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ARSTRAC'r: A three-dimensional, numerical prediction system for storm sedimentation has been constructed to compute a cyclonic 
wind field, coastal circulation, storm waves generated over the continental shelf, the combined effects of steady currents and waves 
on the benthic boundary layer, both suspended and bed load transport of sediment, and conservation of the sea floor. It has been 
used to hindcast the oceanographic and sedimentological responses of the western Gulf of Mexico to four historical tropical cyclones 
in order to investigate the effects of coastal configuration and storm variability on event bed genesis. 

The simulations reveal several common responses to these storms: 1) onshore flow to the right of the storm track generally 
transports fine sediment landward; 2) off-shore flow to the left transports coarser sediment seaward; and 3) for an observer facing 
the coast, right to left along-shelf flow transports finer sediment in deep water and coarser sediment in shallow water. The main 
source of sandy sediment on the inner shelf is the shoreface which is eroded by currents driven by wind stress, geostrophy, and 
offshore flows associated with collapse of the coastal setup. Coastal geometry is the dominant factor in determining sedimentation 
patterns. Along the coast in front of each storm, the volume of sediment transported obliquely onshore or offshore is a function of  
sfielf gradient and coastal configuration. Steeper gradients constrain flow to a more longshore pattern. Concave coastlines promote 
greater shoreface erosion because of increased coastal setup. 

None of the simulations reveals the vertical current structure predicted by the geostrophic model for continental shelf circulation, 
because the calculated depth of the wind-mixed layer exceeded local water depth everywhere over the shelf. Thus, in these experiments, 
most of the continental shelf fell within the friction-dominated zone in which the upper and lower boundary layers overlap, resulting 
in vertically uniform along-shelf flow. 

INTRODUCTION 

Both modem and ancient continental shelf strata fre- 
quently consist of hummocky cross-stratified sand or 
sandstone layers intercalated with mud or shale. The sandy 
beds are called tempestites, or event beds, because their 
erosive bases, and sedimentary and biogenic structures 
indicate that they were emplaced by flows at the event 
scale (Seilacher 1982) on the order of a few hours or days 
duration. On storm-dominated coasts, it is natural to 
assume that storms are the causal agent. 

The specific storm processes that generate event beds 
are still open to question (see Walker 1984 for a sum- 
mary). Some geologists (Hayes 1967; Bouma et al. 1982; 
Harms et al. 1982; Brenchley et al. 1986; Leckie and 
Krystinik 1989), using sediment patterns from rocks and 
modem shelves, have suggested that liquefaction, density 
flows, and the super-imposed effects of storm waves and 
currents are responsible, thereby requiring predominantly 
offshore sand transport. For example, Hayes (1967) ob- 
served cross-shelf thicknesses and textures for the Hur- 
ricane Carla bed from the shoreface to a depth of 35 m 
offPadre Island, Texas, along 50 km of coast, and argued 
that storm surge-ebb turbidity currents carried the sand 
offshore. Other geologists (e.g., Swift et al. 1987) have 
suggested that evolving wind-driven geostrophic currents 
are responsible, thereby requiring essentially isobathic or 
oblique offshore sand transport. Morton (1981) studied 
the Carla bed at Matagorda Bay on the central Texas coast 
using vibracores taken across the inner shelf to a water 
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depth of  20 m. By correlating beds over distances of about 
3 km, he argued that wind-driven shelf currents were the 
principal transporting agents. The distribution of the Carla 
bed was further evaluated by Snedden et al. (1988) using 
box cores collected offshore of Corpus Christi to a water 
depth of 140 m. They also correlated the base of the 
inferred Carla bed within this region over distances of up 
to 32 km offshore and argued for geostrophic flows. 

Our present understanding of storm sedimentation is 
contained within the models of Dott and Bourgeois (1982), 
Walker (1984), Brenchley (1985), Duke (1985), and Duke 
et al. (1991). They used textures in modern storm sedi- 
ments, geostrophic flow concepts, results of flume exper- 
iments, and inferred storm-generated structures within 
ancient sandstones to construct a cross-shelf facies se- 
quence dependent upon water depth, sediment avail- 
ability, and storm parameters such as return frequency 
and strength (Curray 1960; Hayes 1967; Kumar and 
Sanders 1976; Morton and Winker 1979; Morton 1981; 
Figueiredo et al. 1982; Nelson 1982; Swift et al. 1981; 
Swift et al. 1986a; Nummedal and Snedden 1987; Sned- 
den et al. 1988; Morton 1988; Gagan et al. 1990; Snedden 
and Nummedal 1990; Southard et al. 1990). While rep- 
resenting an important conceptual advance, these models 
are primarily qualitative and have not been rigorously 
tested against oceanographic data collected for that pur- 
pose, nor compared to results of numerical experiments. 

It is our thesis that the origin of event beds could be 
better understood if their geometry and textures, as ob- 
served in the field, could be compared to values calculated 
from a deterministic, physics-based model of  sedimen- 
tary processes in coastal oceans during tropical cyclones. 
By introducing the evolving flow field during a storm, as 
well as the volume of  sediment eroded and deposited, it 
should be possible to relate an event bed to a particular 
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shelf setting and storm type, thereby testing the present 
conceptual models. 

Here we use a Storm Sedimentation System (S 3) to 
study event-bed genesis during tropical cyclones. This 
system consists of: 1) a cyclonic wind-field prediction 
model; 2) a three-dimensional ocean circulation model; 
3) a wind-sea prediction scheme; 4) a combined current- 
wave benthic boundary-layer model; 5) bed and sus- 
pended load transport algorithms; and 6) a bed-conser- 
vation scheme to keep track of sedimentation with time. 
The system predicts the temporally evolving event-bed 
geometry and texture at evenly spaced nodes within a 
basin in response to a specified storm. Our ultimate ob- 
jective is to determine the relationships between storm 
bed characteristics, especially thickness and grain size, 
and storm characteristics such as track, forward speed, 
and magnitude. In addition, we want to know the influ- 
ence of coastal configuration on event-bed geometry. 

These relationships are investigated using hindcasts of  
four tropical storms that have made landfall within the 
western Gulf of  Mexico coastline in historic time. The 
dependence of storm-bed deposition on storm track is 
studied for four track-coastline configurations: 1) direct 
approach to a straight coastline with a low continental- 
shelf sea-floor gradient; 2) direct approach to a straight 
coast with a relatively steep sea-floor gradient; 3) direct 
approach to a concave coast; and 4) oblique approach to 
a shallow shelf. A comparison is also made between strong 
and weak storms passing obliquely over a wide, shallow 
continental shelf. 

THE STORM SEDIMENTATION SYSTEM 

The Storm Sedimentation System used in this study is 
a combination of several FORTRAN programs which 
solve the finite difference equations for physical processes 
operating on the continental shelf during a tropical storm. 
The system is more fully described in Keen and Slinger- 
land (1993). 

Atmospheric circulation is limited to the purely cy- 
clonic motion about a low-pressure center, and synoptic- 
scale meteorology is neglected. The wind field is calcu- 
lated by the empirical model of  Harris (1958). A tropical 
cyclone is simulated by specifying the position of  the 
storm eye, as well as other parameters, within the model 
grid at successive time steps. The eye thus moves across 
the grid and the wind field is calculated at intervals of  1 
hour. 

Ocean circulation is calculated at 60-second intervals 
using a modified version of the 3-D turbulent coastal 
ocean model of Leendertse et al. (1973). This model solves 
the primitive equations for fluid motion in Cartesian co- 
ordinates on a rotating earth, using an f-plane approxi- 
mation (Leendertse and Liu 1975, 1977). Vertical mass 
and momentum exchange are parameterized using a ver- 
tical eddy viscosity which is calculated in terms of  
subgridscale turbulent energy. Turbulent energy in turn 
is calculated from a conservation equation. The surface 
mixed layer is represented by effectively decoupling the 
upper ocean from the deep at an Ekman friction depth 

calculated from Dr: = ~-'v/2Az/f where Az is the vertical 
eddy viscosity and f i s  the inertial frequency (Pond and 
Pickard 1983). The horizontal currents in the lowest mod- 
el level predicted by this model are written to files at 
l-hour intervals for use as input to a combined current- 
wave benthic boundary-layer model for bed shear stress- 
es. 

The wind sea is computed at 60-second intervals using 
a simplified version of the finite-depth wave model of 
Graber and Madsen (1988) which excludes swell. This 
model solves the wave energy transport equation in terms 
of  the JONSWAP (Joint North Sea Wave Project) pa- 
rameters, calculating the significant wave height, mean 
frequency, and mean wind-sea direction at every grid 
point. These variables are printed to files at 1-hour in- 
tervals coinciding with the circulation model output. The 
maximum wave orbital amplitude and velocity are then 
calculated from linear wave theory and placed in files for 
use in the boundary-layer calculations. 

Shear stresses at the sea floor depend on the combined 
boundary layer in which the oscillatory wave currents and 
steady currents interact. It is considered important to 
include these nonlinear effects for the calculation of sed- 
iment entrainment, and this is done using the benthic 
boundary-layer model of  Glenn and Grant (1987), which 
is applicable to wave-dominated conditions. 

Sediment transport and mass conservation for the sea 
floor are computed every hour from the combined shear 
stresses following van Niekerk et al. (1992) and Vogel et 
al. (1992). Bed load is found from a modified Bagnold 
formulation, and suspended sediment concentration is 
predicted using the Rouse equation. The total suspended 
load transport rate for a given size class is then determined 
by integrating the mass transport rate-per-unit-volume 
over the width of  the grid and the height of the boundary 
layer. Bed conservation equations account for mass ex- 
change between the bed and the flow. 

The system is not without problems. The simple cy- 
clonic wind-field algorithm used herein is not adequate 
far from the storm eye and cannot capture atmospheric 
processes preceding the actual arrival of the storm at the 
shelf, nor does it accurately hindcast the complex winds 
associated with breakup of  the cyclone. To keep this ini- 
tial effort simple, there is no coupling of  processes with 
known feedback. For example, the effects of wave-current 
interaction and suspended sediment stratification on bot- 
tom friction (as calculated by the benthic boundary-layer 
model) are not explicitly fed back into the ocean-circu- 
lation and wind-sea models. Furthermore, the suspended 
sediment concentration profiles are calculated indepen- 
dently by the boundary-layer and sediment-transport 
models, with the transport rates found by the boundary- 
layer model only used to calculate the shear stresses. Sev- 
eral factors affecting entrainment of  fine-grained sedi- 
ment, such as bed armoring, cohesion, and grain hiding, 
are neglected. These effects are included in the complete 
sediment-transport model as discussed by van Niekerk 
et al. (1992) but have been deleted in the present study 
for simplicity. 

In these experiments, the water column is unstratified, 
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Fro. l . --The paths of  Tropical Storm Delia (1973), and Hurricanes 
Audrey (1957), Carla (1961), and Gilbert (1988). The tropical cyclone 
symbols show the location of the eye every 24 hours, except for Delia, 
where the last symbol coincides with hour 28. Also shown is the ba- 
lhymetry used in the model. The contour interval is 20 m above the 
100 m isobath, and 100 m below. Deep water is represented by a fiat 
bottom 400 rn deep. 

whereas during the late summer, Texas shelf bottom wa- 
ters can be about 3 at units denser than the surface mixed 
layer. This assumption is not as unrealistic as it may seem, 
however. A summary of hydrographic data before and 
after Hurricanes Hilda (1965) and Inez (1966) in the west- 
ern Gulf of  Mexico shows significant homogenization of 
the upper ocean and deepening of  the mixed layer (Ichiye 
1972). Deepening of the mixed layer is further docu- 
menteed by Price (1981), with final depths ranging from 
50 m to over 100 m (Brooks 1983). Therefore, the ho- 
mogeneous water column used in this study is probably 
reasonable, at least within the region of highest winds. 

The swell component of the wind-wave field is neglect- 
ed in these experiments, and this is certainly a problem 
for the interval preceding the arrival of the storm at the 
shelf. However, numerical experiments comparing the 
wind-sea model results to those of Graber and Madsen 
(1988), as well as other oceanic conditions, showed the 
error introduced by neglecting swell to be minor for sea 
states approaching wind seas (Keen 1992). A more sig- 
nificant problem is associated with the incorporation of  
excessive bottom friction in the original model (S.M. 
Glenn, personal communication), which resulted in a 30% 
under-prediction of  wind waves in shallow water. 

The circulation model was run on an IBM 3090/J su- 
percomputer at the Cornell Theory Center, where a sim- 
ulation of 40 hours on the present grid required approx- 
imately 45 minutes of CPU time. The wind-sea model 
was run on an HP workstation (Model 319) and took 
about 300 minutes. The benthic boundary-layer and sed- 
iment transport program was run on an HP workstation 

(Model 370) and required around 600 min of computa- 
tion time. 

EXPERIMENTAL DESIGN 

We evaluated the dependence of storm-event beds on 
continental shelf sea-floor gradients using simulations of 
two hurricanes which approached straight coasts perpen- 
dicularly. Hurricane Audrey crossed the western Gulf on 
a northerly path from 25 to 27 June 1957 (Harris 1963), 
making landfall along the western Louisiana coast where 
the sea-floor gradient is 5.8 × 10 -4. Gilbert crossed the 
southwestern Gulf from 15 to 16 September 1988 (Clark 
1988), making landfall in Mexico where the shelf gradient 
is 2 x 10 _3 (Fig. 1). We investigated the effects of a curved 
coastline using a simulation of Hurricane Carla, which 
followed a northwesterly path from 8 to 11 September 
1961 (Harris 1963) and struck the concave Texas coast 
at Matagorda Bay (Fig. 1). The average peak winds hind- 
cast by the wind model for Audrey, Gilbert, and Carla 
are 38, 43, and 45 m/s, respectively. For Carla and Au- 
drey, these modeled peak winds did not occur until land- 
fall (Fig. 2). To evaluate the role of an oblique storm path, 
we compared model results for Audrey and Carla. Carla 
approached the wide, shallow Louisiana shelf obliquely 
(45 degrees), whereas Audrey's path was directly onshore. 
Finally, sedimentation patterns for strong and weak storms 
were compared using model results for Hurricane Carla 
and Tropical Storm Delia. The latter crossed the north- 
western Gulf from 3 to 4 September 1973 (Forristall et 
al. 1977) and made landfall at Galvestan, Texas (Fig. 1). 
Peak sustained model winds for Delia were 29 m/s (Fig. 
2D). 

All simulations were run on a 43 x 56 model grid with 
a horizontal grid size of  20 km. The water column within 
the circulation model was represented by nine levels, each 
with uniform thickness throughout the grid. The upper 
four levels were each 10 m thick, the fifth through seventh 
levels were each 20 m thick, the next-to-bottom level was 
100 m thick, and the lowermost level was 300 m thick. 
The seaward boundary condition allows no flow, because 
direct storm effects were expected to dominate the coastal 
ocean response. 

The initial sediment distribution on the shelf for each 
simulation consisted of  a mud line at the 40 m isobath 
which divided inner shelf sands from outer shelf muds. 
This idealized distribution was chosen for ease of inter- 
preting model results. The inner shelf sand was well sorted 
and fine, with a mean #, of  2.5 4~ and standard deviation 
a, of  0.5 ~. The outer shelf sediment was very-fine silt 
mud (u = 7.5 ~ and o- = 1 ~). The entire range of sediment 
used for the simulations was represented by 10 size class- 
es, from 1 to 10 ~. 

The western Gulf of  Mexico is ringed by barrier islands 
with sandy shorefaces which together supply sediment to 
the storm current system (Morton 1988). Processes op- 
erating on these shorefaces are not included in our system, 
because the shoreface lies landward of  the 10 m isobath, 
the minimum water depth represented by the system grid. 
In order to represent this sediment source in the simu- 
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FIG. Z- -Examples  of  computed cyclonic wind fields for the hindcast storms. A) Hurricane Audrey at simulation hour 40, 2300 26 June 1957. 
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lat ions,  each size class of  sand was added  to grid points  
adjacent  to land at a rate equal to sand removal  there, 
with the landward  boundary  t reated as an infinite sedi- 
ment  source. Thus,  net erosion is prohib i ted  at these mod-  
el grid points,  and they serve as ei ther  deposi t ional  sites 
or  conduits  for offshore transport .  

RESULTS 

Simulation of Circulation, Wave, and 
Bed Shear- Velocity Fields 

Typical  pat terns  for mode led  coastal setup, hor izonta l  
circulat ion,  s torm waves, and  bed shear-veloci t ies  will be 
presented as snapshots  at s imula t ion  hours when they are 
best developed.  For  coastal setup and circulat ion these 

pat terns  are es tabl ished somet ime  before landfall ,  where-  
as for the s torm wave and bed shear-veloci ty  fields, max-  
ima (which govern sediment  en t ra inment)  occur jus t  be- 
fore landfall .  Because the horizontal  circulat ion field does 
not  vary significantly in the vert ical ,  the following pre- 
sentat ion refers to the hor izonta l  currents calculated for 
the uppermos t  level, at a depth  o f  5 m, even though the 
hor izonta l  circulat ion field calculated for the lowest mod-  
el level is used to compute  the combined  shear stresses 
at the sea floor and  t ranspor t  suspended sediment .  

Hurricane A u d r e y . - - M o d e l - p r e d i c t e d  coastal setup 
during Hurr icane  Audrey  reached 70 cm near  Galves ton  
at s imula t ion  hour  30 (Fig. 3A), while surface currents 
along the coast  a t ta ined a predic ted m a x i m u m  of  104 
cm/s  (Fig. 3B). After  hour  30, the predicted storm surge 
col lapsed and,  as the pressure gradient  decreased offshore, 
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the mode led  currents  d imin i shed  and rota ted to high an- 
gles from the coast  to the right of  the storm track. Si- 
mul taneously ,  predic ted  s torm waves east o f  the track 
grew with approach  o f  the eye and exceeded 4 m over  
much o f  the Louis iana shelf  by landfall  (Fig. 3C). 

The hourly average,  combined  bed shear velocit ies u ,  
(equal to X/rTp where r is the bed shear stress and p is the 
water  density)  are strongly dependent  on wave orbi tal  
ampl i t ude  and peak veloci ty at the bed, both  o f  which 
are functions o f  significant wave height, mean frequency, 
and  water  depth.  Strong currents and modera te  waves, 
such as predic ted  for s imula t ion  hour  30, resulted in only 
in te rmedia te  values o f  u , .  Peak magni tudes  and  steep 
gradients  occurred when high s torm waves were predicted 
for shallow water  (Fig. 3C). Thus,  bed shear velocit ies 
peaked at landfall  (Fig. 3D) with magni tudes  o f  26 cm/s  
predic ted  between the 20 and 40 m isobaths  off the central 
Louis iana  coast. Steep gradients  were h indcas t  for the 
eastern Louis iana shelf, whereas the lower gradients  in 
the west resulted from the reduced winds predic ted  near 
the s torm eye. 

Hurricane C a r l a . - - T h e  predicted s torm surge for Carla 

peaked at 60 cm near  the Texas-Louis iana  border  at s im- 
ulat ion hour 30 (Fig. 4A). This  is much earl ier  than the 
observed t ide and significantly lower (Harris  1963); also, 
the southern peak near  landfall  is absent  in the model  
results. These discrepancies are due to the simplified storm 
wind pattern,  especial ly as the s torm approached  landfall.  
Also, it must  be r emembered  that this calculation o f  coastal 
setup is for a node 10 k m  from land and thus may  not  
match  coastal t ide gauge data.  Mode led  currents extended 
f rom Galves ton  to Mexico with m a x i m u m  surface speeds 
o f  98 cm/s  (Fig. 4B). Surface currents  over  the outer  shelf  
were about  60 cm/s  and parallel  to shore, but  a significant 
offshore componen t  was predicted for the inner  shelf. 

Hindcas t  s torm waves over  the shelf  exceeded 2 m from 
eastern Louis iana  to southern Texas  for more  than 24 
hours and,  as the eye approached  landfall,  waves sur- 
passed 4 m over  the inner  shelf(Fig.  4C). Shear velocit ies 
greater than 4 cm/s  were predicted for most  o f  the Lou- 
is iana shelf  by hour  24 because o f  Car la ' s  obl ique ap-  
proach. However ,  the largest magni tudes  occurred jus t  
before landfall  (Fig. 4D), when s torm waves were greater 
than 8 m over  the outer  shelf. A t  this t ime,  u ,  was ap- 
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proximate ly  3 cm/s  along the southern Texas coast  and 
in excess o f  4 cm/s  along the outer  shelf  o f  central Texas. 

Hurr icane  Gilber t .  - -  Dur ing Gilbert ,  predic ted  coastal 
setup reached a m a x i m u m  o f  100 cm at Galves ton  by 
hour  30 (Fig. 5A) and decreased steadily to 60 cm just  
before landfall.  Along the Louis iana coast  the mode led  
s torm surge behaved  as a forced Kelvin  wave because o f  
the constant  a long-shelf  winds. Mode led  surface currents  
extended from eastern Louis iana to the southern edge o f  
the model  grid by hour  30 with a m a x i m u m  o f  150 cm/s  
(Fig. 5B). As the eye approached  the coast, the current  
system evolved into nor thern  and southern cells. The 
greater setup calculated within the nor thern  cell caused 
currents within it to be pr imar i ly  pressure-dr iven,  as 
against  wind forcing for the southern cell. The down-f low 
ends o f  both  cells deve loped  offshore flow. 

As Gi lber t  made  landfall,  s torm waves approached  8 
m in height over  the inner  shelf  and surpassed 12 m over  
the outer  shelf  along the central Texas coast  (Fig. 5C). 
Thus u ,  exceeded 10 cm/s  over  an 800 km length o f  
coast l ine with a peak o f  22 cm/s  at the Mexican border  
(Fig. 5D). 

Tropica l  Storm D e l i a . - - D e l i a ' s  h indcast  s torm surge 

evolved  as a forced Kelvin  wave along the Louis iana 
coast, peaking at Ga lves ton  at hour  20 with an ampl i tude  
o f  170 cm (Fig. 6A). The pressure gradient  helped dr ive  
obl ique offshore surface currents  at Galves ton  o f  more  
than 200 cm/s  (Fig. 6B). Surface currents  decreased to 50 
cm/s  at the shelf  edge with onshore  flow over  the central  
Louis iana  shelf. Coinc ident  with these strong flows, s torm 
waves were above  4 m over  the Louis iana  shelf(Fig.  6C); 
however,  the largest waves were not predic ted in the same 
area as the strongest currents,  being located to the east. 

Predic ted  peak magni tudes  o f  u ,  during Del ia  exceeded 
10 cm/s  from eastern Louis iana to Galves ton  at hour  20 
(Fig. 6D) and coinc ided  with m a x i m a  in h indcas t  s torm 
surge and coastal currents. The computed  values result 
f rom the d is t r ibut ion  o f  large s torm waves and fast cur-  
rents; the reduct ion in bed  shear stresses caused by lower 
hindcast  s torm waves near  the coast  was offset by large 
pressure-gradient -dr iven currents.  

M o d e l e d  E v e n t  B e d s  

Hurr icane  Audrey.  - -  More  than 1 cm o f  erosion was 
hindcast  over  an area o f  3 x 1 04 km 2 to the right o f  
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Audrey ' s  path over  the shelf  (Fig. 7A), with m a x i m u m  
scour predic ted along isobaths where u ,  gradients  were 
greatest  (Fig. 3D). (This a long-shelf  pat tern was part ly 
caused by the discret izat ion of  bathymetry . )  Erosion was 
greatest  over  the outer  shelf, because the bed shear-ve- 
locity gradients  were larger there, and  because the critical 
shear veloci ty u,c for the silty sediment  is less than 2 
cm/s .  

The predic ted  Audrey  bed covers most  o f  the Louis iana 
cont inenta l  shelf  with a m a x i m u m  thickness o f  more  than 
35 cm in water  less than 20 m deep (Fig. 7B). Except for 
the thick sediments  along eastern Louisiana,  and the thin 
b lanket  to the west, it was deposi ted  on a scour surface 
produced  during the storm (compare  Fig. 7A, B). The 
longest t ranspor t  path suggested by Figure 7 was about  
100 km along the 40 m isobath.  Rela t ionships  between 
predic ted  erosion and depos i t ion  suggest obl ique onshore 
t ranspor t  for the eastern Louis iana shelf  with path lengths 
less than 50 km. This  resulted from the modeled  currents 
in the east (Fig. 3B) which t ranspor ted silt l andward  from 
the mud  line (Fig. 7C), and sand obliquely shoreward 
over  the  inner  shelf(Fig.  7D). The  only inferred t ranspor t  
path not  indica ted  by the surface currents  in Figure 3B 

is the offshore flow required to predict  the eastern near-  
shore depocenter .  This  sandy sed iment  was depos i ted  jus t  
before landfall,  when the collapsing coastal  setup to the 
east generated weak offshore currents  which r emoved  sed- 
iment  from the shoreface. 

Hurricane Carla .  - -  More  than l0  cm o f  erosion was 
predicted for over  5.5 × l04 km 2 o f  the Texas-Louis iana  
cont inental  shelf  during Hurr icane  Carla (Fig. 8A), with 
scour exceeding 100 cm southeast  o f  Galves ton  and off 
eastern Louisiana.  These regions coincided with the larg- 
est model  gradients  in u .  (Fig. 4D). Offshore o f  southern 
Texas, however,  erosion fell along the 2 cm/s  isopleth 
within a region where mode led  s torm currents  flowed 
offshore against  the bed-shear  gradient.  Because o f  the 
high s torm waves hindcast  for this  area, this may  have 
been a case o f  resuspension.  

The  m a x i m u m  predicted bed thickness (Fig. 8B) is more  
than 50 cm, and at least 10 cm of  sed iment  was depos i ted  
on an erosional  surface covering most  o f  the nor thwest  
shelf. Three  depocenters  where the bed is thicker than 50 
cm reflect processes operat ing on different parts  o f  the 
shelf  at different t imes  during Carla 's  passage. The elon- 
gate bed on the inner  shelf  o f  eastern Louis iana was de- 
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posited from oblique onshore flow before simulation hour 
20, as suggested by the decreasing silt content of the pre- 
dicted bed along a northwestward beating from the 40 m 
isobath (Fig. 8C). This trend is complemented by increas- 
ing sand (Fig. 8D). A westward extension of  this depo- 
center along the 40 m isobath is composed of greater than 
50% sand which was deposited during the first 30 hours 
of simulation (see Fig. 4B). A second depocenter predicted 
on the northeast Texas shelf varies from more than 50% 
sand at the shoreface to none at the outer shelf. The third 
hindcast depocenter located at Matagorda Bay contains 
shoreface sand, and silt which was transported as far as 
150 km along-shelf. The predicted silt content is greater 
than 50% for water deeper than 20 m, whereas sand is 
restricted to the shallowest depths and increases towards 
Galveston. The modeled I to 10 cm thick bed at the 
southern end of the Texas coast contains only silt and 
clay which were transported obliquely onshore. 

The real Carla bed was observed to the south of the 
storm track by Hayes (1967), Morton (1981), and Sned- 
den et al. (1988) (Fig. 9A). The post-Carla graded bed 
observed by Hayes (Fig. 9B) attains a maximum thickness 
of more than 9 cm just south of  the bed predicted in the 
present study (Fig. 8B). At the southern extent of his field 

area, Hayes observed a graded bed up to 9 cm in thickness 
at the 120 ft. isobath. The silty bed predicted at this 
location extends landward to the 20 m isobath and is 
composed exclusively of  outer-shelf sediment (compare 
Fig. 8C, D). Morton ( 198 l) collected vibracores to a depth 
of  20 m at Matagorda Bay (Fig. 9A) and inferred that the 
uppermost persistent bed was the Carla bed (Fig. 9C). 
This bed thinned from 20-25 cm near the l0 m isobath 
to 1-2 cm at the 20 m contour. The hindcast bed within 
this area (Fig. 8B) is slightly further offshore and is com- 
posed of  less than 25% sand (Fig. 8D). 

Snedden et al. (1988) investigated the area between the 
previous studies (Fig. 9A) and used all available data to 
contour the actual Carla sand bed (Fig. 9D). This bed was 
not predicted within this area except near the storm track 
(Fig. 8D); however, the finer sediment found further off- 
shore by Snedden et al. was hindcast better (Fig. 8C). As 
suggested by the poorly predicted storm surge for this 
region, the lack of significant offshore transport of sand 
is due to much lower currents than probably existed as 
landfall approached. 

Hurricane Gilbert.--Between 5 and 20 cm of erosion 
were hindcast along central Louisiana (Fig. 10A), with 
scour increasing to greater than 100 cm at the Mexican 
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border. Erosion was restricted to the outer shelf, however, 
because of bottom-friction damping of storm waves in 
shallow water. The predicted deposition of 5 to 20 cm of 
mixed sediment on the inner shelf from Matagorda Bay 
to Corpus Christi (Fig. 10B) comprised silt (Fig. 10C) and 
shoreface sand (Fig. 10D), with only silty mud found on 
the outer shelf from Matagorda Bay to Corpus Christi 
(Fig. 10C). More than 50 cm of almost pure sand was 
hindcast for the shelf edge north of  the Mexican border 
(Fig. 10D), having been transported offshore along a 50 
km path. Predicted sediments on the Mexican shelf con- 
sist almost entirely of silty mud (Fig. 10C) which had 
been transported locally at low angles towards the coast 
(Fig. 5B). 

Tropical Storm Delia.--Predicted erosion landward of  
the 40 m isobath during Delia was limited to 20 to 35 
cm at isolated locations with a maximum of more than 
35 cm on the outer shelf(Fig. 11A), coinciding with steep 
modeled u, gradients (Fig. 6D). Less than half of the 
model bed was deposited on this scour surface (compare 
Fig. 11A, B). The predicted bed thickness ranges from 1 
to 10 cm over much of  the Louisiana shelf seaward of  
the 20 m isobath and is composed of outer shelf mud 
(Fig. 11C) which was transported as much as 50 km at a 
high angle to the coast. More than 30 cm of sand was 
deposited at Galveston (Fig. I 1 D) after being eroded from 
the shoreface by persistent, oblique offshore currents (Fig. 
6B). A curvilinear bed, between l0 and 30 cm thick, was 
predicted from eastern Louisiana to the storm track 
southeast of Galveston. This bed comprises as much as 
80% sand near the coast, with silt increasing offshore to 
more than 50% by volume at the mud line. The sand 
within it originated at the shoreface and inner shelf, 
whereas the silt was transported as far as 75 km parallel 
to isohaths by the coastal current system. 

DISCUSSION 

The Structure of Storm Currents 

The prevailing model of event bed deposition, herein 
called the geostropic model, assumes that water depths 
over the continental shelf are sufficient to allow separate 
upper and lower Ekman friction layers to develop. Thus, 
most of the shelf is assumed to lie within the geostrophic 
zone rather than the friction-dominated zone (Swift and 
Niedoroda 1985). Because of leftward veering within the 
lower friction layer, the geostrophic model predicts oblique 
offshore flow at the bottom (e.g., Swift et al. 1981; Cac- 
chione and Drake 1982; Swift et al. 1986b; Cacchione et 
al. 1987) which could transport sediment from the shore- 
face and inner shelf, at depths of 10 to 20 m, to the middle 
and outer shelf (Morton 1988; Snedden et al. 1988). 

c-- 

Fla. 7.--Predicted event bed properties for Hurricane Audrey. A) 
Final erosion depth (total depth of scour into the original sea floor). B) 
Final event bed thickness. C) Volumetric percent silt within the bed. 
D) Volumetric percent sand within the bed. The location of the eye is 
indicated by the tropical storm symbol. 
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Although several studies have collected current meter  
data  during hurricanes at lower lat i tudes (Murray 1970; 
Forris tal l  et al. 1977; Smith  1978, 1982), the data  are 
ambiguous  as a test o f  the geostrophic model  o f  event  
bed deposi t ion.  Other  da ta  collected from the cont inental  
shelf  at var ious  water  depths  during extra t ropical  s torms 
at higher la t i tudes  may not  be appl icable  to t ropical  cy- 
clones because o f  different magni tudes  and pat terns  for 
wind stresses, and  the increased Coriol is  force at higher 
lati tudes.  

The numerica l  results o f  this study are more  consistent  
with an a l ternat ive mode l  for s torm currents  on the con- 
t inental  shelf  wherein slab-l ike flows are dr iven by the 
wind stress and pressure gradient  (Forristal l  1974; Mor-  
ton 1981; Gordon  1982). Slab flows arise because the 
upper  and lower Ekman  layers over lap  and prevent  the 
deve lopmen t  o f  a ro ta ted  current  structure within these 
friction layers. In the present  study, calculated Ekman 
depths  were greater than 50 m within the area direct ly 
beneath the cyclones. Thus,  most  of  the shelf  fell within 
the f r i c t ion-domina ted  or  t ransi t ion zones. This  explains 
why our  hindcast  sed iment  t ranspor t  is p redominan t ly  
along-shelf.  Note,  however,  that  the coarser  sed iment  was 
predic ted  to move  offshore. This  occurred because o f  bot-  
tom friction which created leftward veering in lower mod-  
el levels for most  shallow grid points.  

S e d i m e n t a t i o n  P a t t e r n s  

The response to a hurr icane passing direct ly over  a 
wide, shallow shelf  is part ly control led by the sea-floor 
gradient ,  as suggested by the Hurr icane  Audrey  hindcast .  
Small  cross-shelf  depth  changes reduced the effects o f  
potent ia l -vor t ic i ty  conservat ion  (see Swift and Niedo-  
roda  1985), and model  currents could more  easily de- 
ve lop  a cross-shelf  component .  Significant erosion oc- 
curred where wave heights were greatest (compare  Figs. 
3C and 7A); however,  because o f  the poorly const ra ined 
flow and greater bo t t om friction, the hindcast  sediment  
t ranspor t  paths  were often at angles to the coast  and  lo- 
cated to the right side o f  the s torm (Fig. 12A). Predicted 
sed imenta t ion  along the coast  consis ted o f  sand. The 
mode led  flow field was a long-shelf  f rom right to left at 
in te rmedia te  water depths ,  and pr imar i ly  fine mater ia l  
was t ranspor ted  towards  the s torm track. In deeper  water, 
m u d  was t ranspor ted  along obl ique onshore  paths. 

Hurr icane  Carla approached  the wide, shallow Loui-  
s iana shelf  obliquely,  but  mode l - compu ted  u .  magni tudes  
were no higher than those for Audrey  (compare  Figs. 3D 
and 4D). Along the Louis iana  shelf, the sed imenta t ion  
pat tern  is very s imi lar  to that  of  Audrey  (Figs. 7 and 8). 
However ,  the extensive and long-lasting shelf  flows 

FIG. 8.-- Predicted event bed properties for Hurricane Carla. A) Final 
erosion depth (total depth of scour into the original sea floor). B) Final 
event bed thickness. C) Volumetric percent silt within the bed. D) Vol- 
umetric percent sand within the bed. The location of the eye is indicated 
by the tropical storm symbol. 
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resulted in regionally extensive sedimentation. The trans- 
port pattern can be summarized as above (Fig. 12A), with 
the path represented by the oblique dashed line in the 
figure. 

Hurricane Gilbert struck the straight coastline of  north- 
ern Mexico where the continental shelf sea-floor gradient 
is l0 -3. Because of the steep sea floor, cross-shelf current 
components were reduced and extensive along-shelf 
transport paths were predicted, bounded by weak onshore 
and offshore flow to the right and left of  the storm path, 
respectively. High storm waves over the outer shelf pro- 
duced higher computed peak shear velocities and greater 
maximum scour than for the Louisiana shelf (compare 
Figs. 7A and 10A). Fine-grained sediment eroded from 
the outer shelf was transported along-shelf with localized 
oblique onshore and offshore transport (Fig. 12B). 

Hurricane Carla approached the concave Louisiana- 
Texas coast perpendicularly, and the hindcast sedimen- 
tation pattern was the most complex among these nu- 
merical experiments. A complete transport cell was pre- 
dicted, containing onshore, offshore, and alongshore 
transport components (Fig. 12C). Fine-grained sediments 
were carried landward to the far right of the storm path 
with a general westward decrease (Fig. 8D). Coastal setup 
along the Texas coast was responsible for the removal of  
shoreface sand to water depths less than 20 m (Fig. 8D). 
This modeled process may represent the prototype mech- 
anism responsible for the observed Carla bed. The dis- 
tribution of  silt in the predicted Carla bed (Fig. 8C) in- 
dicates preferential transport of  finer sediment along the 
shelf. Finally, sand was transported offshore to the far left 
of  the storm path. The transport paths predicted for Carla 
(Fig. 12C) are also seen in the numerical results for Gilbert 
off Texas. 

The coastal current system predicted for a weaker storm 
such as Delia was similar in plan to that of  larger storms, 
reflecting as it did the cyclonic wind field. However, be- 
cause of its path and the match between the hindcast wind 
field (Fig. 2D) and coastal configuration, coastal setup for 

Delia was disproportionately greater (Fig. 6A). This was 
reflected in the higher magnitudes of  coastal currents (Fig. 
6B) which were sufficient to remove sand from the shore- 
face to the inner shelf at Galveston (compare Fig. 10A 
and D). 

The preceding discussion has highlighted the preemi- 
nence of coastal geometry in governing sedimentation 
paths during tropical cyclones. This influence can be seen 
at an even finer scale in the following example. A small 
promontory south of Galveston connects two lengths of 
coastline with different sea-floor gradients, western Lou- 
isiana and south Texas. This convexity caused the mod- 
eled storm surge to attain maximum heights at Galveston 
for all of  these storms (Figs. 3A, 4A, 5A, and 6A). The 
resulting pressure gradient drove persistent offshore cur- 
rents (Figs. 3B, 5B, 6B, and 6B). These currents were 
strong enough that, despite the lower waves over the inner 
shelf, significant transport of  sand occurred, and all sim- 
ulations of storms with a westward component of  motion 
produced a sandy bed at Galveston (Figs. 8, 10, and 11). 
The change in sea-floor gradient produced convergence 
of inner and outer shelf currents, with concurrent mixing 
of inner and outer shelf sediments predicted seaward of 
the 20 m isobath for Carla (Fig. 8C, D) and Delia (Fig. 
11 C, D). Inner shelf sand was transported offshore by 
pressure-driven currents, whereas finer outer shelf sedi- 
ments were transported along-shelf to the west by wind- 
driven currents. 

CONCLUSIONS 

The coastal circulation pattern predicted by these hind- 
casts is different from that predicted by the mid-latitude 
geostrophic model. In these experiments the upper and 
lower friction layers overlap, thereby minimizing coastal 
downwelling. Flow at all depths is along shore over much 
of the continental shelf because of  the increased depth of 
the wind-mixed layer for tropical-storm strength winds 
and the decrease in the Coriolis force at low latitude. 
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These hindcasts reveal several features common to the 
ideal storm transport system• Storm-driven coastal cur- 
rent systems (cells) incorporate onshore flow to the right 
of the storm path (the up-coast end of a cell with the 
observer facing the coast), offshore flow at the down-coast 
end of  a cell, and along-shelf flow from right to left within 
a cell. The development of  a cell depends on storm 
strength, coastal curvature (concavities and convexities), 
and sea-floor gradient. Outer shelf mud is transported 
landward at the up-coast end of a cell. Along the central 
part of a cell, sediment transport paths are predominantly 
isobathic at intermediate water depths, slightly offshore 
adjacent to the coast, and slightly onshore at the shelf 
edge, depending on the local sea-floor gradient. Shoreface 
and inner-shelf sand are transported seaward at the down- 
coast end. 

Coastal configuration and storm strength determine the 
extent to which this ideal coastal cell will develop. Straight, 
steep shelves show primarily longshore transport. Straight, 
shallow shelves also experience onshore transport in deep 
water and offshore transport over the inner shelf. Concave 
coastlines contain all the components of an ideal cell. 
Complete cells also result from oblique approach of  a 
storm. The primary effect of  storm strength appears to 
be a reduction in the size of the transport cell for weaker 
storms. 
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