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a b s t r a c t

Hurricanes can greatly modify the sedimentary record, but our coastal scientific community has rather
limited capability to predict hurricane-induced sediment deposition. A three-dimensional sediment
transport model was developed in the Regional Ocean Modeling System (ROMS) to study seabed erosion
and deposition on the Louisiana shelf in response to Hurricanes Katrina and Rita in the year 2005.
Sensitivity tests were performed on both erosional and depositional processes for a wide range of ero-
sional rates and settling velocities, and uncertainty analysis was done on critical shear stresses using the
polynomial chaos approximation method. A total of 22 model runs were performed in sensitivity and
uncertainty tests. Estimated maximum erosional depths were sensitive to the inputs, but horizontal
erosional patterns seemed to be controlled mainly by hurricane tracks, wave–current combined shear
stresses, seabed grain sizes, and shelf bathymetry. During the passage of two hurricanes, local re-
suspension and deposition dominated the sediment transport mechanisms. Hurricane Katrina followed a
shelf-perpendicular track before making landfall and its energy dissipated rapidly within about 48 h
along the eastern Louisiana coast. In contrast, Hurricane Rita followed a more shelf-oblique track and
disturbed the seabed extensively during its 84-h passage from the Alabama–Mississippi border to the
Louisiana–Texas border. Conditions to either side of Hurricane Rita’s storm track differed substantially,
with the region to the east having stronger winds, taller waves and thus deeper erosions. This study
indicated that major hurricanes can disturb the shelf at centimeter to meter levels. Each of these two
hurricanes suspended seabed sediment mass that far exceeded the annual sediment inputs from the
Mississippi and Atchafalaya Rivers, but the net transport from shelves to estuaries is yet to be de-
termined. Future studies should focus on the modeling of sediment exchange between estuaries and
shelves and the field measurement of erosional rates and settling velocities.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Episodic events, such as river floods and hurricanes, happen
over a relatively short period of time (hours to weeks), but can
greatly modify the sedimentary record. However, our coastal sci-
entific community has rather limited ability to predict the char-
acteristics of strata produced by even well-observed modern-day
events (Corbett et al., 2014). This is probably due to either the lack
of field measurements or the damage of optical and acoustic
graphy and Coastal Sciences,
Environment Building, Baton
sensors during energetic and extreme events.
It is well known that hurricanes drive energetic winds and

generate currents and waves, both propagating toward the land.
When the hurricanes reach continental shelves, seabed sediment
is suspended to water column, causing the erosion on seabed. The
seabed elevation difference between pre-hurricane level and the
“deepest cut” is thus defined as “maximum erosional depth”
(Fig. 1A), which is also called “bed scour” (Keen and Glenn, 2002).
After making landfalls, hurricanes dissipate and sediment settles
back to seabed or in coastal estuaries and wetlands. The seabed
elevation difference between the deepest cut and post-hurricane
level is thus defined as “post-hurricane deposit” (Fig. 1A and B).
Net erosion/deposition is defined as the difference between pre-
and post-hurricane levels. During the passage of hurricanes, some
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Fig. 1. Conceptual diagrams of four types of sea bed elevation changes during and
after the arrival of a hurricane. Maximum erosional depth is defined as the change
between pre-hurricane seabed surface and the “deepest cut” during the peak of a
hurricane, and is also called bed scour. Post-hurricane deposition represents the
difference between the sea bed elevation after the storm and the peak erosion
during the storm. Net erosion or deposition represents the difference between the
post-hurricane and pre-hurricane sea bed levels.
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regions may experience erosion only (Fig. 1C), whereas other areas
like costal bays/wetlands may have deposition only (Fig. 1D).
Turner et al. (2006) reported that the major source of mineral
sediment to Louisiana coastal marshes is from hurricanes, not river
floods. Törnqvist et al. (2007), however, believed that there were
an over-estimation of hurricane return periods and a lack of ero-
sion measurements in the study of Turner et al. (2006). By now our
coastal scientific community has not reached a consensus on se-
diment dynamics during hurricanes. No matter if rivers or hurri-
canes play a more important role in wetland sedimentation, it is
the net erosion/deposition that actually impacts sediment budget,
not the post-hurricane deposition, as shown in Fig. 1. Un-
fortunately it is well known that the erosional process is challen-
ging to measure in sedimentary system. In some environments
erosion can be measured using either the comparisons among
repeated field surveys (e.g., Goff et al., 2010) or the numerical
models (e.g., Xu et al., 2011).

In this study we focus on Louisiana continental shelf sediment
transport during hurricanes. Hurricanes strike the Louisiana coast
approximately once every three years, normally between May and
November (Neumann et al., 1993). Based on an overview of hur-
ricane impacts, Stone et al. (1997) found that hurricanes cause
chronic erosion to Louisiana barrier systems, but sometime also
generate considerable deposition in Louisiana’s marshes and bays.
They also reported that Hurricanes Audrey (1957) and Andrew
(1992) formed 0.70 and 0.16 m of mixed organic and inorganic
debris in Louisiana marsh areas, respectively. Goni et al. (2006)
collected sediment samples in the inner shelf southwest of Atch-
afalaya Bay after Hurricane Lili (2002) and identified a storm layer
up to 0.2 m thick; they also found fining-upward deposits to be
composed of silty clays with a sandy basal layer. Keen and Glenn
(2002) predicted bed scour on the continental shelf during Hur-
ricane Andrew (1992) and simulated storm sedimentation on the
sandy Ship Shoal (Fig. 2) of Louisiana shelf; they found that the
bottom boundary layer was wave-dominated and bed scour was
primarily by resuspension. Goff et al. (2010) found offshore sedi-
ment transport during Hurricane Ike (2008) and believed that
shoreface sands appear to have been incised by the storm and
advected offshore by the strong storm-surge ebb currents.

In this study we focus on Hurricanes Katrina and Rita, both of
which happened in the year 2005. The economic and environ-
mental damages caused by Katrina were over $40 billion of in-
sured losses (Knabb et al., 2006). Hurricane Katrina formed as a
tropical depression on August 23, 2005 over the Bahamas Islands.
After passing the southern tip of Florida, it moved westward into
the Gulf of Mexico where it gained strength to become a category
five hurricane in August 28. Then it swept northward and made
landfall on August 29 over the Mississippi River Delta (MRD) as a
category four hurricane (http://www.csc.noaa.gov; Fig. 2). About
three weeks later, Hurricane Rita formed as a tropical depression
in the Caribbean Sea and headed westward into the Gulf of Mex-
ico. On September 21 it became a category five hurricane and
moved northwest toward the western Louisiana coastline, where it
made landfall on September 24 at the Texas–Louisiana border as a
category three hurricane (Fig. 2).

Multiple event-response studies have been performed in wet-
land, estuary and shelf areas after Hurricanes Katrina and Rita.
Turner et al. (2006), for example, reported that more than 131
Million Tons (Mt) of post-hurricane sediment deposited in coastal
wetlands when Hurricanes Katrina and Rita crossed the Louisiana
coast; they identified several cm thick of sediment deposition on
wetlands. Based on further data analyses, Tweel and Turner (2012)
reported that sediment deposition on coastal wetlands was 68 and
48 Mt from Hurricanes Katrina and Rita, respectively. Using gain
size, X-radiographs, and gamma-density data for sediment cores,
Keen et al. (2006) found that Hurricane Katrina deposited a storm
bed east of landfall on the Louisiana shelf with a maximum ob-
served thickness of 0.58 m, which thinned to approximately 0.1 m
about 200 km west of landfall; they also reported that the fining-
upward bed is similar to event beds observed in both ancient and
modern sedimentary environments. Based on a collaborative
multi-institution rapid-response effort, Walsh et al. (2006) col-
lected bathymetric and sediment core data in the MRD and re-
ported the evidence of mud flow activities near the Mississippi
subaqueous delta after two hurricanes. Goni et al. (2007) studied
radionuclides, x-radiographs and stable isotopes by analyzing
1-cm thick slices in post-hurricane Katrina/Rita deposits and
found that the post-hurricane layers was predominantly local se-
diments mobilized by the intense wave activity during the storms;
they also believed that post-hurricane deposit thicknesses ranged

http://www.csc.noaa.gov
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Fig. 2. The curvilinear model grid used for the Louisiana–Texas shelf. Isobaths contoured at water depths of 10, 20, 50, 100, and 300 m, and used throughout this entire
paper. Squares are observational stations maintained by NOAA National Data Buoy Center (NDBC) as well as Louisiana State University’s Wave–Current–Surge Information
System (WAVCIS) system. Three triangles of 8C, 10B and AB5 are stations used from hypoxia studies along the 20-m isobaths; Station Miss is used to study the change right
offshore of the Mississippi Delta. AB¼Atchafalaya Bay; MRD¼Mississippi River Delta; MC¼Mississippi Canyon. Color lines and circles show the tracks of Hurricanes Katrina
and Rita; red, purple and green correspond category 5, 4 and 3 of hurricanes, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Map illustrating the thickness of sediment deposits associated with Hurricanes Katrina and Rita (from Goni et al. (2007)). Deposit data are mainly based on
radionuclide and x-radiographic analyses in 41 sediment cores. Three areas are defined: west, middle and east. Detailed comparison of three areas can be found in
Tables 2 and 3.
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from centimeter to decimeter levels (Fig. 3).
2. Motivations and objectives

Despite the above extensive research efforts, 3-D hurricane
sediment transport modeling studies are rather limited for
Louisiana shelf. Surprisingly the only 3-D hurricane sediment
transport modeling work published so far for Louisiana shelf has
been Keen and Glenn (2002), which focused on regional sediment
transport at the sandy Ship Shoal during Hurricane Andrew. Xu
et al. (2011) developed a 3-D hydrodynamic-sediment transport
model for the Texas–Louisiana shelf using the Regional Ocean
Modeling System, but the Gulf of Mexico had no hurricanes in the
modeled year 1993. They coupled the hydrodynamic model from
Hetland and DiMarco (2008) with the Community Sediment
Transport Model System (CSTMS) developed by Warner et al.
(2008). Both of these modeling efforts, however, relied on model
parameters that were difficult to constrain, notably including the
erosional rate parameter.
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Fig. 4. Interpolated mud fractions based on usSEABED database from Buczkowski et al. (2006). Modified after Fig. 3 in Xu et al. (2011). Sandy Trinity and Ship Shoals are
highlighted in the diagram, with essentially no mud. Sandy sediment along southern model edge is used to minimize the boundary effect. AB¼Atchafalaya Bay;
MRD¼Mississippi River Delta.

Table 1
Critical shear stresses (τcr), settling velocities (Ws) and erosional rate parameter (E0) used in multiple studies. All these studies used the ROMS sediment transport model.

Study Area E0 Ws τcr
(10�4 kg/m2/s) (mm/s) (Pa)

Bever et al. (2009) Po River Delta 0.5 0.1, 1 and 10 0.03, 0.08, 0.10 and 0.12
Bever and Harris (2014) Poverty Bay, New Zealand 5 0.038, 0.15. 0.62, 2.4, 10 and 125 0.02, 0.03, 0.06, 0.10, 0.14 and 0.53
Harris et al. (2008) Adriatic Sea 0.5 0.1, 1 and 10 0.03, 0.08, 0.10 and 0.12
Miles et al. (2015) Mid-Atlantic Bight 5 5.7 and 52 0.14 and 0.23
Moriarty et al. (2014) Waipaoa Shelf, New Zealand 0.1 and 4.5 0.1, 0.15, 0.3, 0.5, 1.0 and 125 0.15
Warner et al. (2010) North Carolina Shelf Not reported 18 0.17
Xu et al. (2011) Louisiana Shelf 0.5 0.1, 1 and 10 0.03, 0.08, 0.11 and 0.13
Xue et al. (2012) Mekong Delta Not reported 0.1, and 0.25 0.03 and 0.08
This study Louisiana Shelf 0.5, 1.0, 5.0 and 10.0 0.1, 0.5, 1, 5 and 10 A total of 18 levels from 0.034 to 0.219, listed in

Table 2

Table 2
Input and output parameters used in 22 model runs, from R1 to R22. Input parameters include critical shear stresses (τcr), settling velocities (Ws) and erosional rate
parameters (E0); high and low values of inputs are for fine and coarse seabed sediment tracers, respectively. Output parameters include skills (defined by Willmott (1982)),
averages, and standard deviations of modeled post-Rita deposit thicknesses. West, middle and east study areas are defined in Fig. 3. The averages and standard deviations of
Goni et al. (2007) study are also shown on top of the table for easier comparison.

Run E0 Ws τcr Willmott skill Average (m) Standard deviation (m)

(10�4 kg/m2/s) (mm/s) (Pa) All West Mid East All West Mid East All West Mid East

Goni 0.086 0.137 0.061 0.055 0.071 0.085 0.058 0.026
R1 0.5 0.1 & 1.0 0.110 & 0.130 0.38 0.42 0.52 0.59 0.033 0.020 0.047 0.037 0.025 0.020 0.027 0.023
R2 1.0 0.1 & 1.0 0.110 & 0.130 0.32 0.45 0.45 0.56 0.060 0.042 0.088 0.062 0.044 0.044 0.050 0.034
R3 5.0 0.1 & 1.0 0.110 & 0.130 0.49 0.63 0.32 0.14 0.194 0.211 0.285 0.132 0.136 0.167 0.117 0.077
R4 10.0 0.1 & 1.0 0.110 & 0.130 0.15 0.20 0.14 0.07 0.627 0.673 0.599 0.601 0.406 0.364 0.348 0.482
R5 0.5 0.5 & 5.0 0.110 & 0.130 0.40 0.40 0.47 0.41 0.005 0.002 0.007 0.006 0.005 0.002 0.006 0.006
R6 1.0 0.5 & 5.0 0.110 & 0.130 0.37 0.40 0.52 0.44 0.020 0.004 0.015 0.036 0.029 0.005 0.014 0.038
R7 5.0 0.5 & 5.0 0.110 & 0.130 0.24 0.41 0.38 0.36 0.052 0.015 0.095 0.062 0.054 0.018 0.062 0.051
R8 10.0 0.5 & 5.0 0.110 & 0.130 0.38 0.42 0.48 0.14 0.096 0.084 0.163 0.072 0.092 0.105 0.105 0.052
R9 0.5 1.0 & 10.0 0.110 & 0.130 0.40 0.40 0.47 0.40 0.002 0.001 0.003 0.004 0.004 0.001 0.003 0.005
R10 1.0 1.0 & 10.0 0.110 & 0.130 0.38 0.40 0.48 0.36 0.011 0.002 0.005 0.022 0.023 0.001 0.006 0.033
R11 5.0 1.0 & 10.0 0.110 & 0.130 0.31 0.40 0.51 0.32 0.039 0.006 0.025 0.075 0.058 0.004 0.024 0.075
R12 10.0 1.0 & 10.0 0.110 & 0.130 0.28 0.41 0.65 0.39 0.047 0.018 0.069 0.062 0.043 0.019 0.049 0.043
R13 2.0 0.1 & 1.0 0.110 & 0.130 0.41 0.53 0.41 0.45 0.101 0.078 0.136 0.102 0.057 0.056 0.066 0.045
R14 3.0 0.1 & 1.0 0.110 & 0.130 0.54 0.73 0.38 0.29 0.137 0.131 0.210 0.104 0.086 0.101 0.076 0.047
R15 3.0 0.1 & 1.0 0.034 & 0.041 0.37 0.39 0.16 0.18 0.272 0.395 0.425 0.081 0.254 0.279 0.150 0.123
R16 3.0 0.1 & 1.0 0.052 & 0.062 0.48 0.53 0.31 0.12 0.220 0.276 0.298 0.128 0.169 0.223 0.124 0.072
R17 3.0 0.1 & 1.0 0.071 & 0.084 0.53 0.67 0.34 0.10 0.173 0.199 0.267 0.101 0.132 0.157 0.086 0.085
R18 3.0 0.1 & 1.0 0.090 & 0.107 0.58 0.75 0.35 0.19 0.144 0.154 0.233 0.087 0.108 0.130 0.074 0.061
R19 3.0 0.1 & 1.0 0.130 & 0.153 0.55 0.66 0.43 0.31 0.116 0.112 0.177 0.088 0.079 0.091 0.069 0.054
R20 3.0 0.1 & 1.0 0.149 & 0.176 0.43 0.56 0.41 0.32 0.107 0.087 0.139 0.109 0.063 0.068 0.066 0.052
R21 3.0 0.1 & 1.0 0.168 & 0.198 0.33 0.50 0.32 0.38 0.099 0.074 0.145 0.097 0.064 0.060 0.082 0.043
R22 3.0 0.1 & 1.0 0.186 & 0.219 0.40 0.49 0.50 0.43 0.086 0.069 0.133 0.076 0.056 0.050 0.054 0.050
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During the past four years, however, seabed erodibility has
been measured in over 100 sediment cores collected from
Louisiana shelf and estuaries, and the findings were recently
published in Xu et al. (2014), Lo et al. (2014) and Mickey et al.
(2014). Thus the logical next step is to apply the measured erod-
ibility parameters to better quantify critical shear stresses and



Fig. 5. (A) Wind speed (m/s) and (B) wave height (m) measured at NDBC station 42040. (C) and (D), water and sediment discharge from the Mississippi and Atchafalaya
Rivers, measured at Tarbert Landing and Simmsport Stations, respectively. The periods during the passing of Hurricanes Katrina and Rita are highlighted in black columns. N.
D.¼No Data.

K. Xu et al. / Computers & Geosciences 90 (2016) 24–3928
seabed erosional rates in a 3-D sediment transport model, and to
apply that model for hurricane conditions to evaluate the role of
hurricanes in resuspending and redistributing sediment.

In this study we strive to fill in the knowledge gap in hurricane
sediment transport and study seabed erosion and deposition on
Louisiana shelf before, during and after Hurricanes Katrina and
Rita, and to evaluate our ability to make these calculations. Instead
of using 2-D sediment transport models, we decided to use 3-D
models to better characterize the bottom boundary layer dynamics
in the lower water column. Specific objectives are to: (1) test the
sensitivity and uncertainty of our 3-D sediment transport model to
several key parameters, (2) study the horizontal pattern of max-
imum erosional depths both east and west of hurricane tracks,
(3) compare the impacts from Hurricanes Katrina and Rita, and
(4) identify knowledge gaps and make suggestions for future
studies. We hope that our study serves as a stepping stone toward
using realistic 3-D sediment transport models to investigate es-
tuary-shelf sediment exchange during hurricanes in the future.
3. Methods

The study of Xu et al. (2011) was focused on fluvial sediment
dispersal, but in this study we focus on seabed sediment re-
suspension under intense and rapidly changing (hourly) hurricane
environments. Details of modeling methods are described later,
but major improvements since our 2011 study are summarized
here: (1) The wind field was changed from spatially-uniform to
spatially-variable to better represent the hurricane conditions,
such as the eyes of hurricanes; (2) Open ocean boundary condi-
tions were changed from monthly climatology to daily conditions
from a global model described below; (3) The number of vertical
layers were increased from 20 to 30 to better represent the bottom
boundary layer dynamics.

3.1. Parametric hurricane wind model

A parametric hurricane wind model (Hu et al., 2012a) based on
the asymmetric Holland-type vortex models was adopted to create
surface wind fields 10 m above sea surface. This wind model can
resolve the asymmetric structure of hurricanes. Storm parameters
were taken from the U.S. National Hurricane Center’s best track
data (http://www.nhc.noaa.gov/data/). The 6-hourly background
winds from the National Centers for Environmental Prediction and
National Center for Atmospheric Research Reanalysis were merged
with the hurricane winds. This wind model has been validated on
historical Gulf of Mexico hurricanes, including Katrina and Rita
(Hu et al. 2012b).

3.2. Unstructured SWAN wave model

The SWAN (Simulating Waves Nearshore) model is a third-
generation spectral wave model for nearshore applications (Booij
et al., 1999). An unstructured version of SWAN was developed
recently (Zijlema, 2010), allowing for tight coupling with the storm
surge Advanced Circulation (ADCIRC) model (Dietrich et al.,
2011a). In recent years the Coastal Protection and Restoration
Authority (CPRA) of Louisiana adopted a mesh developed by the
ADCIRC modeling team at University of North Carolina. This mesh
is similar to South Louisiana (SL) 15 mesh that was used in Bunya
et al. (2010) and SL16 mesh that was published in Dietrich et al.
(2011b). This mesh has about 1 million nodes and 2 million



Fig. 6. Wind speed (m/s) comparisons between these measured at NDBC buoy stations and modeling data from Hu et al. (2012b).
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elements, covering the entire Gulf of Mexico and northwestern
part of the Atlantic Ocean. We used this mesh and ran SWAN-
ADCIRC coupled model using non-stationary SWAN mode in
spherical coordinates; 31 exponentially spaced frequencies from
0.0314 Hz to 0.5476 Hz with 36 evenly-spaced directions (10° re-
solution) for a time step of 60 min were used. Depth-limited wave
breaking, steepness-limited wave breaking and bottom friction
were captured in our model when waves move into the inner
shelf. In addition, vegetation effects were included by using in-
creased bottom friction in both SWAN wave and ADCIRC surge
models. Wave parameters (height, direction and period) were in-
terpolated on the ROMS model grid described below. Nearbed
wave orbital velocity and period were then calculated using the
method of Wiberg and Sherwood (2008). Wave parameters were
validated for Hurricane Gustav (2008) along the Louisiana coast in
Chen et al. (2011).

3.3. Hydrodynamic model

The hydrodynamic model was based on Regional Ocean
Modeling System (ROMS; see Shchepetkin and McWilliams, 2005;
Haidvogel et al., 2008). The curvilinear ROMS model grid used in
this study (Fig. 2) was developed by Hetland and DiMarco (2008),
and has been validated by Hetland and DiMarco (2012) and eval-
uated by Marta-Almeida et al. (2013). This model was also used by
Xu et al. (2011), Fennel et al. (2011), among others. This model’s
grid cells varied from 2 to 10 km horizontally and a total of 30
vertical layers stretched using an S-coordinate were used. Both
surface and bottom stretching parameters were set to be 3.0 and
the critical depth was 3 m; this setting allowed higher vertical
resolutions near both sea surface and sea bottom. The Mellor/Ya-
mada Level-2.5 mixing closure and SSW_BBL bottom boundary
layer defined in Warner et al. (2008) were used. The aforemen-
tioned parametric hurricane wind and unstructured SWAN wave
models provided wind and wave inputs for this ROMS model.
Open ocean boundary conditions were from global ocean circula-
tion Hybrid Coordinate Ocean Model (HYCOM), updated every
24 h (Marta-Almeida et al., 2013). The ROMS model was initialized
on February 1, 2005 and a time step of 20 s was used.



Fig. 7. Wave height (m) comparison of observational data from NDBC buoys and Louisiana State University’s WAVCIS stations with modeling data from an un-structured
SWAN model used in this study.
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3.4. Sediment transport model

A total of six sediment tracers were used: two from the Mis-
sissippi River, two from the Atchafalaya River, and two from the
seabed (see more details in Xu et al. (2011)). Mud percentages of
over 50,000 historical surficial grain-size data from the usSEABED
project (Buczkowski et al., 2006) were interpolated and assigned
to the fine sediment tracer percentages on seabed, and sand per-
centages were assigned to the coarse tracer on seabed (Fig. 4).
Sandy Trinity Shoal and Ship Shoal, for example, contained o10%
of mud in the model domain (Fig. 4). Median grain sizes D50 of 63
and 250 μm were used for fine and coarse sediment tracers, re-
spectively. A total of four seabed layers were used and each layer
was 5 m thick, making a total of 20 m. These thick layers were
used to prevent the removal of “total sediment reservoir” in sen-
sitivity tests.
Seabed response to hurricanes can be conceptualized as the
difference between competing erosional and depositional pro-
cesses. The depositional flux is calculated as the product of near-
bed sediment concentration and settling velocity Ws. The seabed
surface erosional mass flux Es in kg/m2/s is calculated as:

E E 1
1s

b cr

cr
0

τ τ
τ

= ( − ∅) −
( )

where E0 is seabed erosional rate parameter in kg/m2/s, ∅ is
porosity which is 0.8 in our model based on the measurements
from Allison et al. (2007), crτ is critical shear stress in Pa, and bτ is
bed shear stress generated by waves and currents in Pa.

3.5. Sensitivity and uncertainty tests

Three parameters were considered in our sensitivity and un-
certainty tests: settling velocities, erosional rate parameters and
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critical shear stresses. We believe that these three parameters play
very important roles in calculating erosional and depositional
processes. Settling velocities and erosional rate parameters are
used in sensitivity tests and critical shear stresses are used in
uncertainty tests.

Firstly we did literature search and compared the parameters
used in eight studies, all of which used ROMS sediment transport
model (Table 1). There were no measurements of settling velocity
in Louisiana Shelf, but Fox et al. (2004) reported a range of 0.1–
10 mm/s of settling velocities in the muddy Po River Delta area.
Considering the values used by other studies listed in Table 1, we
chose 0.1 & 1.0, 0.5 & 5.0 and 1.0 & 10.0 mm/s for fine and coarse
seabed tracers, respectively. Xu et al. (2014) reported seabed mi-
crocosm erosion data from Station 10B on Louisiana shelf (Fig. 2)
and average erosional rate at the level of 0.45 Pa (the highest ca-
librated stress) was calculated to be �5.0�10�5 kg/m2/s. Un-
fortunately this level of shear stress was much smaller than the
modeled peak shear stress of �50 Pa, and the eroded upper mm
to cm thick of sediment in Station 10B is quite different from dm to
m thick of seabed scour in our study. This rate of
5.0�10�5 kg/m2/s was used in our initial model runs, but was too
low to generate thick post-hurricane deposit observed by Goni
et al. (2007). Moriarty et al. (2014) used 0.1�10�4 and
4.5�10�4 kg/m2/s for the energetic Waipaoa Shelf in New Zeal-
and which were based on seabed microcosm erosion measure-
ments from Kiker (2012); Miles et al. (2015) used
5.0�10�4 kg/m2/s for Mid-Atlantic Bight during Hurricane Sandy.
We chose four levels of erosional rate parameters at 0.5, 1.0,
5.0 and 10.0�10�4 kg/m2/s respectively, comparable to the values
used in past studies (Table 1). Fixed critical shear stresses of 0.11
and 0.13 Pa were used for fine and coarse seabed tracers in sen-
sitivity tests, consistent with these in Xu et al. (2011).

Thus three sets of settling velocities and four levels of erosional
rate parameters yielded a total of 12 model runs (R1–R12, Table 2).
We calculated post-Rita deposit thicknesses and compared them
with the measurements by Goni et al. (2007). Linear regressions
were used, and slopes, intercepts and correlations were calculated.
Arithmetic averages and standard deviations of post-Rita deposit
thicknesses were also calculated at all 41 stations and compared
with these of Goni et al. (2007).

The model runs were evaluated using the skill proposed by
Willmott (1982):



Table 3
Slopes, intercepts and correlation coefficients (R) of linear regressions between post-Rita deposit thicknesses observed by Goni et al. (2007) and the modeled deposit
thicknesses in R1–R22.

Run Slope Intercept (m) Correlation coefficient R

All West Mid East All West Mid East All West Mid East

R1 �0.016 0.033 0.177 0.363 0.035 0.016 0.037 0.018 0.046 0.142 0.370 0.413
R2 �0.033 0.091 0.091 0.316 0.063 0.029 0.083 0.045 0.053 0.179 0.105 0.243
R3 0.735 1.169 0.700 �1.422 0.131 0.051 0.243 0.209 0.383 0.596 0.344 0.486
R4 2.028 1.672 2.153 11.310 0.452 0.444 0.468 �0.018 0.354 0.392 0.356 0.616
R5 �0.013 0.001 0.021 0.012 0.006 0.002 0.005 0.006 0.167 0.052 0.214 0.051
R6 �0.074 0.000 0.131 0.106 0.026 0.004 0.007 0.030 0.183 0.004 0.535 0.074
R7 �0.197 0.017 0.044 0.105 0.069 0.012 0.092 0.056 0.259 0.080 0.041 0.054
R8 0.121 0.223 0.901 �0.989 0.086 0.053 0.108 0.126 0.093 0.182 0.493 0.500
R9 �0.006 0.001 0.021 0.004 0.003 0.001 0.001 0.004 0.111 0.131 0.454 0.022
R10 �0.060 0.003 0.058 �0.190 0.016 0.001 0.002 0.033 0.183 0.200 0.551 0.151
R11 �0.172 0.006 0.122 0.284 0.054 0.005 0.018 0.060 0.210 0.111 0.289 0.099
R12 �0.122 0.001 0.368 0.085 0.058 0.017 0.046 0.057 0.200 0.004 0.430 0.052
R13 0.059 0.277 0.129 0.611 0.096 0.040 0.128 0.069 0.074 0.419 0.113 0.357
R14 0.335 0.650 0.279 �0.257 0.108 0.042 0.193 0.118 0.278 0.548 0.212 0.142
R15 1.701 1.962 �0.451 �0.732 0.125 0.126 0.453 0.121 0.476 0.600 0.173 0.156
R16 1.239 1.661 0.870 �1.585 0.113 0.048 0.245 0.215 0.520 0.636 0.405 0.582
R17 0.726 1.114 0.530 �1.683 0.111 0.046 0.235 0.193 0.390 0.605 0.355 0.522
R18 0.580 0.964 0.296 �0.717 0.094 0.022 0.215 0.126 0.380 0.632 0.231 0.307
R19 0.286 0.498 0.315 0.003 0.092 0.044 0.158 0.088 0.258 0.470 0.265 0.001
R20 0.064 0.331 0.120 �0.036 0.102 0.041 0.132 0.111 0.072 0.419 0.104 0.018
R21 �0.030 0.224 �0.064 0.091 0.101 0.043 0.149 0.092 0.033 0.317 0.045 0.056
R22 0.075 0.217 0.253 0.448 0.079 0.039 0.118 0.051 0.096 0.368 0.269 0.234
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Where obsη and modη are observational and modeling post-Rita
deposit thicknesses, respectively, and obsη ̅ is the corresponding
average. Perfect agreement yields a skill of 1.0 whereas a complete
disagreement gives a skill of 0. This skill method has been used by
many studies, including the storm surge work by Zhong et al.
(2010) and Ferreira et al. (2014). The model runs were also eval-
uated using Taylor Diagram based on second-order statistics in-
cluding correlation, standard deviation and centered root-mean-
square difference; this diagram does not provide information
about overall biases, but solely characterizes the centered pattern
error (Taylor, 2001).

Two erosional rate parameters of 2.0 and 3.0�10�4 kg/m2/s
were used in additional model runs R13 and R14 to get better
modeling results. Since R14 produced the highest skill and best
second-order statistics on Taylor Diagram, it was then defined as
the “baseline” model run, which was later used in the uncertainty
tests on critical shear stresses. In order to compare spatial re-
sponses to sensitivity tests, we also defined three areas: west
(west of 91.8°W, including 15 stations; Atchafalaya River dispersal
system), middle (between 91.8°W and 90.1°W, 9 stations; Louisi-
ana shelf) and east (east of 90.1°W, 17 stations; Mississippi River
dispersal system), as shown in Fig. 3.

Typically uncertainty analyses represent input uncertainty via
random samples using the methods like Monte Carlo techniques
(Clancy et al., 2010), but this approach is not practical for our
computationally expensive 3-D coupled sediment transport mod-
el. Introduced by Wiener (1938), emulator-based approaches offer
a computationally more efficient alternative. Thus for uncertainty
analysis we adopted a polynomial chaos approximation method
from Mattern et al. (2013), which was based on Wiener (1938) and
Xiu and Karniadakis (2003). Mattern et al. (2013) and our study
share the same mode grid, and they did extensive sensitivity and
uncertainty analysis of hypoxia estimates using a ROMS biogeo-
chemical model. With the help of this statistical emulator, we in-
troduced the uncertainty of critical shear stresses using beta dis-
tribution and investigated the probability density function (PDF) of
post-Rita deposit mass. In the scaled beta distribution, both α and
β were set to be 12.375 and a standard deviation was assigned to
be 0.2. We selected these parameters because the resulting dis-
tribution is similar to a normal distribution with equal mean and
standard deviation, following the method of Mattern et al. (2013).
One advantage of the beta distribution is that it is truncated and
thus does not allow for scaling factors less than zero. Based on R14,
our scaling factors on nine quadrature points (from 0.31 to 1.69)
were used in uncertainty model runs R15–R22, as listed in Table 2.
The probability distribution of post-Rita deposit mass was then
calculated using 100 bins based on the interpolation method of
Mattern et al. (2013).
4. Results

4.1. Winds, waves and discharge

In August 2005, the passage of Hurricane Katrina brought wind
speeds that exceeded 20 m/s and waves that were 15 m tall
(Fig. 5A and B). In August and September 2005 water and sedi-
ment discharge from the Mississippi and Atchafalaya Rivers were
relatively low (Fig. 5C and D). Modeled wind speeds were com-
pared with the values measured at both NDBC buoys and WAVCIS
stations. The model reproduced wind speeds recorded at the four
stations, and correctly represented the spatial structure; Stations
42040, 42007, and BURL-1 had higher speeds during Katrina while
the station to the west (42035) had higher winds during Rita
(Fig. 6). The modeled significant wave heights also showed good
agreement with the wave measurements from NDBC buoys and
WAVCIS stations (Fig. 7).

Maximum wind speeds, wave heights and near-bed wave or-
bital velocities experienced during both hurricanes are shown in
Fig. 8. The bands of energetic winds estimated to the east of tracks
were wider than those to the west of tracks (Fig. 8A and B). Wave
heights increased to about 25 m south of the MRD during Hurri-
cane Katrina (Fig. 8C), and reached about 20 m during Rita
(Fig. 8D). Near-bed significant wave orbital velocities were highly
associated with bathymetry and wave height, and estimated high



Fig. 9. (A) Maximum wave–current combined nearbed shear stresses (log10 Pa)
experienced during the passage of Hurricane Rita. (B)–(E) Maximum erosional
depths (log10 m) are for model runs R1, R4, R9 and R12. See Table 2 for input
parameters used in these model runs. Black line and circles indicate Hurricane
Rita’s track. Isobaths are at 10, 20, 50, 100 and 300 m.
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values were found between the 20- and 50-m isobaths (Fig. 8E and
F).
4.2. Sensitivity tests

Skills, averages and standard deviations of all 41 stations as
well as west, middle and eastern areas (defined in Fig. 3) for model
sensitivity runs R1–R14 are shown in Table 2; slopes, intercepts
and correlation coefficients are in Table 3. Maximum erosional
depths during Hurricane Rita in R1, R4, R9 and R12 are shown in
Fig. 9, along with the maximum wave–current bed stresses in
Fig. 9A. Not surprisingly the erosional depths were smallest in R9
which assumed a low erosional rate parameter and high settling
velocities; they were largest in R4, which assumed a high erosional
rate parameter and low settling velocities. The spatial patterns of
maximum erosional depths were similar to those calculated for
the peak combined wave–current shear stresses (Fig. 9).

Of 14 model runs R1–R14, only R3, R4, R8, R13 and R14 gen-
erated positive slopes for entire study area (“All” in Table 3). R13
and R14 are closest to the ‘observed’ dot on Taylor Diagram
(Fig. 10). Because of its best skill, R14 is defined as the baseline
model run. West, middle and east areas responded to the changing
inputs quite differently, as shown in Tables 2 and 3. The ‘de-
coupled’ responses in east and west areas seemed to lead to an
overall poor skill and some negative slopes in multiple model runs
(Tables 2 and 3).

4.3. Uncertainty tests

A total of 9 uncertainty tests (R14–R22) were performed, and
the critical shear stresses of 0.11 and 0.13 Pa in the baseline model
run R14 were multiplied by 9 levels of scaling factors: from 0.31 to
1.69 (Fig. 11A and Table 2). Modeled post-Rita deposit mass de-
creased with increased critical shear stresses (Fig. 11B). In model
run R14, the estimated post-Rita deposit in the entire ROMS model
domain was 5639 Mt; the PDF of post-Rita deposit showed an
asymmetrical distribution, with a longer tail on the right side
(Fig. 11C).

4.4. Hurricane sediment dynamics

Modeling results of R14 are used in this section to investigate
sediment dynamics. During the peak of Hurricane Katrina, wind
speeds exceeded 50 m/s and the strongest winds were formed east
of the hurricane track (Fig. 12A). Tall waves of 20 m were gener-
ated south of the MRD. High bottom wave–current combined
shear stresses, calculated as exceeding 30 Pa, were formed be-
tween the 10 and 50-m isobaths (Fig. 12C). During Hurricane Rita,
the maximum wave height was 15 m, centered along the 50-m
isobaths (Fig. 12B); high shear stresses were also produced be-
tween the 10 and 50-m isobaths (Fig. 12D).

Time series of wind speeds, shear stresses and seabed elevation
changes were calculated for four stations along the 20-m isobaths,
labeled Miss, AB5, 10B and 8C (Fig. 13). Of these four locations,
Station Miss experienced the highest wave–current combined
shear stress of 50 Pa and the deepest cut of �1.5 m during Hur-
ricane Katrina (Fig. 13). The influence of Hurricane Katrina de-
creased with the increased distance from hurricane track, as seen
in the changes from Miss, AB5, 10B to 8C, from east to west
(Fig. 13). Hurricane Rita influenced all four stations but there was a
clear time lag of about 12 h between the westernmost station (8C)
and three other stations (Fig. 13).
5. Discussion

This section synthesizes our results by evaluating the re-
lationship between spatial patterns of sedimentation and storm
track, summarizing the computed sediment budget, and suggest-
ing how the sensitivity and uncertainty analysis may be of use in
future studies. Additionally, we relate our study to some previous
modeling efforts from the literature to evaluate hurricane-driven
sediment transport.

5.1. Storm track and sediment transport

It has long been known that the largest winds for hurricanes
that occur at the Northern Hemisphere are expected to be to the



Fig. 10. Taylor diagram for model-observation comparisons of correlations and standard deviations of modeled post-Rita deposit (m).
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right side of the storm, relative to the storm’s motion. Likewise,
waves generated by hurricanes are also typically largest in this
sector (Wright et al. 2001). Previous numerical modeling studies
have confirmed this. For example, Keen and Glenn (2002) em-
ployed a 3-D hydrodynamic model and reported that currents to
the right side of Hurricane Andrew’s track were larger than those
to the left side. For Hurricane Katrina, the results of Keen et al.
(2006) showed more intense wave energy to the right of the storm
track. More recently, Miles et al. (2015) used a model similar to
ours (ROMS – CSTMS) to represent Hurricane Sandy for the New
Jersey shelf with the result that wave orbital velocities and sedi-
ment erosion peaked to the right side (in this case to the north) of
the storm track.

Consistent with these patterns, in our model results there were
wider bands of energetic winds, higher wind speeds east of the
Hurricane Katrina and Rita tracks, which created larger waves
there (Fig. 8). The wind patterns are as expected, because the
hurricane winds flowed counterclockwise until landfall, after
which wind speeds decelerated rapidly, especially in the western
sector where winds blew seaward. The wave patterns likewise
created larger wave orbital velocities and bed stresses to the right
of the storm track, so that erosional depths were greatest there
(Fig. 14). This was particularly true for Hurricane Rita, during
which essentially all major sediment erosion and deposition were
found east of the hurricane track (Fig. 14). The pattern of Katrina
was less evident, probably due to the obstruction of the bird-foot
shaped MRD.

During hurricane conditions, wave-induced shear stresses were
much larger than those generated by currents so that sediment
transport during hurricanes was highly dependent on wave dy-
namics. For both hurricanes, wave height peaked in fairly deep
water (4100 m deep), while wave orbital velocities were highest
in water depths of �20–50 m (Fig. 8). Wave energy dissipated
quickly when water depths became shallower than 10–20 m, and
wave orbital velocities and bed stresses also decreased dramati-
cally in water deeper than 50 m because of the attenuation of
nearbed wave orbital velocity with water depth (Fig. 8E and F). In
response to these wave patterns, the “deepest cut” erosional bands
on the seabed were mainly located between the 10- and 50-m
isobaths (Fig. 14).

The hurricanes created localized areas of intensely energetic
waves situated in open water, while wave height and orbital ve-
locity decreased on the inner shelf. In contrast, during normal
conditions or even large storms, the areas of most intense erosion
may be more widespread and found in shallower water. For ex-
ample, during average and fair weather conditions, our previous
model results indicated that wave orbital velocity and bed stress
continued to increase with decreasing water depth, into nearshore
waters (Xu et al., 2011).

Estimated sediment fluxes during Katrina were high both east
and west of the MRD, with net erosion in shallow water and net
deposition in deeper water (Fig. 14E). The pattern of Rita was a bit
mixed, but a northwestward transport can be clearly seen on the
middle shelf (Fig. 14F). Sediment concentrations and fluxes were
reduced above the sandy shoals south of Atchafalaya Bay due to
the paucity of more easily suspendable fine-grained material
there.

Hurricane wind speed and duration, air pressure, temperature
gradients, and shelf topography all influenced the speed and di-
rection of the currents that transported sediment (Turner et al.,
2007). Being category four before making landfall, Hurricane Ka-
trina moved along a nearly shelf-perpendicular track so that it
spent little time (�48 h) on the continental shelf. As a result,
Hurricane Katrina experienced rapid energy dissipation, causing



Fig. 11. (A) Probability of beta distribution and nine polynomial chaos quadrature points (circles). (B) Estimated post-Rita deposit (in Mt, Million tons, circles) for nine levels
of scaling factors of critical shear stresses and the polynomial chaos approximation using 100 bins (line). (C) The probability density function (PDF) of estimated post-Rita
deposit.
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focused and intense disturbance surrounding the MRD. In contrast,
Hurricane Rita, a category three, followed a more shelf-oblique
track (Fig. 2), which kept it over the continental shelf for about
96 h. Its impact was more widespread, covering nearly the entire
Louisiana coast, spanning the shelf from the Alabama–Mississippi
border to the Louisiana–Texas border (Fig. 14B).

5.2. Sediment budget and contributing factors

We estimated the mass of the post-Rita deposit (Fig. 14D) for
two model runs (R14 and R22), and calculated the mass for both
the entire model domain and the study area sampled by Goni et al.
(2007) (red polygon in Fig. 14D). We picked model run R22 be-
cause the average thicknesses of R22 and Goni et al. (2007) were
both 0.086 m. Based on data from field and lab measurements by
Goni et al. (2007), the observed post-Rita deposit in their study
area accounted for 981 Mt of sediment. In model run R22, the
deposits in Goni’s study area and in the total model domain were
878 and 3416 Mt, respectively. In model run R14, the deposits in
Goni’s study area and the total model domain were 1404 and
5639 Mt, respectively. Compared to R14, R22 provided a better
match for sediment mass, but showed less skill when compared to
the actual deposits from sediment cores (Table 2). It is clear,
however, both from the model runs and Goni et al.'s (2007)
samples, that the total post-Rita deposit in the entire model do-
main was on the order of one billion tons, far exceeding the annual
Mississippi River sediment discharge of 216 Mt/year. Note that,
regardless of which model was used, a relatively small portion of
the event bed mass actually lied in the area sampled by Goni et al.
(2007) (Fig. 14D), illustrating the challenges in quantifying storm
deposit masses via post-storm sampling.

5.3. Sensitivity and uncertainty

Over the range of values used for parameters within sensitivity
tests R1–R14, the modeled average post-Rita deposit thicknesses
varied by three orders of magnitudes, from 0.002 to 0.627 m over
the entire model grid (“All” in Table 2). The settling velocities and
erosional rate parameters were carefully selected for the baseline
model run so that the observed and modeled values of deposit
thickness were the same order of magnitude. The values used, E0

¼3�10�4 kg/m2/s, and ws values of 0.1 and 1.0 mm/s, were



Fig. 12. (A) and (B), wind speed and direction (m/s, arrow) and significant wave height (m, color) during the peak of Hurricanes Katrina (at 2005/08/29 06:00 UTC) and Rita
(at 2005/09/24 00:00 UTC), respectively. (C) and (D), bottom wave–current combined shear stress (Pa, arrow) and bottom water column sediment concentration (kg/m3,
color) during the peak of Hurricanes Katrina and Rita, respectively. Black line and circles indicate hurricane tracks. Isobaths are at 10, 20, 50, 100 and 300 m. Results are from
model run R14. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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within the range of parameters used for other similar models (see
Table 1). Unfortunately, field observations provide little guidance
in specifying the hydrodynamic sediment properties for numerical
sediment transport modeling in the northern Gulf of Mexico. Re-
cent erodibility measurements provide some insight, and indicate
that especially on the mid-shelf, the sediment is somewhat over
consolidated, and that its erodibility varies in response to both
physical and biological processes (Mickey et al., 2014; Xu et al.,
2014; Briggs et al., 2015). For settling velocity, field observations
provide even less guidance within the northern Gulf of Mexico.
Until in-situ settling properties are measured there, numerical
models will continue to treat settling velocity as a tuning
parameter.

Next, we reevaluated our estimate of the Hurricane Rita deposit
mass using an uncertainty analysis. The polynomial chaos expan-
sion method provided a computationally more efficient alternative
for propagating uncertainty in model inputs to their outputs.
While it has been used within the Northern Gulf of Mexico for a
biogeochemical model (Mattern et al., 2013), to our knowledge it
has not been previously applied to a sediment transport problem.
As illustrated in Fig. 11B, the estimated post-Rita deposit mass
decreased by 13% from model run R14 to R19 when the critical
shear stresses increased by 18%. In our uncertainty analyses, we
assumed a standard deviation of 0.2 and beta distribution for the
uncertainty of critical shear stresses, and then used nine model
runs to evaluate the degree to which deposit mass varied over this
range of critical shear stress. Fig. 11C shows that the mode of PDF
of post-Rita deposit is around 6000 Mt but the distribution is
positively skewed toward higher estimated deposit. Comparing
variability in the sensitivity tests (R1–R14) of settling velocities
and erosional rate parameters, there seem to be less overall
variability in uncertainty tests (R15–R22) of shear stresses
(Tables 2 and 3).

Additionally, critical shear stress represents a value that has
both spatial and temporal variability, yet in the uncertainty ana-
lysis it was applied as a uniform and constant model parameter. In
the future, more measurements of critical shear stress might be
compiled to evaluate whether the beta distribution represents
well the variability in critical shear stress during the conditions
modeled. Additionally, the sensitivity tests showed that the de-
posit mass is sensitive to model parameters including the ero-
sional rate parameter and settling velocity. Thus future studies
might apply the polynomial uncertainty method to analyze
variability for these parameters.

5.4. Ongoing studies and path forward

Our model used simple and fixed values of seabed critical shear
stresses and erosional rates and neglected processes of con-
solidation and swelling for fine sediment. Xu et al. (2014) reported
seabed erodibility curves of eroded mass vs. applied shear stress,
and these curves can be applied in ROMS consolidation model, as
described by Rinehimer et al. (2008) and done in a 3-D numerical
model of the York River (Fall et al., 2014). The high resolution
vertical seabed sorting can also be modeled in the new version of
ROMS sediment transport model.

Additionally, while the consolidation model discussed above
handles the variation in erodibility with depth in the seabed, Xu
et al. (2014) found spatial variability in erodibility such that the
seabed in deeper waters (like Mississippi Canyon, Fig. 2) was less
erodible than that on the inner and middle shelves. Moriarty et al.
(2014) report similar behavior for the Waipaoa shelf, New Zealand,
and short of applying the full bed consolidation, they used a
spatially varying erosional rate parameter so that E0 decreased
offshore. Thus spatial variability in seabed erodibility could also be
added to the ROMS model using the method of Moriarty et al.
(2014), but this does add another layer of model calibration to
specify the manner in which erosion rate constant varies with
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water depth or cross-shelf distance.
In this study the model estimated peak bed stresses of about

50 Pa, and suspended sediment concentrations in excess of
20 kg/m3 under the extreme conditions during Hurricane Katrina.
Rugged and robust optical and acoustic sensors are needed to
measure high turbidity and energetic currents during hurricanes
in the future.
6. Conclusions

Below are the major findings and conclusions in this study:

(1) Our coupled hydrodynamic – sediment transport model suc-
cessfully represented extreme storm conditions, such as 50 m/
s wind speeds and 25 m tall waves. The model estimated peak
nearbed wave orbital velocities of 3 m/s that produced wave–
current bed shear stresses of 50 Pa and over 1.5 m of seabed
scour. The CSTMS sediment transport routine developed by
Warner et al. (2008) proved to be robust to represent extreme
and rapidly changing conditions.

(2) The maximum erosional depths were sensitive to model in-
puts, but spatial patterns for erosion mainly reflected hurri-
canes tracks, bed shear stresses, grain sizes and shelf bathy-
metry. The areas to the east of the hurricane tracks
experienced stronger winds, taller waves and deeper erosion
before landfall due to the counterclockwise wind movement,
northward motion of the storms, and rapid weakening of wind
energy. The largest waves, peak wave orbital velocities, and
deepest erosion for both storms was within mid-continental
shelf depths, because wave energy dissipated over the inner
shelf.

(3) Hurricane Katrina took a fast and shoreline-normal path and
caused intense and localized seabed disturbance along the
eastern Louisiana shelf. Hurricane Rita, however, followed a
shore-oblique path and its impact was widespread across the
entire Louisiana shelf.

(4) Application of the Polynomial Chaos Uncertainty method al-
lowed us to quantify the uncertainty in our estimates of the
hurricane deposit mass that derive from difficulties in speci-
fying the critical shear stress of the seabed. Comparing with
variability in the sensitivity tests of settling velocities and
erosional rate parameters, there seem to be less overall
variability in uncertainty tests of shear stresses.
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