N) and two inclined track, respectively +45◦

(NE) and -45◦ (NW) due north. For the coordinate system of the model
the angles will be respectively 7.5◦, 322.5◦ and 277.5◦.

(x, y)origin pairs are specified for each angle of approach. These tracks (A and
A’) have the same angle of approach but are 30 nmi (55.5 km) apart from
each other. The surge elevations along the coast scale with this parameter
for a wide range of storm sizes on a straight coastline. Even though New
Orleans is not a straight coastline, U.S. Army Corps of Engineers (2008a)
roughly examined this impact and found a 30 nmi difference still acceptable
to reasonably estimate the storm surge. Choosing for the 30 nmi interval
between the two tracks gives a bias of 20% in the most extreme case (when a
hurricane with small Rmax, makes landfall precisely in between two tracks).

E.3 Scenarios

The chosen parameter variations are shown in Table E.1, systematically varying
the parameters results in the list of scenarios shown in Table E.2. However for
this study a selection must be made which is shown in Table 5.1. Therefore,
the number of scenarios and different parameter values are limited. It is chosen
to select a maximum of six scenarios. The selection is mainly based on the
path and intensity & size of the storm (orange scenarios). Nine extra scenarios
(blue scenarios) are proposed as a good extension for the study if more time is
available.

Table E.1: Selected storm parameters

Pc Rmax B Cf φ (x, y)origin
(mbar) (km) (-) (m/s) (◦) (-)

900, 930, 960 21 32 47 ∼1.1 6 10 7.5 322.5 277.5 A A’

*relative to the North.
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Figure E.3: Orange: The three main storm directions as specified in Table E.1. Where
NE, N and NW represent 7.5◦, 322.5◦ and 277.5◦ respectively. Grey: Also the three
secondary tracks based on the original paths are shown. These are parallel to the orange
tracks only 55.5 km apart.

Table E.2: Storm scenarios. Orange: run scenarios in this study. Blue: first scenarios
to run in a follow up of this study.

Scenario Pc Rmax Cf φ (x, y)origin
(mbar) (km) (m/s) (◦) (-)

- 900 21 6 7.5 A
1 900 32 6 7.5 A
- 900 47 6 7.5 A
- 900 21 10 7.5 A
- 900 32 10 7.5 A
- 900 47 10 7.5 A
- 900 21 6 322.5 B
3 900 32 6 322.5 B
- 900 47 6 322.5 B
- 900 21 10 322.5 B
- 900 32 10 322.5 B
- 900 47 10 322.5 B
10 900 21 6 277.5 C
5 900 32 6 277.5 C
11 900 47 6 277.5 C
- 900 21 10 277.5 C
- 900 32 10 277.5 C

Continued on next page
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Table E.2 – continued from previous page

Scenario Pc Rmax Cf φ (x, y)origin
(mbar) (km) (m/s) (◦) (-)

- 900 47 10 277.5 C
- 900 21 6 7.5 A’
- 900 32 6 7.5 A’
- 900 47 6 7.5 A’
- 900 21 10 7.5 A’
- 900 32 10 7.5 A’
- 900 47 10 7.5 A’
- 900 21 6 322.5 B’
- 900 32 6 322.5 B’
- 900 47 6 322.5 B’
- 900 21 10 322.5 B’
- 900 32 10 322.5 B’
- 900 47 10 322.5 B’
- 900 21 6 277.5 C’
- 900 32 6 277.5 C’
- 900 47 6 277.5 C’
- 900 21 10 277.5 C’
- 900 32 10 277.5 C’
- 900 47 10 277.5 C’
- 930 21 6 7.5 A
- 930 32 6 7.5 A
2 930 47 6 7.5 A
- 930 21 10 7.5 A
- 930 32 10 7.5 A
- 930 47 10 7.5 A
- 930 21 6 322.5 B
- 930 32 6 322.5 B
4 930 47 6 322.5 B
- 930 21 10 322.5 B
- 930 32 10 322.5 B
- 930 47 10 322.5 B
12 930 21 6 277.5 C
13 930 32 6 277.5 C
6 930 47 6 277.5 C
- 930 21 10 277.5 C
- 930 32 10 277.5 C
- 930 47 10 277.5 C
- 930 21 6 7.5 A’
- 930 32 6 7.5 A’
7 930 47 6 7.5 A’
- 930 21 10 7.5 A’
- 930 32 10 7.5 A’
- 930 47 10 7.5 A’
- 930 21 6 322.5 B’
- 930 32 6 322.5 B’
8 930 47 6 322.5 B’

Continued on next page
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Table E.2 – continued from previous page

Scenario Pc Rmax Cf φ (x, y)origin
(mbar) (km) (m/s) (◦) (-)

- 930 21 10 322.5 B’
- 930 32 10 322.5 B’
- 930 47 10 322.5 B’
- 930 21 6 277.5 C’
- 930 32 6 277.5 C’
9 930 47 6 277.5 C’
- 930 21 10 277.5 C’
- 930 32 10 277.5 C’
15 930 47 10 277.5 C’
- 960 21 6 7.5 A
- 960 32 6 7.5 A
- 960 47 6 7.5 A
- 960 21 10 7.5 A
- 960 32 10 7.5 A
- 960 47 10 7.5 A
- 960 21 6 322.5 B
- 960 32 6 322.5 B
- 960 47 6 322.5 B
- 960 21 10 322.5 B
- 960 32 10 322.5 B
- 960 47 10 322.5 B
- 960 21 6 277.5 C
- 960 32 6 277.5 C
14 960 47 6 277.5 C
- 960 21 10 277.5 C
- 960 32 10 277.5 C
- 960 47 10 277.5 C
- 960 21 6 7.5 A’
- 960 32 10 7.5 A’
- 960 47 10 7.5 A’
- 960 21 6 322.5 B’
- 960 32 6 322.5 B’
- 960 47 6 322.5 B’
- 960 21 10 322.5 B’
- 960 32 10 322.5 B’
- 960 47 10 322.5 B’
- 960 21 6 277.5 C’
- 960 32 6 277.5 C’
- 960 47 6 277.5 C’
- 960 21 10 277.5 C’
- 960 32 10 277.5 C’
- 960 47 10 277.5 C’
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Appendix F

Sensitivity analysis: Water
level results

This appendix presents 3 separate figures of the simulated storm scenarios, one
for each storm direction. The figures are referred to in Section 5.2.1.
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Figure F.1: Simulated water levels for scenarios 1 and 2 at 6 locations. Locations are
shown in Figure 5.1.
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Figure F.2: Simulated water levels for scenarios 3 and 4 at 6 locations. Locations are
shown in Figure 5.1.
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Figure F.3: Simulated water levels for scenarios 5 and 6 at 6 locations. Locations are
shown in Figure 5.1.



Appendix G

Sensitivity analysis: Fourier
results

This appendix presents the amplitude spectra for scenarios 2, 4 and 6 (Figures 5.4
to 5.6) (scenarios 1, 3 and 5 are presented in Section 5.2.2). Furthermore, am-
plitude surface plots of the six simulated storm scenarios are shown. The figures
are referred to in Section 5.2.
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Figure G.1: Fourier spectrum of elevation amplitude (m) for scenario 2.
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Figure G.2: Fourier spectrum of elevation amplitude (m) for scenario 4.
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Figure G.3: Fourier spectrum of elevation amplitude (m) for scenario 6.
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Figure G.4: Elevation amplitude of Fourier modes 0-8 of scenario 1.
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Figure G.5: Elevation amplitude of Fourier modes 0-8 of scenario 2.
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Figure G.6: Elevation amplitude of Fourier modes 0-8 of scenario 3.
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Figure G.7: Elevation amplitude of Fourier modes 0-8 of scenario 4.
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Figure G.8: Elevation amplitude of Fourier modes 0-8 of scenario 5.
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Figure G.9: Elevation amplitude of Fourier modes 0-8 of scenario 6.



Appendix H

Model development

While writing this thesis model development did not stop. Chen kept busy
improving the model and its applicability to a case study. The following figures
(Figures H.1 and H.2) show the results of the made improvements made. The
table (Table H.1) presents the parameters and model changes used to acquire
these results. These results are referred to in Chapter 6 and section 7.2

Table H.1: New values of physical parameters used during the model development.

Physical parameter Original value New value

Friction Av (m/s2) and s (m/s) Av (m/s2) and s (m/s)
0.025, 0.01 0.01, 0.015

Bathymetry Water depth (h) Water depth (h)
Figure 3.5 Smooth (Figure D.1)

Drag coefficient Cf (-) Cf (-)
2.54e−3 2.54e−3

Number of modes k (-) k (-)
128 128

Grid size Element size (km) Element size (km)
6, 20 (Figure A.2) 2, 3
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Figure H.1: Simulated water levels for hurricane Katrina with the improved parameters
as described in Table H.1. Vertical dashed line represents the time of landfall (t=39).
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Figure H.2: Simulated water levels for hurricane Katrina compared to ADCIRC simula-
tions The improved parameters as described in Table H.1. Vertical dashed line represents
the time of landfall (t=39).


