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A Numerical Study of Sediment Transport and Event Bed Genesis 
During Tropical Storm Delia 
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Some event beds (tempestites) are thought to be emplaced on shallow marine shelves by the combined action 
of strong coastal currents and high waves during fairly short-lived storms. To test this hypothesis, a storm sedi- 
mentation system has been constructed from six numerical models describing a cyclonic wind field, three-dimen- 
sional coastal circulation, wind waves generated over the continental shelf, the combined effect of steady and 
oscillatory currents within the benthic boundary layer, suspended and bed load transport of sediment, and conser- 
vation of the seafloor. This model system is used to hindcast winds, currents, waves, and resulting sedimentation 
during Tropical Storm Delia, which passed over the Texas-Louisiana shelf on September 3-4, 1973. Sensitivity 
to the initial substrate is investigated in four experiments using uniform silt, uniform sand, a mud line at the 20- 
m isobath, and a simplified modem sediment distribution. Modeled coastal currents are vertically uniform and do 
not reveal the structure predicted by the mid-latitude geostrophic storm circulation model, because the predicted 
depth of the wind-mixed layer is greater than the water depth over the shelf. Shelf currents in excess of 2 rnfs 
flow predominantly along the coast to the southwest during most of the storm, driven by the wind stress and the 
trapped coastal wave which peaks at 180 cm near Galveston. Significant wave heights reach 8 m on the outer 
shelf but are less than 4 m over the inner shelf. These waves combine with steady currents to produce bed shear 
velocities which locally exceed 20 cmfs. The region of highest stresses always lies to the right of the storm track 
(viewed down the path) and moves across the shelf with the eye of the storm. Three general sediment transport 
paths are evident: (1) onshore transport of finer sediment over the outer shelf to the right of the storm track, (2) 
westward-directed along-shelf transport of predominantly fine sediment between approximately 40-m and 20-m 
water depths, and (3) minor offshore transport of sand from the shoreface to depths less than 30 m. The resulting 
event bed has a ragged appearance with a maximum thickness of about 20 cm in region 1, and covers an area of 
approximately 3X 104 km 2 to the right of the storm track. Aside from local transport associated with finer sedi- 
ments, these results are relatively insensitive to initial sediment type. Comparison of model results to observed 
data from Buccaneer platform shows that the different models performed adequately during the peak of the 
storm, except for a significant underprediction of the significant wave height by the wind sea model. The esti- 
mated uncertainty in the calculated combined shear stresses u., based on errors produced by the individual model 
components, is most dependent on the wave bottom orbital amplitude. The total uncertainty in u. is estimated to 
be approximately 7%. 

1. INTRODUCTION 

Ancient shallow marine clastic deposits often consist of thick 
shale sequences punctuated by discrete, laterally continuous sand- 
stone beds. The sandstone beds commonly possess sharp, erosive 
bases and an internal facies organization wherein coarse, structure- 
less basal sandstones evolve upward into hummocky-stratified, 
very fine grained sandstones. Bed tops are often silty, wave rip- 
pled, and burrowed [e.g., Goldring and Bridges, 1973; Bouma et 
al., 1982; Einsele and Seilacher, 1982; Harms et al., 1982; Atkin- 

son et al., 1986; Brenchley eta/., 1986; Swift et al., 1987; Craft 
and Bridge, 1987]. To understand the origin of these beds, 
researchers have turned to studies of storm-induced bottom flow 

and sediment transport on modem shelves [Hayes, 1967; Kumar 
and Sanders, 1976; Sheng, 1983; Denness, 1984; Swift et al., 
1986; Vincent, 1986; Kachel and Smith, 1986; Nittrouer et al,, 

1988; Morton, 1988]. Especially important was Hayes' [1967] 
•,•,rv •,,, some Texas ,•,•-•--•-•o' 'he'• •"po•;t • •'*•' *•'•' passage of 
Hurricane Carla in 1961. Hayes proposed that sheet sands were 
emplaced offshore during the waning of the hurricane's strength, 
as the storm surge ebbed and flow was directed offshore under 
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gravity. This conclusion was based on the offshore thinning and 
fining pattern observed within the Hurricane Carla bed. This con- 
cept was subsequently challenged by workers who proposed that 
geostrophic currents were the agent of sediment transport [Morton, 
1981; Niedoroda et al., 1984; Swift and Niedoroda, 1985; 
Numrnedal and Snedden, 1987; Snedden et al., 1988]. At the same 
time, other workers [e.g., Walker, 1984], attempting to reconcile 
offshore-directed sole marks, proposed that dilute turbidity cur- 
rents were responsible. Presently, there is a growing consensus that 
deposits of this sort were emplaced by combined steady and oscil- 
latory flow fields under fairly short lived storms [Dott and Bour- 
geois, 1982; Brenchley, 1985; Duke, 1985; Numrnedal and 
$nedden, 1987; Duke, 1990; Duke et al., 1991], possibly justifying 
the appellation "event bed" or "tempestite." 

Definitive proof of a storm origin is still hard to come by, how- 
ever. No one has ever witnessed the emplacement of a storm 
deposit or the bed dynamics that produce such alleged storm ind_i- 
cators as hummocky cross-stratification. Indeed, the very nature of 
storm deposits (their regional extent and the violent processes that 
form them) makes field and flume observations of the relationship 
between sedimentation and resulting strata difficult. While proba- 
bly physically viable, sediment transport by combined storm-gen- 
erated geostrophic flows and oscillatory water waves remains a 
conjecture for the origin of these beds. 

This state of affairs convinces us that a numerical model of event 

bed genesis could provide a test of the storm model, as well as pro- 
vide useful predictions to help guide future observations. Toward 
this end we have combined six numerical models into a Storm 
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Sedimentation System (S 3) to predict erosion, transport, and depo- 
sition at the shelf-wide scale as functions of the wind field of a 

tropical cyclone. The six models are (1) a wind forecasting model, 
(2) a three-dimensional coastal ocean circulation model, (3) a wind 
sea prediction model, (4) a combined current-wave benthic bound- 
ary layer model, (5) a suspended and bed load sediment transport 
model, and (6) a bed conservation model. The emphasis in the sys- 
tem is placed on processes operating in water depths greater than 
10 m. Although the shoreface is recognized as being the most 
important source of sediment to the storm sediment pool, as well 
as the location of the thickest storm beds in ancient sequences, it is 
not modeled in this study, because the scale of processes there is 
smaller than that of a numerical grid compatible with the shelf 
scale. 

This paper first describes S 3 and its operation. Then the numeri- 
cal results for coastal circulation, the wind sea, and the combined 

seafloor shear stresses during Tropical Storm Delia are described. 
Several numerical experiments follow which test the sensitivity of 
computed sediment transport and event bed characteristics to vari- 
ous initial bed textures. Finally, we discuss uncertainties in model 
output, the structure of coastal storm currents, and the expected 
regional extent and characteristics of a single storm deposit pro- 
duced by a storm of specific magnitude and track. 

2. • STORM SEDIMENTATION SYSTEM 

The components of S 3 are not coupled in this study, because the 
intent was to evaluate each model separately and determine if it 
was possible to use the output from wave and circulation models to 
calculate combined current-wave sediment transport during a 
severe storm. Furthermore, problems encountered within individ- 
ual model components necessitated compromises which decreased 
their performance. Part of the problem lay in limitations on com- 
puter resources, part in the time to be allotted to the work, and part 
in the failure of system components to operate properly under the 
range of conditions encountered during a tropical cyclone. 

2.1. Winds, Currents, Waves, and Combined Shear Stresses 

The circulation and wave models require winds at a height of 20 
m. These were supplied by the empirical model of Harris [1958], 
with a correction for a moving storm after Jelesnianski [1966]. 
The wind field is cyclonic, with vectors orthogonal to radii through 
the storm eye and turned inward by a deflection angle of 20 ø . The 
grid position and bearing of the storm center are input periodically, 
with the location of the eye interpolated between grid points. This 
wind field applies only to the area directly influenced by the maxi- 
mum storm winds, since it cannot capture synoptic-scale patterns 
related to the cyclone. Its accuracy was evaluated using data col- 
lected by Forristall et al. [1977] at the Buccaneer oil production 
platform, situated 45 km offshore of Galveston, Texas. Both pre- 
dicted wind speed and direction (Figure 1)compare favorably with 
those observed. 

Coastal ocean circulation for S • is calculated by the three- 
dimensional turbulent-energy closure model of Leendertse et al. 
[1973], which solves the primitive equations of turbulent flow in a 
Cartesian coordinate system using an explicit finite-difference 
method, with an implicit solution found for the vertical exchange 
of momentum, heat, turbulence, and mass. Details of the mathe- 
matical formulation used in this study are given in Appendix A. It 
has been evaluated for San Francisco Bay, Chesapeake Bay [Leen- 
dertse and Liu, 1977], the Bering Sea [Liu and Leendertse, 1978], 
Long Island Sound [Leendertse and Liu, 1978], and Bristol Bay 
[Liu and Leendertse, 1979]. Such detailed testing has not been 

accomplished for severe storms, but several numerical experi- 
ments were completed in the course of this work to evaluate model 
results with respect to theoretical predictions and published 
numerical results. The circulation paRems computed for several 
hurricanes within the western Gulf of Mexico revealed features 

commonly associated with tropical cyclones: vertical and horizon- 
tal inertial oscillations in deep water, horizontal shear at the shelf 
break, an enhanced convergence zone with path changes, and 
barotropic shelf waves [Keen, 1992]. Further, the numerical results 
for Hurricane Gilbert [Keen and Slingerland, 1993] can be qualita- 
tively compared to those for Hurricane Allen [Cooper and Thomp- 
son, 1989] because of the similar paths taken by the two storms. 
The flow fields computed by the two models were similar, with 
peak velocities of about 150 cm/s on the shelf near Galveston and 
southward flow of almost 50 cm/s along the Mexican coast. The 
inertial oscillations produced within the wake were of the order of 
100 cm/s for both models. Furthermore, the mixed-layer depths 
calculated by S 3 were also similar in magnitude and distribution to 
those computed by Cooper and Thompson. Although this is not 
considered a rigorous test of the turbulent flow model's perfor- 
mance during severe storms, it suggests that the calculated flow 
field is reasonable. A quantitative comparison of model-calculated 
flow and observations during Tropical Storm Delia will be made in 
sections 4.1 and 5.1. 
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Fig. 1. Modeled versus observed wind field at Buccaneer platform. The 
dashed line represents the output from the cyclone wind model, and the 
solid line is the averaged observed values reported by Forristall et al. 
[1977]. (a) Wind speed, in meters per second. (b) Wind source, in degrees 
clockwise from north. 
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The wind sea is computed using a simplified version of the 
finite-depth wave model of Graber and Madsen [ 1988] (hereinaf- 
ter referred to as GM) which neglects swell. A comparison of 
results from the simplified version with those of GM for the full 
model is presented in Appendix B, along with comparisons of 
observed and computed spectra for two historical storms. The 
results initially suggested that the reduced model is adequate for 
the area directly affected by storm winds. In order to calculate bot- 
tom wave orbital parameters, the significant wave height H1/3 and 
peak wave frequencyfm must be known. H1/3 equals 4 •T, where 
E T is the total energy of the wave spectrum, andfm is calculated by 
the wind sea model. From the known values of H1/3 and fm the 
wave parameters required for the boundary layer calculations are 
found from linear wave theory. The maximum orbital excursion 
amplitude A b is given by alsinhkh, and the maximum orbital veloc- 
ity U b is given by AbO•, where a is the surface wave amplitude, k 
is the wave number, h is water depth, and 0• is the radian fre- 
quency. 

Because of the importance of waves during storms, the wave- 
dominated benthic boundary layer theory of Glenn and Grant 
[1987] is used to calculate the effective shear stress at the seafloor 
in the presence of steady and oscillatory currents. The original 
FORTRAN program (NBM87) is used, with only those changeg 
required to integrate it as a subroutine into our sediment transport 
program. It requires as input (1) the current speed and direction 
relative to the waves at a reference height Zr, (2) the peak wave 
bottom velocity and excursion amplitude, and (3) the diameter, rel- 
ative density, concentration in the bed, particle fall velocity, and 
critical Shields parameter for all available size classes. 

2.2. Sediment Transport and Bed Conservation 

Sediment transport and bed continuity follow the works by van 
Niekerk et al. [1992] and Vogel et al. [1992], with expansion to 
two horizontal dimensions. The bed load transport rate of sediment 
size class n is given by 

p 

ibn = Pn•-• (u, - u, n) ('Co-'On) (1) 
where Pn is the volumetric concentration in the bed; A' is a param- 
eter equal to 1og(zb/kb) / •C, with •c, von Karman's constant, Zb, the 
distance above the bed to the center of thrust on bed load grains, 
and k b the physical bottom roughness; tan lz is a dynamic friction 

o 

coefficient; u. is the combined current-wave shear velocity; u, n is 
the critical shear velocity for sediment class n; 'c is the combined 

o 

shear stress; and 'c is the critical shear stress for class n. The term 

A'I tan0• is set constant to 10 as in the work by van Niekerk et al. 
[1992]. The direction of bed load transport is collinear with the 
mean wind sea direction 0 ß if it is within +90 o of the steady cur- O' 

rent direction, the bed load transport vector is identical to 0 o, 
whereas if the angle exceeds 90 ø , the bed load travels opposite to 
0 . Although not too accurate, this approximation does allow o 

waves to exert a primitive control on bed load transport. As it turns 
out, the direction chosen for bed load transport is insignificant in 
this study because suspended load dominates. 

Suspended sediment is transported by the steady currents calcu- 
lated for the lowermost circulation model level. The suspended 
sediment concentration profile for each size class is predicted by 

•:u, c J 
- z x (2) Cmn = Cbn Z h 

where COb is the concentration of class n at height a o (the height of 
the moving bed layer), z is the height above the bed, and Wfn is the 
fall velocity. The reference concentration Cbn is calculated within 
the moving bed layer by ibn/(Ubnaog ), where Ubn is the near-bed 
velocity of size fraction n and g is the gravity constant. The total 
suspended load transport rate for a given size class is found for the 
x axis from 

Ssn-' AylUrCmndZ (3) 
a o 

where 3, is the grid dimension along the y axis. 
To allo•w for evolving bed textures, an active layer is defined to 

be that part of the bed which interacts with the flow during one 
time step [Rahuel eta/., 1989]. Exchange occurs for each size frac- 
tion between the active layer and the overlying moving bed layer 
during each time step; erosion removes material from the subja- 
cent bed, whereas deposition raises the active layer by an amount 
equal to the thickness of deposited sediment. The bed concentra- 
tion Pn thus evolves with time to reflect the changing seafloor tex- 
ture. 

To account for mass exchange between the bed and the flow, the 
x direction bed conservation equation is written as 

• 1 i} i}Sn Ps (l-v) (A•Zn) + •(A•ibn ) + -•- = 0 (4) 

where P s is the sediment density, v is the bed porosity, and Zn is 
the bed elevation due to size class n. The y direction conservation 
equation is of similar form. Solution of both equations is by a cen- 
tered difference scheme that uses grid points both upfiow and 
downflow from the current grid point. 

2.3. Model System Operation 

S 3 consists of the above models run serially, without coupling. 
The circulation model grid is used as a primary grid for model out- 
put. The wind stress is applied directly to this grid, whereas the 
wind sea requires a 45 o rotation of wind stresses. Combined cur- 
rent-wave shear stresses are then found using computed wave 
parameters and steady currents calculated by the circulation model 
for the lowest model level present at each grid point. These cur- 
rents are assigned a height of 10 m above the bottom; this refer- 
ence level is slightly high for the linear eddy viscosity model but 
should be accurate within 5%, and the turning angle predicted by 
the boundary layer model is less than 10 ø for this height [Grant 
and Glenn, 1983]. 

Because the models are not presently interactive, they must be 
run in a specific sequence as seen in Figure 2. For this study, out- 
put from the wind model was saved every simulation hour for use 
in the circulation and wave modelg. No} .qnin-nn wa• n•od fnr tho 

circulation model, and the initial condition was static. The wind 

sea was allowed to develop for 10 simulation hours before the cal- 
culations proceeded, with hourly output coinciding with circula- 
tion model results. The bed shear stresses, sediment transport, and 
bed continuity are calculated in a separate program at time steps of 
1 hour. 

The original intent was to use the suspended sediment transport 
from the boundary layer model to calculate sedimentation, but it 
was found to be unstable for the range of wave-current conditions 
encountered during the simulation. In order to maintain consis- 
tency, equation (2) was used to calculate the sediment profiles for 



4778 KgsN AND SLINGERLAND: SEDIMF_NT TRANSPORT Dm•a Tgorlc,•L 

(•ROGRAM WINd• alculatewindfiel 

c,.c kCalculate the wind sea•) W x,Wy alculateocean current 
Ub,Ab • • Ur 

PROGRAM TRANS 
Calculate sea floor shear stresses and sediment transport 

:'(Compute bed and suspended)X: (SUBROUTINE NB.87 h sediment transport rates • ' Calculate sea floor | 
u. shear stresses ..,,/ I I 

'( eC;2culate depth of erosiOn/s..• ' /• Pn • d sition for all size classe 

:(Calculate cumulative mean grain) (Find volumetric con•CCentlration•X •.• size for deposited sediment of sediment in act' ayer 

D E , Hsf, T S, D50 

Fig. 2. Schematic flow chart for operation of the Storm Sedimentation System. See text for explanation. 

all grid points. The parabolic eddy viscosity assumption implicit in 
(2) is undesirable but probably acceptable for this simple approach 
because of the lack of density stratification in the homogeneous 
water column and the neglect of feedback between physical pro- 
cesses represented by the individual models. This much simpler 
formulation produced lower transport rates than predicted for the 
boundary layer model (Figure 3), however, dispelling the concern 
that erosion would be overpredicted because of this simplification. 
Nevertheless, the concentration profiles used in damping turbu- 
lence within the boundary layer model are dependent on the 
changing reference concentrations Pn, which are also used for 
finding bed load transport rates ibn for use in (2). After the sedi- 
ment transport rates are computed from (1) and (3), seafloor eleva- 
tion changes for the current time step are calculated from (4). The 
following storm bed variables are produced at specified intervals 
during the simulation: the depth of erosion into the initial seafloor 
DE; the seafloor elevation Hsf; the thickness of the bed produced 
by the storm, Ts; and the volumetric median grain size for the bed, 
Ds0. 

3. EXPERIMENT• DESIGN FOR TROPICAL STORM DELIA 

The numerical experiments described in this paper were 
designed to hindcast the sedimentary processes and regional sedi- 
mentation patterns produced by Tropical Storm Delia, which 
crossed the Texas sheff in September 1973 (Figure 4), using data 
reported by Fordstall et al. [1977]. The region of interest is repre- 
sented by a 33 x 67 model grid using a horizontal grid spacing of 
13.5 kin. This grid is rotated 57 ø clockwise to optimize the fit 
along the Texas coast. The water column is represented by nine 
levels with uniform thicknesses throughout the grid. The upper 
four levels are each 10 m thick; the fifth through the seventh are 20 
m thick; the next-to-bottom level is 100 m thick; and the lower- 

most is 300 m thick. The passage of Delia across the northwest 
Gulf of Mexico, from 1700 CDT September 3 to 2100 September 
4, was simulated using 1680 time steps of 60 s each for circulation 
and wave calculations and 28 time steps of 1 hour each for com- 
bined benthic boundary layer and sediment transport computa- 
tions. References to hours in the following discussion refer to 
simulation hours, with hour 0 equivalent to 1700, September 3. 

Horizontal boundaries for calculation of the flow field allowed 

no flow. The landward boundary condition for bed conservation 
was chosen to simulate erosion of the sandy shoreface. Sediment 
for all size classes greater than 4 q• (0.064 ram) was introduced at 
a rate equivalent to the rate of erosion from any grid point adjacent 
to land. The lower boundary for the circulation model was formu- 
lated as described in Appendix A, with values of Chezy's C rang- 
ing from 500 to 1000 cmlt2/s. Although these values may seem 
high, they are believed to adequately describe the range of seafloor 
and oceanographic conditions expected for the region. This is con- 
sidered especially important because of overdamping of coastal 
flows when combined wave-current friction factors are used with- 

out sediment stratification corrections (S. M. Glenn, personal com- 
munication, 1992). The wave friction factor fw was constant at 
0.015. Within the benthic boundary layer model, the roughness 
height k b was set to 2 cm and the sediment roughness to 0.09 nun. 
Values used for bottom friction coefficients in the circulation, 
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Fig. 4. Detailed track of Tropical Storm Delia and model bathymetry. 
Numbers along the storm track are model simulation hours. Hour 1 corre- 
sponds to 1800 CDT September 3. The location of Buccaneer platform is 
indicated by BP. 

wave, and boundary layer models were based on the fine-grained 
sediments and roughness height observed at Buccaneer platform 
[Forristall eta/., 1977]. 

Four types of seafloor substrate were used for the sediment trans- 
port experiments as listed in Table 1. The first two were uniform, 
the third used distinct sediments for the inner and middle/outer 

shelf regions, and size distribution 4 was an approximation of the 
fine sand, medium silt, and mud found on the modern Texas-Loui- 

siana sheff (Figure $). Ten size classes of 1 q) width were used for 
all sediment distributions, with the percent of sediment within each 
class determined from the means and standard deviations given in 
Table I using an error function. 

4. RESULTS 

ward and onshore flow along central Louisiana increased to about 
50 cm/s (Figure 7b). Longshore currents exceeded 200 cm/s at this 
time, with an offshore component from Galveston southward. 
Flow strength rapidly decreased in the deep water between Mat- 
agorda Bay and Corpus Christi (Figure 7b). The limited movement 
of the eye between hours 3 and 14 and the scale and shape match- 
ing between the storm and coastline were responsible for the 
growth of a forced Kelvin wave along the Louisiana shoreline. By 
hour 20 the wind had shifted sufficiently to stall this wave, and the 
predicted coastal setup peaked at 180 cm at Galveston (Figure 7c). 

An observed storm surge of 130 cm at Galveston preceded peak 
currents, and a maximum in excess of 200 cm was recorded 30 

hours after landfall, by which time currents had decreased signifi- 
canfly [Morton, 1981]. The coastal setup coincident with the peak 
currents at Galveston, therefore, fell between these values. The 

maximum modeled setup (180 cm) in Figure 7c approximately 
coincides with peak model-hindcast currents, a temporal relation- 
ship suggested by the tidal data from Galveston. However, since 
no model results were produced after landfall, these results cannot 
be compared to those of Morton [1981] for the interval when 
coastal setup reached a maximum. 

When the eye made landfall at hour 28, the storm winds had 
fallen to less than 20 m/s everywhere (Figure 8a) and had shifted 
from predominately shore parallel to shore normal over the shefl. 
As the wind shifted out of phase with the inertial currents, the hot- 

Run 

TABLE 1. Textural Data for Event Bed Simulations 

Wind, circulation, wave, and bed shear velocity fields are shown 
for simulation hours 4, 20, and 28. These snapshots represent the 
early, full strength, and late stages of the storm's passage. Only the 4 
horizontal currents calculated for the uppermost level (depth 5 m) 
are presented, because inspection of model output showed that the 
horizontal circulation field over the shelf varied little in the verti- 

cal. Bottom shear velocities are presented for only one substrate 
(sediment distribution 1), even though they are expected to vary 
with bottom textures. However, the differences are not significant 
enough to change the following discussion. Finally, although sedi- 
mentation was computed for each hour, the presentation has been 
simplified to show only the final results. 30 N 

4.1. Shelf Circulation 

Vectors in the northeastern quadrant of Delia's wind field paral- 
leled the Louisiana-Texas coastline by hour 4 of the simulation, 
with easterly winds of 15 m/s along the coast and speeds in excess 
of 20 m/s over deeper water (Figure 6a). In response to this wind 
field, a sheif-wide westward longshore flow was established from 
eastern Louisiana to Galveston, with a peak speed of 108 cm/s in 
10-m water depths (Figure 6b). Coincident with this flow, a forced 
Kelvin wave developed west of New Orleans (Figure 6c). 

Over the next 16 hours, maximum wind speeds increased to 28 
m/s. Winds were approximately parallel to the coast throughout 
much of this interval, but by hour 20 the maximum winds were 
parallel to shore only along the central Texas coast (Figure 7a). 
Shelf flows responded such that the previous pattern shifted west- 

Sediment Mean q• S.D. q• 
Distribution 

medium silt 5.5 1.0 

fine sand 2.5 0.8 

mud line at 20 m 

inner shelf 2.5 0.5 

middle/outer shelf 7.5 1.0 

modem sediments 

nearshore sands 2.5 0.8 
outer shelf muds 7.5 1.0 

mixture 5.5 1.0 
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I I / LOUISIANA D'••,• 
I- ,.x^s 
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15o SAND MUD 

Fig. 5. Sediment distribution for the modem northwestern Gulf of Mexico 
(original data from Curray [1960]); see Table I for details. The path of 
Tropical Storm Delia is represented by the heavy irregular line. 
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Fig. 6. Simulation hour 4 (2100 CDT September 3): (a) vector plot of 
wind field, (b) ve•or plot of the horizontal circulation field within the 
upper model level (the scale arrow is the largest vector present), and (c) 
contour plot of the water surfac• elevation (in centimeters) with respect to 
still water level. High and low values are labeled. The position of the storm 
eye is marked by the closed tropical storm symbol. 

izontal circulation became dominated by the pressure gradient and 
inertial osciUations (Figure 8b), and coastal setup at Galveston 
(Figure 8c) drove adjustment currents as high as 127 cm/s to the 
southwest and offshore over the Texas shefl. Lower setup near 
Corpus Christi also generated longshore currents to the south with 
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Fig. 7. Simulation hour 20 (1300 CDT September 4): (a) vector plot of 
wind field, (b) vector plot of the horizontal circulation field within the 
upper model level (the scale arrow is the largest vector present), and (c) 
contour plot of the water surface elevation (in centimeters) with respect to 
still water level. High and low values are labeled. The position of the storm 
eye is marked by the closed tropical storm symbol. 

magnitudes of approximately 30 cm/s. In direct contrast, conver- 
gence between offshore flow and onshore inertial currents over the 
Louisiana sheff caused a reversal in longshore flow vectors and 
flow back to the southeast. 

The accuracy of the hindcast currents can be estimated at one 



KEEN AND SLINGERLAND: SEDIMENT TRANSPORT DUmNa TRO•'•CAL SToma DEL•A 4781 

a 
95 W 90 W 

b 
95 W 90 W 

•oNL TEXAS :.:.:I!:;i • .... LOUISIANA' 
li'• Galveston '-•.i,--X,•;,;:._'-'_-".:.--.-• :"% _,• 
/ .. -'.. '.' :' :-'::-', -:: -: -:'-_-:',.. 

Matagorda Bay '•.•"'•.:-:--:- :F_ _ -_ .. _ _ -_'-.-..•-..,.•,,,-.,•-,:.:-,:..:..-.:_.-: .-,"• x ', ;-_•'-•:-%-•,'?:-',-.. '.. '...'•;.'; .... '.- 

.. .-/.:. ' $-. •2•-:-:•%-., ,\ ,,. '. ß '.•..-.--. - .!!. ß '. ß -. .......... - t •. ;/ ,--_•__?,•.•. •, •. •......-/....... '...'.- 

Qprpu..s•: .......... \• ' -•- '--., --o, - - ,- ß ß ''••"•• .-•,-•••.-i'-• _- '_///- ' ' 
•;nr•s[i ,,; - - ' - ' '• '' '- '•"• '•- '•- ß ß ••••••"-.'---._ '-.-.--" 
I• '.',"'•'?•;;':',".'-".'-".'-.':-:/'-':'-'-}---'.". , 
i •,.. ',"'0,'. ',', ','.'-' ............ 
[.:'\'.', ',',\,,', ','..'--.' 127 cm/s 

ß -.i ., • • •t • i •, ß - ' - I.:•1., ,, t,,, .-..-. --• ..,•1 • •,, ... . . 

:•..', ,,'/,,', ',-.'.-.'- Surface Circulation Kilometers - 
25 N 

c 
95 W 90 W 

L TEXAS I • LOUISIANA 30 N I Galveston •f 2• z• 
I -•• •:. :•' .•;::* -21cm 

-.: Coastal Setup (cm) 

'•'•'•]•'•••::•:½•..½•-.•:.,•.• ............... :.--,'* ................. •½• • > 24 '*-" 0 to-12 .' .• . Kilometers 
25N .......... I 0 to 12 I 

Fig. 8. Simulation hour 28 (2100 CDT September 4): (a) vector plot of 
wind field, (b) vector plot of the horizontal circulation field within the 
upper model level (the scale arrow is the largest vector present), and (c) 
contour plot of the water surface elevation (in centimeters) with respect to 
still water level. High and low values are labeled. The position of the storm 
eye is marked by the closed tropical storm symbol. 

point along the storm path using the data of Forristall et al. [1977] 
(Figufo 9). Hindcast surface currents at Buccaneer platform match 
the obsewed currents reasonably well until Delia's eye passed 
Buccaneer at hour 23, when the local currents became too complex 
to be resolved by the model grid. 

4.2. Wind-Wave FieM 

Landward of the 20-m isobath, Hi/3 never exceeded 4 m beneath 
the storm and was more often closer to 3 m (Figure 10). Between 
20 and 100 m it ranged from 4 to 10 m, with higher amplitudes 
near the eye. At water depths greater than 100 m, Hi/3 remained 
above 7 m and climbed as high as 30 m. When the eye was over 
the outer sheif, maximum H1/3 coincided with the radius of maxi- 
mum winds about 80 km from the eye, and as it moved onto the 
inner shelf, high waves endured offshore because of high winds, a 
large fetch, and greater water depths. 

Before hour 20, 0 ø paralleled the coast from New Orleans to 
Galveston and was approximately collinear with longshore cur- 
rents (compare Figures 10a and 10b with Figures 6b and 7b). 
However, as Delia's eye approached landfall, 0 ø to the right of the 
storm track underwent a clockwise rotation and to the left an anti- 

clockwise rotation, causing waves near the coast to travel at high 
angles to longshore currents (Figure 10c). 

The accuracy of the computed wave field near the storm path can 
be evaluated using time series of significant wave heights and 
wave energy spectra at Buccaneer. Model-calculated values of 
Hi/3 do not compare well with those obse•ed by Forristall et al. 
[ 1978], being too low by about 0.5 m during the approach of the 
storm and I m at the peak (Figure 11). A probable cause can be 
inferred from a comparison of model and measured spectra for the 
peak of the storm (Figure 12). Although the model predicted the 
wind sea portion of the spectrum reasonably well, there is an obvi- 
ous low-frequency component in the confused seas which existed 
at that time. This was not expected from the preliminary compari- 
sons presented in Appendix B. 

4.3. Combined Wave-Current Shear Velocities 

The benthic boundary layer model calculates the combined shear 
stresses at the seafloor, thereby allowing the bed shear velocity, 

u. -- •/•o / p, to be found. Variations in u. can be subdivided into 
three periods during the storm's passage: (1) an early phase prior to 
hour 4, (2) an intermediate period between hours 5 and 20, and (3) 
a waning phase as the storm approaches landfall after hour 24. 

Prior to hour 4, u. was everywhere less than about 8 cm/s (Fig- 
ure 13a). Values of 2 cm/s covered the shelf out to the 80-m iso- 
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Fig. 9. Surface currents at Buccaneer platform. The solid line represents 
the data measured by Forristall et al. [1977], and the dashed line is model 
output. 
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Hours 5 to 12 mark a transition period as a second region of ele- 
vated shear velocities developed landward of the 20-m isobath and 
magnitudes increased over much of the Louisiana shelf (Figure 
13b). This isobathyal form partly results from the discretization of 
bathymetry into 10-m levels. The nearshore region of elevated 
shear velociQes also shifted westward during this interval and 
increased to more than 8 cm/s. The causes of this westward and 

offshore shift in u, isopleths can be seen in Figures 7b and lob. As 
Delia's eye crossed the shelf, coastal currents generated by wind 
stress and coastal setup increased and were collinear with 0 . The o 

remainder of the intermediate stage was characterized by consoli- 
dation of the offshore high into a bull's-eye between 20- and 40-m 
water depths with an increase in the maximum to 24 cm/s and val- 
ues exceeding 6 cm/s from central Louisiana to Galveston (Figure 
13c). This pattern reflects the further intensification of the storm 
circulation with approaching landfall, as coastal currents exceeded 
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Fig. 10. Vector representation of significant wave field at (a) hour 4, (b) 
hour 20, and (c) hour 28. Hi/3 is proportional to the length of the arrows, 
and the direction of wave propagation 0 o, is the vector direction. The vec- 
tor scale is the maximum present on the plot. 

bath from eastern Louisiana to Matagorda Bay, with maxima 
occupying a shore-parallel band along central Louisiana in water 
less than 20 m deep. Currents and waves during this period were 
both westerly along the entire Louisiana coast with peaks of 1 m/s 
(Figure 6b) and 1 to 2 m (Figure 10a), respectively, along eastern 
Louisiana. 

Fig. 11. Observed (solid line) [from Forri•tall et al., 1978] versus pre,- 
dicted (dashed line) significant wave heights Hi/3 at Buccaneer platform. 

0 .05 .1 .15 .2 .25 

f(Hz) 
Fig. 12. Model spectrum (dashed line) and calculated spectrum using 
steady current interaction (solid line) from Buccaneer at hour 18 [from 
Forristall et aL, 1978]. 
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1 m]s over much of the northwestern shelf (Figure 7b) and winds 
were strong enough to generate high seas across a range of water 
depths (Figure 10b). 

During the final stage, from hours 21 to 28, the maximum shear 
velocity decreased to 16 cm/s (Figure 13d). By hour 28 the 8-cm/s 
isopleth formed a tongue attached to the Texas coast at Galveston, 
extending southeast to the 80-m contour. This tongue was created 
by setup-driven longshore currents greater than 120 cm/s (Figure 
8b) and significant wave heights in excess of 4 m. 

4.4. Character of Delia• Event Bed 

Delia's event bed is evaluated using final values for the sediment 
parameters from Figure 5. Erosion depth DE(x, y) is defined as the 
maximum depth of erosion into the seafloor during the course of 

the storm and is always negative. Seafloor elevation H•x, y, t) is 
the height of the seafloor at any time relative to its initial value. It 
may be negative or positive, depending on whether net erosion or 

deposition occurs at a grid point. Hsf- D E defines Ts(x, y), the 
event bed thickness which is either zero or positive. The cumula- 
tive volumetric median size of the sediment deposited at a grid 
point is D5o(X, y). 

Size distribution 1: Medium silt. Sea floor erosion occurred to 

the right of the storm track and followed bathymetric contours 
(Figure 14a), partly because of the steps in the model bathymetry. 
D E exceeds 60 cm between the 60- and 100-m isobaths within an 
area roughly 75 km in length and 50 km in width. Sediment 
removed from these areas was typically deposited within 50 km to 
the west, resulting in an irregular seafloor elevation pattern (Figure 
14b). Sediment removed from the deep scour hole between the 40- 
and 100-m isobaths was deposited partly as a thin blanket (< 5 cm) 
and partly as an arcuate bed. Net erosion and deposition alternate 
along the 30-m isobath with transport distances on the order of 20 
kin. 

T s exceeds 40 cm to the right of the storm track in water depths 
of 60 m (Figure 14c). The event bed thins laterally, is irregular and 
discontinuous shoreward, and terminates abruptly to the south- 
west. The median grain size of the bed is uniform and finer than 
5q) (0.031 mm) because of the ready availability of clay within 
the initial sediment distribution. The bed is coarsest along the 
northeastern Texas coast where DS0 is approximately 5.6 q) (0.02 
ram). This resulted from the landward boundary condiQon which 
introduced sand-sized sediment only. Mixing of this sand with the 
fine sediment transported by the storm currents produced interme- 
diate values of DS0. 

Size distribution 2: Fine sand. The sandy sediment of the sec- 
ond experiment significantly limited erosion away from the storm 
track (Figure 15a). DEattains a maximum of 100 cm to the fight of' 
the storm track in water deeper than 80 m, with much lower mag- 
nitudes scattered in shallower water, wherever local bed shear gra- 
dients were sufficient to entrain the finer sediment. The predicted 

distribution of Hsf for this experiment is much simpler than in the 
previous case because of reduced transport. Areas of deposition 
are more closely associated with erosion, and sedimentation is 
confined to the storm track and coastline (Figure 15b). This sim- 
pler topography is a function of sediment availability. The finest 
grain size is 4.5 q) (0.044 mm), coarse enough to severely limit the 
suspended sediment load. Thus, the resulting transport pattern 

Fig. 13. Contour plots of bed shear velocities u. at (a) hour 4. (b) hour 12, 
(c) hour 20, and (d) hour 28. The contour interval in Figures 13a, 13b, and 
13d is 2 cm]s. In Figure 13c it is 6 cm]s. The position of the storm eye is 
marked by the closed tropical storm symbol. 
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reflects the concentration of u. gradients near the center of the 
storm (Figure 13c) and along the coastline (Figure 13d). 

The thickest event bed is located along the storm path and termi- 
nates east of Galveston (Figure 15c). It averages 20 cm in thick- 
ness and attains a maximum of 40 cm in water depths of 40 to 60 
m. The thickness of coastal sediments increases westward from 0.6 

cm along the central Louisiana coast to about 1.9 cm midway 
between the Texas-Louisiana border and Galveston. However, this 

feature only becomes visible in Figure 15c when its thickness 
exceeds the contour interval of 10 cm. D5o ranges from 5 to 4 q0 

(0.03 to 0.06 mm) for the thickest part of the event bed. The sedi- 
ment deposited along the coast reflects the introducQon of sand at 
the landward boundary: DS0 ranges from 3.6 q0 (0.08 mm) in the 
east to 3.3 q0 (0.1 mm) in western Louisiana and reaches a high of 
1.27 q> (0.28 mm) near Galveston. The trend reflects the increasing 
offshore component of the longshore currents. 

Size distribution 3: Mud line at the 20-m isobath. The sedimen- 

tation pattern for this experiment is not simply a combination of 
previous results, because the nearshore sands in this sediment dis- 
tribuQon were better sorted than the uniform sand used in the sec- 

ond experiment and the offshore mud was finer than in the first 
experiment (see Table 1). D E is distributed similarly to the uniform 
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silt case for water deeper than 30 m (Figure 16a), except for the 
conspicuous lack of erosion along the 30-m isobath. This differ- 
ence can be explained by the timing of maximum bed shear 
stresses. Most erosion occurred after hour 16, when u. peaked and 
currents flowed onshore south of Louisiana (Figure 7b). These cur- 
rents crossed the mud line and entered a part of the shelf where 
only sand was present in the bed; thus there was no transport of 
sediment finer than sand landward of the mud line, and, since there 

was no downflow transport, there could be no erosion immediately 
seaward either, as indicated by (4). The main depocenter resem- 
bles those of the previous experiments (Figure 16b). Alternating 
erosion and deposition are indicated along the 30-m isobath, and, 

as before, Hsf increases systematically to the west along the Loui- 
siana coast. 

The distribution of T s (Figure 16c) is similar to the uniform-sand 
experiment for water depths greater than 40 m, but between 20 and 
40 m the event bed takes on the character of a ragged blanket. 
Shoreward of the 20-m isobath the bed thickens, reflecting coarser 
sediment transported offshore. The textural characteristics of the 
event bed can be evaluated in terms of the volumetric percent of 
sand (4 to -1 (p) and silt (8 to 4 (p). Beyond the mud line, the event 
bed averages about 60% silt by volume for much of its extent (Fig- 
ure 17a). This is mostly the very fine silt of the muddy offshore 
sediment. Near the 20-m isobath, silt is mixed with sand (Figure 
17b), and in shallower water, tongues of silt-free sand originate 
from the shoreface, transported by either weak jets (Figure 8b) or 
pressure-driven adjustment currents. 

Size distribution 4: Modem sediments. Scour exceeds 20 cm in 

three areas where the initial substrate was silt (g = 5.5 •p) (Figure 
18a), with the deepest erosion located as in the previous experi- 
ments because of large u. gradients and the availability of finer 
sediment. A second area located along the 30-m isobath lies astride 
the boundary between the initial mud (g = 7.5 •p) and silt sub- 
strates. A third area is present along the coast in 20 m depths with a 
silt substrate. The isobathyal character and distance from the coast 
indicate that this erosion resulted from longshore currents rather 
than offshore adjustment currents. 

The resulting distribution of Hsf (Figure 18b) is more complex 
than in previous experiments because of the availability of a range 
of sediment sizes at all water depths. Positive Hsf is found in ini- 
tially sandy sediment over a broad area, and because no significant 
erosion is indicated for this substrate (Figure 18a), this deposition 
resulted from transport of finer sediment from adjacent areas. 
Despite the use of three initial sediment distributions for this 
experiment, the results for bed thickness are not significantly dif- 
ferent from previous runs in which sufficient fine material was 
available (compare Figures 16c and 18c). The main difference is 
the greater volume of silt deposited adjacent to the coastline 
because of availability. In water depths over 40 m, D5o is about 9.5 
•p (0.0014 ram), whereas between the 40- and 20-m isobaths, it 
increases to about 5.7 •p (0.02 ram). Along the eastern Louisiana- 
western Texas coast it averages 3.3 •p (0.1 ram). 

5. DISCUSSION 

5.1. Uncertainties in Model Results 

The relative error of the results for wind speed, significant wave 
height, and currents can be assessed by comparing the computed 
values to those observed at Buccaneer platform (Figure 19). Posi- 
tive errors indicate underprediction of a parameter. Errors for wind 
speed remain below 20% until hour 20 when the eye passed over 
Buccaneer, at which time they become strongly negative. This 
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Fig. 16. Contour plots of (a) final erosion depth Dœ, (b) seafloor elevation 
Hsp and (c) storm bed thickness T s for the initial sediment distribution with 
a mud line at the 20-m isobath for hour 28. 

reflects the inability of the simple wind model to account for winds 
within the eye and as the storm breaks up. As suggested by Figure 
11, H113 is underestimated before the maximum of the storm and 
overestimated afterward. The bottom currents are better predicted 
after the storm peak than were the surface currents (Figure 9) 
because of the decrease in wind stress as a driving force. The 
errors indicate that model results are not usable before hour 6 

because the circulation model had not reached dynamical equilib- 
rium before then. However, for the period of greatest storm effects 
at Buccaneer the separate components of S 3 appear reasonably 
accurate. 

The effects of these relative errors on the calculation of the sea- 
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floor stresses can be estimated following the method used by Lyne 
et al. [ 1990]. For independent small errors in the current speed U,. 
bottom roughness parameter Zo, bottom wave orbital amplitude A b, 
and wave period T, the uncertainty in the current shear velocity u, c 
can be estimated from 

Aug 
%. (• +•) 

A U r Az o AA b --a Ev; + + 

where the coefficients Fzo, F A, F T, and F R are defined by Lyne et 
al., and can be calculated from boundary layer model parameters. 
We will neglect uncertainties in Zo because of the difficulty of esti- 
mating them and the order-of-magnitude decrease in the Fzo term 
[Lyne et al., 1990]. Using the output for hour 18 for Buccaneer 
(during the peak of the storm), F A = 0.489, F r = 0.422, and (1 + FR) 
= 1.422. The uncertainties can be taken from Figure 19 and found 

from linear wave theory: AUr/U r = -0.019, AAb/A b = 0.289, 
and AT/T = 0.053. Inserting these values in (5) gives an estimate 
of the dimensionless relative error for u. c, in this case 0.07. The 
uncertainty in A b has the greatest effect but the other terms in (5) 
are of similar magnitude and cancel for this example. 

5.2. Vertical Structure of Coastal Storm Currents 

The present conceptual model of event bed genesis, well sum- 
marized by Duke et al. [1991], calls for wind-driven longshore 
currents to be acted upon by a cross-stream Coriolis force. 
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Fig. 18. Contour plots of (a) final erosion depth D E, (b) seafloor elevation 
Hsf, and (c) storm bed thickness T s for the initial sediment distribution 
based on the modern sediments for hour 28. The overlay of sediment type 
shows the relationship between initial substrate and sedimentation. 

Through coastal setup this force comes to be balanced by a cross- 
shelf pressure force that generates shore-oblique, downwelling 
bottom currents. These bottom currents interact with wave orbital 

bottom motions to transport sand from the shoreface obliquely sea- 
ward and along shore. Inherent in this conceptual model is a criti- 
cal assumption concerning the structure of the shelf currents under 
storms. As water depth increases seaward, it is assumed that over- 
lap of an upper and lower boundary layer decreases and a friction- 
dominated zone is replaced by a transition zone that reflects both 
bed friction and geostrophy. Still further offshore, in water depths 



K• rind SLInGERLAIn): S•OIM•T 'l•seo•r Dtmmo TI•OlnCAL STORM DELIA 4787 

80 - 

LU 40 _ 

'• 0 - 

ß -40 _ 

13= - 

-80 - 

0 4 8 12 16 10 24 28 

Simulation Hour 

Fig. 19. Percent relative error for wind speed (solid line), steady bottom 
currents (dash-dotted line), and significant wave height (dashed line) at 
Buccaneer. 

great enough for the two boundary layers to separate, a core flow is 
assumed to develop where pure geostrophy operates [Swift and 
Niedoroda, 1985]. 

The hindcasts presented here do not show this structure under 
the storm. Rather, because of a deepened wind-mixed layer, the 
upper and lower boundary layers overlap, upper and lower Ekman 
veering cancel to varying degrees, and shelf flow at all levels is 
primarily in the wind direction. No appreciable coastal down- 
welling occurs under the storm. The thickness of the wind-mixed 
layer calculated in the model for the moderate winds of Delia is 
about 50 m, placing most of the Texas-Louisiana shelf within the 
friction-dominated zone. This is consistent with observations from, 

deep-sea buoys [e.g., Martin, 1982; Sanford et al., 1987], hydro- 
graphic profiles [Ichiye, 1972], and other numerical results [Coo- 
per and Thompson, 1989] wherein depths of the wind-mixed layer 
are also on the order of 50 m. 

Previous attempts to understand hurricane sedimentation on the 
Texas coast [Nummedal and Shedden, 1987; Morton, 1988; Shed- 
den et al., 1988; Shedden and Nummedal, 1990] have invoked a 
geostrophic structure for the shelf flow, including downwelling. In 
contrast, we conclude that the mixed-layer depth under storms 
may commonly exceed local water depth, thereby causing overlap 
between the upper and lower friction layers. This suggests that for 
shallow water (less than 30 m) the ebb-flow model of Hayes 
[1967] may be appropriate. Of course, away from the storm center 
where winds decrease, or in heavily stratified waters, the present 
conceptual model may still be applicable. 

5.3. Storm Sedimentation Patterns 

These numerical experiments demonstrate that a moderate storm 
such as Tropical Storm Delia can produce a regionally extensive 
scour surface confined for the most part to the right of the storm 
track. When a mud line is present, as in the third experiment, up to 
60 cm of scour is predicted in water depths of 40 to 80 m. Above 
this scour surface, an event bed of more than 20-cm thickness may 
remain after the storm's passage, consisting of sand landward and 
finer-grained sediments seaward of the mud line. Contrary to con- 
ventional wisdom, the bulk of the predicted bed is deposited in 
water depths greater than 20 m, even for the sandy substrate. When 

finer sediment is present, this depth increases to as much as 80 m 
as a result of landward transport of mud. Although entrainment of 
this finer sediment is overpredicted, this pattern is considered 
robust because of the similar pattern for sand. 

Two sedimentation regimes are apparent in the hindcasts, one 
shallow (less than 40 m) and one deep (greater than 40 m). Nota- 
bly, most field data have been collected within the shallow regime 
[e.g., Hayes, 1967; Shedden et al., 1988; Gagan et al., 1990]. 
Within both regimes the computed sediment transport is primarily 
in the form of suspended load, so that the direction of transport is 
parallel to steady currents. Because of the restraining influence of 
the coastline, currents within the shallow regime are parallel to 
shore throughout Delia's passage, with a slight offshore compo- 
nent adjacent to the coast. Thus, suspended sediment transport 
within this regime results from wind- and pressure-driven flows 
directly associated with the longshore wind stress. Deposition 
occurs along the coast as a result of adjustment currents with an 
offshore component. Sediment transport paths within the deep 
regime vary more, because there is no constraining coastline. Cur- 
rents rotate by as much as 180 ø during Delia's passage. This rota- 
tion is caused by both the changing wind stress (rotating 
clockwise) and the Coriolis force acting on deepwater inertial cur- 
rents. Sediments transported by these currents to the right of the 
storm path were carried westward during the first part of the storm 
and landward later. 

The importance of waves in resuspending sediment during a 
storm event has been investigated on a basin scale by Graber et al. 
[1989] for the East China and Yellow seas. Because of the limited 
fetch within these enclosed seas, wave heights were restricted for 
all water depths. Nevertheless, the critical shear stress for medium 
to fine sand was exceeded in water depths as great as 60 m for sev- 
eral hours. The largest shear velocities occurred in water depths of 
22 m where computed values approached 5.3 cm/s. This is consid- 
erably less than the >20 cm/s seen in Figure 13c but the cross-shelf 
distribution is similar. Of course, this study uses steady currents as 
well as waves to compute combined shear stresses, and the wind 
field is much stronger. The importance of including the wave field 
in computing seafloor stresses is seen when they are excluded 
(Figure 20). The shear velocities have decreased to about 6 cm/s 
near the coast, and the maximum bed thickness is less than 0.5 
min. 

A comparison of the hindcast bed with the observed Delia bed 
would be desirable, but sedimentological data on this bed are 
scarce. Morton [1988] discussed the textures of surface sediment 
samples collected near Buccaneer one year after Delia. High con- 
centrations of sand (> 75%) occurred in shore-parallel linear bars 
several kilometers in length. Although features at this scale are not 
resolved in the simulations, the model does predict high sand con- 
tent in the area studied by Morton in a bed up to 10 cm thick. Sned- 
den eta/. [ 1988] discuss the distribution of sandy and silty layers 
within .•ediment• inferred to have he.o.n deposited hv l-Inrrie. ane 
Carla in water shallower than 50 m on the south Texa.• coa•t. 

Between the 20- and 30-m isobaths, they measured a sandy bed 
with a maximum thickness of 6 cm. This is comparable to the 
event bed deposited near the Texas-Louisiana border for the mud 
line sediment distribution discussed in this study. 

It is also encouraging that several characteristics of the storm 
bed hindcast in this study are comparable to the bed produced by 
Cyclone Winifred off the northeast Australia coast [Gagan et al., 
1990]. The greatest erosion in each case occurs in midshelf water 
depths, presumably because of the increased efficiency of storm 
waves in entraining sediment there. The magnitudes of erosion 
predicted by the transport model are much greater, however, 
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because cohesion, bed armoring, and grain hiding are neglected. 
The Winifred bed consists of silty-sandy sediment from the coast 
transported tens of kilometers offshore and significant quantities of 
midshelf mud transported a similar distance shoreward. This latter 
mud forms the bulk of the Winifred bed, just as predicted in the 
Delia simulations. Also, resuspension and settling on the inner 
Australian shelf produced a recognizable storm bed even where 
sediment transport was minor. 

form sand, a mud line at the 20-m isobath, and a simplified modern 
sediment distribution. Generally, it can be said that Delia's event 
beds in each case are ragged blankets up to 60 cm thick, covering 
the Texas-Louisiana shelf to the right of the storm track. An unex- 
pected result is significant erosion and deposition seaward of the 
40-m isobath for all substrates, although, admittedly, this erosion 
occurred within finer sediment for which the transport model does 
not include cohesive effects. 

6. CONCLUSIONS 

We have attempted to define the generative mechanisms, spatial 
scales, and textural characteristics of event beds produced by trop- 
ical cyclones using a Storm Sedimentation System which includes 
(1) a hurricane wind field, (2) a three-dimensional ocean circula- 
tion model, (3) a finite-depth wind sea model, (4) a combined 
wave-current benthic boundary layer model, (5) a sediment trans- 
port model and (6) a bed conservation model. 

The results are considered to be first approximations only 
because there is no coupling between system components repre- 
senting processes with known feedback, and the assumption of a 
uniformly homogeneous water column everywhere is not fully jus- 
tiffed. Further, wind waves in shallow water are systematically 
underpredicted, because the swell component of the wind-wave 
field is neglected. Several factors affecting entrainment of fine- 
grained sediment are ignored, such as bed armoring, cohesion, and 
grain hiding. Finally, the simple cyclonic wind field algorithm 
used herein is not adequate far from the storm eye and cannot cap- 
ture atmospheric processes preceding arrival of the storm at the 
sheff or after landfall. 

The system is used to hindcast ocean circulation and sedimenta- 
tion during Tropical Storm Delia, a moderate storm which passed 
over the Texas-Louisiana continental shelf. In water deep enough 
for high storm waves (greater than 40 m), combined flows trans- 
port sediment along-shelf and shoreward. In water depths of 20 to 
40 m, currents transport sediment along the shelf, diffusing it over 
a wide area. Along the coast, adjustment currents driven by the 
pressure gradient locally transport shoreface sand offshore no fur- 
ther than the 30-m isobath. The coastal circulation system produc- 
ing these transport paths is systematically different from that 
predicted by the mid-latitude geostrophic model, probably because 
the Coriolis force is reduced at lower latitudes and the wind-mixed 

layer is thicker. The most significant difference is a lack of coastal 
downwelling. 

The dependence of bed characteristics on initial substrate has 
been evaluated using four sediment distributions: uniform silt, uni- 

APPENDIX A: THE CIRCULATION MODEL 

Ocean circulation for S 3 is calculated by the three-dimensional 
turbulent energy model of Leendertse eta/. [1973] and Leendertse 
and Liu [1975, 1977, 1978]. It solves the primitive equations for 
fluid motion in Cartesian coordinates using the f plane approxima- 
tion. The simplified equations of motion in the x and y directions 
are, respectively 

•u •(uu) •(uv) •(uw) 
•+ + +• _ 

•}t •}x •y •}Z 

av a(vu) a(vv) a(vw) 

0-7 + ax + ay + a•- 

(A2) 

where u, v, and w are components of the velocity vector along the 
x, y, and z axes; t is time; f is the Coriolis parameter; p is seawater 
density; p is pressure; and •xx' etc., are components of the Rey- 
nolds stresses. The equation of motion in the z direction reduces to 

• + pg = 0 (A3) 
where g is the acceleration of gravity. For incompressible fluids 
the equation of continuity is 

•u •v •w 

•'• + •y + •ZZ = 0 (An) 
Equations (A1) and (A2) have introduced the Reynolds stresses 

xxx, etc., which must be related to the velocity field. The horizon- 
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tal Reynolds stresses are found from the curl of the horizontal cir- 

culation field, whereas the vertical components, •xz and x are YZ ' 
dependent on the vertical eddy viscosity from 

pAzu 
x = 

xz h 

where h is the average thickness of adjacent model levels for 
which momentum exchange is being computed and A z is the verti- 
cal eddy viscosity, given by 

A z = L o• exp(-R1R,) (A6) 
where L o is the mixing length given by L o = aoL •, L• is the inte- 
gral-scale mixing length [Niiler, 1982] L• •:z(1 z/d) it2 = _ , aois a 
constant with a value of 0.46 [Zilitinkevich et al., 1967], •: is yon 
Karman's constant, z is the depth below the surface, d is the total 
water depth, E is the subgrid-scale turbulent energy density, RI is a 
constant, and Rg is the gradient Richardson number. The exponen- 
tial term introduces the effects of density stratification. The equa- 
tion for x is analogous. 

Bounda• conditions include 2(1) no flow at lateral boundaries, 
(2) a surface stress x w = PCdU w, where C d is the drag coefficient 
and U w is the wind speed at 20 m, and (3) a bottom stress 
x b = (pgu 2)/C 2, where C is the Chezy coefficient. The Chezy 
coefficient is found from C = R(ø'•7)/n, where R is the thickness of 
the lowermost model level present at a grid point and n is Man- 
ning's coefficient. This formulation was used in the original model 
[Leendertse et al., 1973] and was retained because it allowed some 
variability of bottom friction and the value of n could be approxi- 
mated from readily available data. 

Turbulent energy is calculated from a conservation equation: 

aE a(uE) •)(vE) a(wE) 

• ( •E • •E ,•E + + (^7) 
where D x and Dy are horizontal exchange coefficients found from 
the cu{l of the horizontal velocity field. Here, •:' is the vertical 
exchange coefficient •:' = alAz, Sœ is a turbulence generation term 
found from the velocity gradient, and • is a dissipation term • = 
a2(E 3r2 / Lo). The constants a• and a 2 are assigned values of 0.73 
and 0.046, respectively [Zilitinkevich et al., 1967]. 

Because of the generally well mixed nature of the upper ocean 
over the continental shelf during tropical cyclones, no salinity or 
temperature gradients were used, and decoupling of the mixed 

layer from the deep water was accomplished using the Ekman fric- 
tion depth [Pond and Pickard, 1983]: 

DE= •4 f (AS) 
The model is solved on a staggered finite-difference grid using a 

central difference scheme for both time and space. For a discus- 
sion of the finite-difference formulation see Leendertse et al. 

[1973] and l•endertse and Liu [ 1975, 1977, 1978]. 

APPENDIX B: EVALUATION OF TI-IE WIND SEA MODEL 

It can be argued that the complete finite-depth wave model is 
unnecessary for applications under tropical cyclones (H. Graber, 
personal communication, 1990), so subroutines pertaining to the 
exchange of energy between the spectral swell model and the para- 
metric wind sea model have been removed in this study. Thus any 
energy which should be transferred to swell was permanently lost 
from the wave field. Before using this simplified model, a series of 
comparisons was conducted to evaluate the validity of the wind 
sea assumption for the region of strongest winds within a tropical 
cyclone. The abbreviated model was compared first with the full 
model, as discussed by Graber and Madsen [ 1988] (GM), and then 
with wave spectra from storm-dominated ocean environments. 
Table B 1 presents the results for bothfm and H•t3 under the condi- 
tions of a sloping bottom (10 '4 gradient), a friction factor offw = 
0.03, and a 20-m/s steady wind. The difference increases with 
decreasing depth and is unacceptable at the limiting depth of 10 m. 
However, a depth of 10 m falls at the landward edge of the model 
grid, where shoreface processes are expected to dominate. 

The performance of the wind sea model was then evaluated by 
comparison to storm wave spectra for different depths and bottom 
conditions: (1) shallow water spectra for the fetch- and duration- 
limited Texel storm from the North Sea with a sand substrate 

[Bouws and Komen, 1983] and (2) deepwater and shallow water 
spectra for Hurricane Frederic in the mud-bottomed Mississippi 
River delta region [Forristall and Reece, 1985]. These storm con- 
ditions were not hindcast but, instead, were simulated using uni- 
form, steady winds and reasonable fetches in order to idedtffy 
major problems with the wind sea model. For the Texel storm, a 
constant depth of 35 m was used, the wind was 25 m/s, andfw was 
0.03. The modeled and measured spectra for the Texel storm are 
similar, with the observed spectrum being slightly less peaked 
(Figure B la) and giving no indication of swell. The observed val- 
ues Of fm and HI/3 were 0.086 s '1 and 6.8 m, respectively. Those 
from the model were 0.0879 s '1 and 6.02 m, giving differences of 
-2.21% and -11%, .respectively. The spectra measured at the 

TABLE B 1. Comparison of Wind Sea Model Results to GM 

Depth m 

GM Model Difference % GM 

H•r• m 

Model Difference % 

10 

20 

30 

0.0820 

0.0772 

0.0745 

0.0725 

0.0475 -42 2.29 

0.0690 - 11 3.77 

0.0748 +0.403 5.26 

2.07 -9.61 

3.44 -8.7 

4.88 -7.22 

0.0744 +2.62 8.41 8.16 -2.97 

120 0.0667 0.0708 +6.15 9.62 8.89 -7.59 
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Fig. B 1. Spectra for the wind sea model (dashed line) compared against measured data for (a) the Texe! storm (solid line) [Bouws 
and Komen, 1983] and (b) the spectra measured at Cognac platform (solid large line) and the inshore station (solid smaller line) dur- 
ing Hurricane Frederic [Forristall and Reece, 1985]. 

Cognac oil platform and the shallow water station by Forristall 
and Reece [1985] show the effects of bottom dissipation in a 
region of muddy substrate. Using a steep slope (0.007), a steady 
wind of 29 m/s, and fw TM 0.1 to simulate strong wave attenuation, 
the wind sea model produced spectra not too different from those 
observed (Figure B lb). In fact, for the Cognac platform the calcu- 
lated fm was smaller than the observed (0.0779 versus 0.08 s'l), 
with the modeled Hi/3 greater (10.1 against 8.59 m). The Cognac 
spectrum does not contain a strong low-frequency component. 
Because of the deformable mud bottom reported at the shallow 
site, the model failed to sufficiently dissipate the wave energy, and 
H1/3 was significantly overestimated (5.19 versus 2.45 m, a differ- 
ence of +112%). 
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