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This study investigates the changes in circulation, sediment resuspension, sediment flux and salinity that accompany

"winter storms" in the Atchafalaya Bay region, events that occur 20 to 30 times each year between October and April.

NOAA-14 satellite reflectance imagery and time-series measurements of winds, water levels, current velocity and

turbidity demonstrate that wind direction and speed are the major controlling factors for circulation, sediment trans

port and suspended sediment concentrations. East winds (occurring 62% of the time) induce a westward flow of

sediment-laden Atchafalaya river water along the coast. West winds reverse the direction of plume movement and

increase the size of the plume, partly as a result of Ekman processes. The strong north winds, characteristic of winter

storms, cause rapid flushing from the shallow bays (30-50% of volume) and water level changes in excess of 1 meter.

Seaward of these bays, a large sediment plume (180 km alongshore, 75 km offshore) is produced by the wind-wave

resuspension of bottom sediments and the wind-forced seaward transport of bay and inner shelf waters. Water and

sediment flux is primarily southeastward, temporarily disrupting the westward flow of river water along the coast.

In the Vermilion-Cote Blanche Bay system, northwest winds maximize sediment resuspension and the seaward flux

of sediment-laden river and bay water. The storm-related sediment resuspension and transport reduces the rapidity

of delta development and deposition in these bays and re-distributes sediment along the inner shelf.

ADDITIONAL INDEX WORDS: Coastal processes, sediment flux, resuspension, salinity flux, storm impacts, erosion,

remote sensing.

INTRODUCTION

The Atchafalaya-Vermilion Bay system is Louisiana's larg

est estuary, encompassing about 1500 km2 (Figure 1). This

bay complex is comprised of five contiguous bays, including

(from east to west) Fourleague Bay, Atchafalaya Bay, East

Cote Blanche Bay, West Cote Blanche Bay and Vermilion

Bay (Figure 1). Water depths within these bays range from

1 to 4 meters. The Atchafalaya River, the main distributary

of the Mississippi River, discharges into the northern Gulf of

Mexico, primarily through Atchafalaya Bay. The combined

water and sediment discharges of the Mississippi and At

chafalaya Rivers are 18,400 m" S-l and 210 X 106 tons/year

(MILLIMAN and MEADE, 1983). The Atchafalaya River carries

about 30% of the Mississippi River flow (an amount regulated

by the Old River Control Structure) and 40 to 50% of the

sediment load (MaSSA and ROBERTS, 1990). The Atchafalaya

River is joined by the Red River, which contributes an addi

tional 5% to its discharge (MaSSA, 1990).

This is a microtidal coastal region (tides < 0.5m) where the
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diurnal tide dominates. East Cote Blanche Bay and Atchaf

alaya Bay are open to the Gulf of Mexico, whereas Marsh

Island separates the two westernmost bays from the Gulf of

Mexico. Southwest Pass, a narrow and unusually deep (>25

m in places) channel, connects Vermilion Bay to the Gulf.

Oyster Bayou connects Fourleague Bay to the Gulf.

The Atchafalaya complex was an abandoned delta of the

Mississippi River until about 1950 when a new episode of

delta building began its subaqueous phase (SHLEMON, 1975;

ROBERTS et al., 1980). Two sizeable deltas have developed

since the 1970's (ROBERTS et al., 1980; ROBERTS et al., 1997).

Atchafalaya River water enters the coastal ocean primarily

through the Atchafalaya River and the Wax Lake Outlet (Fig

ure 1). In addition, the Gulf Intracoastal Waterway (GIWW)

carries water east and west of the main river outlets where

it enters this estuarine system through smaller channels

such as the "Jaws" (Figure 1).

This shallow, nutrient-rich environment serves as a nurs

ery ground for shrimp and fish species (JUNEAU, 1975), many

of which are commercially harvested and sought after by

sports fishermen. Considerable controversy has arisen re-
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Figure 1. A regional view of the Atchafalaya-Vermilion Bay system and the adjacent shelf of the northern Gulf of Mexico. Time-series measurement

stations 1, 2, and 3 are indicated with solid dots. The wind station is indicated with a star. The water level stations are shown with solid triangles. The

shelf mooring stations (17, 18 and 19) are indicated with squares.

cently concerning management of the incoming freshwater

and sediment resources. Historically, the Corps of Engineers

has managed the system for flood control and navigation.

However, pressure is mounting from commercial shrimpers

and sports fisherman, land owners, and others to consider

additional environmental aspects when making management

decisions. The need for making well-grounded decisions has

sparked interest in understanding the impacts of Atchafalaya

River water and wind forcing on the distributions and fluc

tuations of salinity, sediments, nutrients and productivity in

the bays and the coastal ocean.

Much of the geophysical research efforts in this coastal re

gion has concentrated on understanding the growth of the

Atchafalaya and Wax Lake deltas (ROUSE et al., 1978; ROB

ERTS et al.. 1980; VAN HEERDEN and ROBERTS, 1980; WELLS

and KEMP, 1981) as well as downstream depositional effects

in the Chenier Plain (ROBERTS et al., 1989; HUH et al., 1991).

Using the Multispectral Atmospheric Mapping Sensor

(MAMS), MOELLER et al. (1993) showed that the Atchafalaya

sediment plume responds quickly to changes in wind direc

tion. Using MAMS, HUH et al. (1996) were able to map var

ious water types within the Atchafalaya Bay system. Four-
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Rd = (y'F)/(l + Gin),

where 'n' is the total suspended solids in mg l~l, y is 0.178

and

where b* is the specific backscatter coefficient for sediment

and a* is the absorption coefficient for sediment and ax is the

absorption coefficient for non-sediment constituents (from

STUMPF, 1992).

Figure 2 depicts the data points used to establish values

for 'F' and 'G' in this study, the best-fit line and the 95%

confidence limits. The RMS reflectance error was 0.00783. In

this study, 'F' was large compared with previous studies in

dicating that sediment-related backscattering contributes

more (about double) to the reflectance. The Red River (Figure

for the Atchafalaya region, since erroneous values and pat

terns resulted when channel 2 reflectances were subtracted

from channell reflectances. This result is attributable to the

very high suspended sediment loads encountered. The origi

nal technique assumes that water reflectance in channel 2 is

0, an assumption that is not valid in this region because of

the very high sediment concentrations that caused non-zero

reflectance in channel 2. A solution for this problem was ob

tained by modifying the bias correction technique for use with

channell alone. Basically, step 2 was omitted from the above

procedure. This technique was successful in retaining the tur

bidity patterns within the area of interest. However, images

containing excessive spatial variability in sunglint or aerosols

within the region of interest could not be processed using this

technique. The reader is referred to STUMPF (1992) or WALK

ER (1996) for additional details on the technique described

above.

Estimates of the concentration of total suspended solids

(mg 1-1) were obtained for the image data by developing an

algorithm relating "surface truth" measurements of suspend

ed solids to satellite reflectance values (Figure 2). To accom

plish this, water samples were collected by helicopter simul

taneously with the acquisition of clear-sky satellite data on

April 26,1996 and June 21, 1996 (WALKER et al., 1997). The

inorganic and organic sediment concentrations were deter

mined using the glass fiber filter method (U.S.G.S., 1987) and

GFIF filters. In these datasets, the inorganic sediment frac

tion contributed 80% or more to the total suspended solid

weight when total solids exceeded 10 mg 1-1. At lower con

centrations, the organic fraction of each water sample in

creased to 50%, primarily as a result of phytoplankton bio

mass. Both "surface truth" collection trips were made during

conditions of weak winds. In the text that follows, the term

'suspended sediments' will be used in place of suspended sol

ids since the inorganic component is the main contributor to

satellite reflectance and turbidity in this river-dominated re

gion.

The Newton method of non-linear curve-fitting was used to

solve the equations below using the satellite reflectance val

ues (Rd ) and the corresponding field measurements of total

suspended solids (n),

For turbid water, reflectance can be approximated by the

equation:

G = ax/(b* + a*)F = b*/(b* + a*),

Satellite Data and "Surface Truth" Measurements

Satellite-acquired visible band data can provide valuable

information on the distribution of river water and sediments

in estuaries and on the continental shelf as well as on cir

culation processes affecting the fate of riverborne sediments

(ROUSE and COLEMAN, 1976; DINNEL et al., 1990; WALKER

et al., 1992; STUMPF et al., 1993; MOELLER et al., 1993; HUH

et al., 1996; WALKER, 1996). For this study, the visible (0.58

0.68 J.Lm) and near infrared (0.7-1.1 J.Lm) channels of the

NOAA-14 AVHRR afternoon passes were used to derive wa

ter reflectances. These digital satellite data were downlinked

in real-time and processed at the Earth Scan Laboratory of

the Coastal Studies Institute. The spatial resolution of 1.1

km 2 (at nadir) and the daily coverage provided regional syn

optic information on the surface distribution of total sus

pended solids (or seston) in this turbid coastal region.

Atmospheric correction of the data were performed using a

technique developed by STUMPF (1992). This technique cor

rects for changes in solar irradiance, aerosols, Rayleigh scat

tering, and sunglint. The correction procedure has three main

steps. First, corrections are performed to channels 1 and 2 to

compensate for changes in downwelling solar irradiance and

transmission changes based on the Rayleigh optical depth

and the gaseous absorption optical depth. Subsequently,

channel 2 reflectances are subtracted from channel 1 reflec

tances. The purpose of this step is to remove contamination

from aerosols and sunglint. Last, a clear-water pixel is iden

tified in the area of interest and the reflectance value of this

pixel is subtracted from the entire scene. This last step re

moves contamination due to Rayleigh scattering. This tech

nique has been used previously in studies of Mobile Bay and

Delaware Bay (STUMPF, 1992) and the Mississippi plume re

gion (WALKER, 1996). This technique required modifications

METHODOLOGY

league Bay has been the focus of several ecological studies

including DENES (1983), CAFFREY and DAY (1986); MADDEN

(1986) and RANDALL and DAY (1987). The Vermilion-Cote

Blanche Bay system, located west of Atchafalaya Bay has re

ceived little research attention despite its considerable eco

nomic importance to the coastal fishery.

The main goal of this study was to improve the understand

ing of circulation, sediment transport, and salinity changes

associated with winter storms in this shallow estuarine sys

tem and on the adjacent shelf. Understanding the physical

processes and the fluxes in and out of this system are essen

tial for the development of effective management strategies.

In addition, this information is needed to validate models be

ing used to assess the potential impacts of future modifica

tions to the existing hydrological system.

This study uses NOAA AVHRR satellite reflectance mea

surements to investigate the regional impacts of wind forcing

and river discharges on circulation, sediment distribution, re

suspension and transport. Time-series field measurements of

currents, turbidity, salinity, temperature, water level and

winds are used to quantify the fluxes of water, sediment and

salt associated with the cold-front type storm that is experi

enced 20 to 30 times each year from October through April.

Journal of Coastal Research, Vol. 16, No.4, 2000
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NOAA-14 AVHRR Reflectance Algorithm

April 26, 1996 and June 21, 1996

Table 1. Seasonal and yearly frequency of occurrence (%) of wind direc

tions from the northeast, southeast, southwest, and northwest quadrants

at Burrwood, LA for the 1985-1994 time period.

Figure 2. A scatterplot showing the relationship between seston (mg 1-1)

measurements and satellite reflectance (%) measurements (X 10 2
) ob

tained on April 26, 1996 and June 21, 1996. The non-linear equation

describing the relationship is shown. The 95% confidence limits are de

picted with dashed lines.
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Direction Spring Summer Autumn Winter Year

NE 23.9 14 41.6 43.7 30.8

SE 42.8 29.9 33.9 24.6 32.8

SW 20.1 36.3 12.2 14.2 20.7

NW 12.3 18.2 12.2 17.3 15.0

Amerada Hess (Atchafalaya Bay) and Luke's Landing (East

Cote Blanche Bay) (Locations, Figure 1). Only the Amerada

Hess station was of sufficient quality for statistical process

ing. After interpolation for missing values, the Amerada Hess

data was low-pass filtered using a Butterworth 40-hour low

pass filter to remove the tidal component of the water level

signal. Daily estimates of Atchafalaya River discharge (at

Simmesport) were obtained from the U.S. Army Corps of En

gineers (New Orleans District).

RESULTS

1) sediments may, in part, account for the difference in 'F'

between the Atchafalaya and Mississippi. 'G', a measure of

absorption by non-sediment components, was similar to that

of the Mississippi plume (WALKER, 1996).

Field Measurements

In August 1997, time-series measurements were initiated

in Vermilion Bay, East and West Cote Blanche Bays at the

three sites shown in Figure 1. Current speed and direction

were obtained with Marsh-McBirney electro-magnetic cur

rent meters. Conductivity, temperature, turbidity and oxygen

measurements were obtained with YSI 6000 instruments.

Measurements were made at mid-depth in the water column

every 30 minutes. These measurements are considered rep

resentative of the water column, as previous measurements

in winter showed minimal vertical stratification (WALKER,

unpublished data). Water samples were obtained every six

hours during several four day periods with ISCO automatic

water samples for the determination of surface suspended

sediments (inorganic and organic components). These data

were used to calibrate the continuous digital turbidity mea

surements. Linear regression was used to establish relation

ships between the digital turbidity measurements and the in

situ water samples of suspended solids (resulting R2 = 0.97).

Meteorological measurements were obtained at Cypremort

Point on the east side of Vermilion Bay. A climatological wind

data analysis (10 years) was performed using the Burrwood

C-Man station, approximately 130 km east of Atchafalaya

Bay (Location, Figure 1). This station was chosen as it is con

sidered to be the most representative coastal station with a

long-term record.

Tide Gauge and River Discharge Data

Water level data in digital format were obtained from the

U.S. Army Corps of Engineers (New Orleans District) for

Seasonal Wind Climatology

Previous studies have shown that wind direction is a major

controlling factor for coastal water levels, sediment transport

and circulation in Louisiana estuaries and the coastal ocean

(MURRAY, 1975; KEMP et al., 1980; CHUANG and WISEMAN,

1983; COCHRANE and KELLY, 1986; MOELLER et al., 1993).

Seasonal wind roses compiled from Burrwood measurements

reveal that coastal wind direction changes significantly

throughout the year (Figure 3). In spring, east and southeast

winds are most prevalent, occurring about 43% of the time

(Table 1). In summer, high pressure intensifies over the Gulf

of Mexico and a greater frequency of south and southwest

winds is experienced. As a consequence, southeast wind fre

quency decreases to 30% and southwest wind frequency in

creases to 36%. In autumn, northeast and north winds are

most frequent as cold-front passages (and the high pressure

systems behind them) begin to move southeastward across

the study region (Figure 3). Northeast winds occur 42% of the

time in autumn (Table 1). During winter, winds are stronger

and the north and northwest wind frequency increases (Fig

ure 3). If we average wind frequencies at Burrwood over the

entire year, southeast winds are the most prevalent at 33%.

Northeast winds occur with a frequency of 31%. Southwest

and northwest winds occur with frequencies of 21% and 15%,

respectively. Although the frequency of occurrence of north

west winds is lowest overall during the year, winds from this

quadrant are often relatively strong.

Wind Forcing of Water Level Changes

The most energetic wind events in this region are winter

storms and hurricanes. The winter cold-front propagates

from northwest to southeast with a recurrence interval of 4

to 7 days in winter (ANGELOVIC, 1976). Although these

storms are usually most intense in winter, they affect the

region from October through April. They introduce a rotary

Journal of Coastal Research, Vol. 16, No.4, 2000
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Figure 3. Seasonal wind roses compiled from Burrwood wind data from 1986-1995 (Courtesy of Jay Grymes, LA Office of Climatology). Percent fre

quencies are shown for each 30 degree wind delineation. Percent calms are shown in the center of each circle. The speed scale is shown in m s 1.

wind field in which the onshore-offshore modes dominate

(CHUANG and WISEMAN, 1983). Since winter storms occur 20

to 30 times each year, they have a large cumulative impact

on coastal processes (ROBERTS et al., 1987; MOELLER et al.,

1993).

Tide gauge data from Amerada Hess and Luke's Landing

were used to investigate the magnitude and causes of water

level changes in the Atchafalaya-Vermilion Bay system. Pre

vious research in the Atchafalaya Bay region has demonstrat

ed that wind-forced water level changes can exceed 1 meter

(KEMP et al., 1980). Although the Luke's Landing data were

not quite as complete as the Amerada Hess data, they were

considered more representative of the western bays, since the

Amerada Hess site is directly influenced by river flow. Water

level events from January 1992 to April 1996 were identified

in the Luke's Landing data by visual inspection of the graphs.

Large and rapid changes in water levels, from a high water

stand to a low water stand were identified in the records. The

magnitude of the water level changes and the time difference

between high and low water were determined for major water

level events from the digital records.

Over the 3 lh year period, 64 events were selected for anal

ysis based on data availability and the quality of records. At

Luke's Landing, the average water level change for these

events was 0.99 m (s = 0.2 m), The Amerada Hess average

for these same events was 0.67 m (s = 0.14 m) (Table 2). The

Journal of Coastal Research, Vol. 16, No.4, 2000
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Table 2. Statistics on magnitude and time responses of water level chang

es at Amerada Hess and Luke's Landing from January 1992 through April

1996.

Table 3. Top ten cold-front related water level events with Luke's Landing

water level changes and associated wind directions and speeds from Jan

uary 1992 through April 1996.

Wind Impacts on Regional Suspended Sediment

Distribution

NOAA-14 satellite image data were used to obtain a re

gional picture of surface suspended sediment distributions

and plume morphology for various wind regimes. Clear-sky

imagery, from January 1995 through May 1997, were select

ed as input to a compositing analysis. Compositing of the im

ages entailed computing arithmetic means of suspended sed

iment concentrations for each of the four major wind quad

rants (northwest, northeast, southeast, southwest) during

high and low river discharge periods. A discharge at Sim

mesport of 5666 m" S--1 (200,000 cfs- 1
) was used as the cut

off criterion to separate the high and low discharge catego

ries. Four images were used to produce each composite image

(Figures 4, 5).

During high river discharge conditions, the size and surface

average time from extreme high to extreme low water level

varied from 9 to 43 hours, with an average of 19 hours (s =

8 hours). The water level responses were maximized when

the wind effects were in phase with the astronomical tidal

effects, particularly during spring tides.

In an attempt to better understand cold front forcing of

water level change in the region, the ten largest water level

events were isolated for more detailed inspection (Table 3).

It is interesting to note that all 10 events occurred in 1995

and 1996, evidence of inter-annual variability in water level

changes. At Luke's Landing, maximum water level changes

ranged from 1.19 to 1.38 m over time periods of9 to 38 hours.

In all cases, the rapidly falling water levels were associated

with strong (10-15 m/s) northwest and north winds, which

were usually preceded by relatively strong south winds. In

nine out of these ten extreme cases, northwest winds were

the causal agent. The northwest wind forcing provides an ef

ficient driving mechanism over the western bay region as it

blows down its long axis, thus maximizing fetch and wave

height. Changes in coastal water levels prior to the onset of

northwest winds probably enhance the direct wind effects.

Previous research has shown that coastal water levels along

the Louisianafl'exas coastline respond most strongly to var

iations in the east-west wind components (COCHRANE and

KELLY, 1986). Since the wind rotation with cold front pas

sages is clockwise, coastal water levels would start dropping

because of Ekman processes before the arrival of northwest

winds with the frontal passage. This sequence of events pro

vides a priming mechanism that could increase the rate of

water level exchange between the bays and the inner shelf

with the arrival of northwest winds.

Amerada Hess Luke's Landing

Winter Storm Impacts on Circulation and Sediment

Transport

In this section, the impacts of several winter storms in De

cember 1997/January 1998 are discussed using satellite and
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Date

1

2

3

4

5

6

7

8

9

10

Rank

suspended sediment concentrations of the Atchafalaya sedi

ment plume were maximized by northwest winds (Figure 4a).

Plume size averaged 4400 km 2 and surface suspended sedi

ment concentrations exceeded 200 mg 1-1. The composite

plume extended beyond the 10 m isobath onto the inner shelf,

seaward of the bays. Plume measurements were based on a

concentration of 10 mg 1-1 and did not include the interior

bay region. The second to largest plume resulted from south

west winds (Figure 4c) with an average area of 1925 km",

Based on plume orientation, net transport during west wind

events was to the east and southeast. In contrast, plume ori

entation during east wind periods was towards the west. Dur

ing northeast and southeast wind periods, sediment plumes

were smaller and confined to a near-coastal region. Average

plume sizes for northeast and southeast winds were similar

(1060 km 2 and 1134 km", respectively). In all wind cases un

der high river discharge conditions, the highest concentra

tions of suspended sediment were observed in close proximity

to Atchafalaya Bay where the largest volumes of water and

sediment enter the bay system through the Atchafalaya and

Wax Lake Deltas. In addition, sediment concentrations were

consistently high in the northeast corner of West Cote Blan

che Bay where river water enters the western bay from the

Gulf Intercoastal Waterway (GIWW) through the "Jaws" (Lo

cation, Figure 1). Here a secondary sediment "plume" was

detected in the northwest, southwest and southeast compos

ite images.

During periods of low river discharge, the largest plumes

were again associated with northwest wind conditions (Fig

ure 5). The surface sediment plumes during northeast, south

east and southwest winds were about four times smaller than

the northwest plume composite. With the reduction in river

discharge, surface sediment concentrations decreased, and

the locations of maximum sediment concentration were more

dependant on wind direction. During low river stage, the

highest sediment concentrations were probably caused by

wind-wave resuspension in shallow areas, and winds from

different directions would move the region of maximum re

suspension.

0.99

0.20

19

8

0.67

0.14

19

8

Average water level change (m)

Standard Deviation (rn)

Time from high to low water (hr)

Standard Deviation (hr)
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Figure 4. Satellite image composites of surface suspended sediment concentrations during moderate-high river discharge for the four main wind quad

rants: (a) northwest, (b) northeast, (c) southwest and (d) southeast. Contours of total suspended solids (10, 25, 50, 100, 150 and 200 mg 1- 1) are shown.

A color scale in mg 1-1 is also shown. Each composite represents the average of four images.

field measurements. Three clear-sky NOAA-14 images are

used to illustrate the regional impacts of these storm events

on surface turbidity patterns (Figure 6). The time-series field

measurements obtained at Sites 1 and 3 (Figure 1) are used

to investigate circulation, sediment re-suspension, sediment

flux and salinity changes during these events.

Several winter storm systems impacted southern Louisiana

between December 23, 1997 and January 12, 1998. The two

main episodes that will be discussed have been highlighted

in Figures 7 and 8. The first episode, December 26 through

30, involved two storm systems. The clear-sky image obtained

on December 25 (Figure 6a) illustrates suspended sediment

distribution patterns before arrival of either storm. During

this pre-frontal period, weak northeasterly winds prevailed.

On the afternoon of December 25, the highest concentration

of suspended sediments were within Atchafalaya Bay; how

ever, in general values were very low. A large region of turbid

water was observed in the northeast corner of West Cote

Blanche Bay where river water entered from the GIWW. The

next clear-sky image was obtained on December 29 (Figure

6b) after the passage of two winter storms, the first of which

was accompanied by strong north winds and the second with

strong northwest winds. The contrast between the pre-frontal

and post-frontal satellite images is striking. The areal extent

of turbid waters in the Atchafalaya region was maximized by

the strong offshore winds. Large increases in turbidity were

observed within the bays and on the inner shelf seaward of

them. Before these storms, the Atchafalaya plume (seaward

of the bays) measured 1621 km". Subsequent to them, the

plume measured 11,405 km". These measurements were con-

Journal of Coastal Research, Vol. 16, No.4, 2000
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Figure 5. Satellit e image composit es of surface suspended sediment concentrations during low river discharge for the four main wind quadrants: (a)

northw est , (b) northeast , (c) southwest and (d) southeas t . Contours of total suspended solids (10, 25, 50 mg 1- 1) are shown. A color scale in mg 1- 1 is also

shown. Each composite repr esents an average of four images .

fined to the shelf and were based on a reflectance of 5%

(about 25 mg 1- 1). The turbid water region on the inner shelf

seaward of Atchafalaya Bay had dimensions in excess of 180

km (length) and 75 km (width). The December 29 image (Fig

ure 6b), revealed a two-lobed structure that was similar in

morphology to the 10 m isobath (heavy solid line, Figure 6).

This lobed structure reveals shallow regions where resuspen

sion of bottom sediments was maximized and brought to the

surface by intense vertical mixing. The eastern portion of the

plume extended more than 100 km towards the southeast in

the direction of wind flow. The highest suspended sediment

concentrations were detected within Atchafalaya Bay. A

tongue of very turbid water exited Atchafalaya Bay and ex

tended intact for about 40 km along the coast to the east.

This feature suggests the existence of an eastward flowing

near-coastal current generated by the northwest wind event.

In comparison with other bay regions, satellite-observed re

flectances were relatively low in the northern portions ofVer

milion and West Cote Blanche Bay, around Cypremort Point.

This observation may reflect a change in the type of sediment

in suspension. In this region, relatively high concentrations

of organic matter from eroding marshes have been observed

in water samples. This material would result in a less reflec

tive water mass compared with waters high in inorganic silt

and clay components.

Time-series data including wind, water level, turbidity, and

sediment flux at sites 1 and 3 are shown for the period De

cember 23 to January 12 (Figures 7, 8). The strong (12- 14 m

S - I ) north winds characteristic of each storm caused water

levels to drop 1.3 m (Figures 7b, 8b). The digital turbidity
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Figure 6. NOAA-14 reflectance images acquired on (a) December 25, 1997, (b) December 29,1997 and (c) January 9,1998. A scale relating image colors

to total suspended solids in mg 1-1 is shown. The 10 meter isobath is depicted.
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Figure 7. Time-series measurements during the winter storm period

from December 23, 1997 through January 12, 1998 of (a) wind speed!

direction at Cypremort Point (stick vectors extend in the downwind di

rection); (b) water level at Luke's Landing, East Cote Blanche Bay; (c)

turbidity (mg I .1) at Site 1 and (d) sediment flux (g l.cm 1) at Site 1. Two

cold front episodes are shaded. The filled circles indicate the times of

satellite image acquisition. Times are in UTC (Universal Time Coordi

nated) to correspond with satellite imagery.

Figure 8. Time-series measurements during the winter storm period

from December 23, 1997 through January 12, 1998 of (a) wind speed!

direction at Cypremort Point (stick vectors extend in the downwind di

rection); (b) water level at Luke's Landing, East Cote Blanche Bay; (c)

turbidity (mg 1-1) at Site 3 and (d) sediment flux (g-l.cm- 1) at Site 3. Two

cold front episodes are shaded. The filled circles indicate the times of

satellite image acquisition. Times are in UTC (Universal Time Coordi

nated) to correspond with satellite imagery.

records (calibrated to mg 1~ 1) show two large peaks in sus

pended sediments, each corresponding to a period of strong

offshore winds and lowered water levels (Figures 7c, Sc), At

both sites, sediment concentrations (at mid-depth) increased

from <100 mg 1-1 before frontal passage to 400 mg 1-1 after

frontal passages. Turbidity levels were a little higher during

the second event when winds blew from the northwest (rath

er than north). Turbidity returned to prevent levels as winds

weakened and water levels increased. The time-series records

reveal a close correlation between turbidity measurements

(Figures 7c, Sc) and local wind speeds (Figures 9b, lOb).

Sediment fluxes (Figures 7d, 8d) were computed using the

primary component of the currents at each site (Figures 9c,

10c) and the calibrated turbidity measurements (Figures 7c,

Sc), The primary axis of the currents at Site 1 was 140/320

degrees and at Site 3 was 301210 degrees. Sediment fluxes

were found to be distinctly different at the two sites, primar

ily as a result of differences in the flow regime. At site 1,

sediment transport was mainly to the southeast out of the

bay as a consequence of the dominance of out-flow over in

flow during both storms (Figure 9c). Outgoing current speeds

were similar during both cold fronts of episode 1 and exceed

ed 40 em S-l. Episode 1 corresponded in time with a spring

tide period that increased the tidal prism. Maximum sedi

ment transport occurred in concert with the peak turbidity

values and outgoing currents (Figure 7d). The net sediment

flux at site 1 was towards the southeast. The sub-tidal com

ponent of the currents reveals an almost continuous net out

flow at this site and currents of 20 to 30 em s -1 during frontal

passages. The dominance of outflow over inflow is at least

partially attributable to inflow of river water through "the

Jaws."

At site 3, currents were observed to be stronger than at

Site 1, and the outgoing and ingoing currents were more sim

ilar in magnitude (Figure 10c). Outgoing current speeds ex

ceeded 60 em s -1 during strong north wind periods. After

frontal passages, as the wind speed decreased slightly, cur

rents at site 3 reversed direction and strong inflows occurred.
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Figure 9. Time-series measurements during the winter storm period

from December 23, 1997 through January 12, 1998 of (a) wind speed!

direction at Cypremort Point (stick vectors extend in the downwind di

rection); (b) wind speed at Cypremort Point (m S-1); (c) primary axis cur

rent speeds (em S-1) at Site 1 and (d) salinity (psu) at Site 1. Two cold

front episodes are shaded. The filled circles indicate the times of satellite

image acquisition. Times are in UTC (Universal Time Coordinated) to

correspond with satellite imagery.

Figure 10. Time-series measurements during the winter storm period

from December 23, 1997 through January 12, 1998 of (a) wind speed!

direction at Cypremort Point (stick vectors extend in the downwind di

rection); (b) wind speed at Cypremort Point (m Sl); (c) primary axis cur

rent speeds (em s 1) at Site 3 and (d) salinity (psu) at Site 3. Two cold

front episodes are shaded. The filled circles indicate the times of satellite

image acquisition. Times are in UTC (Universal Time Coordinated) to

correspond with satellite imagery.

Ingoing currents reached 75 em S-l (Figure 10c). Similar cur

rent patterns were experienced during both storms at Site 3.

Overall, the ingoing currents at Site 3 were stronger than the

outgoing currents, and as a consequence, more sediment en

tered Vermilion Bay than left it during the first cold front

episode. The maximum currents at Site 3 were measured on

December 31 in concert with a strong north-northeast wind

event. This wind direction induced a set-up of water levels in

the southwest corner of Vermilion Bay thus explaining the

relatively strong outflows. Compared with northwest and

north winds, northeast winds are less effective at flushing

the Cote Blanche Bays.

The time-series measurements have demonstrated an im

portant aspect of circulation in the western bays. During

northwest and north wind events, much of the water in the

western bays is driven out of the system towards the south

east through the wide opening to the inner shelf provided by

East Cote Blanche Bay. In the rebound phase after frontal

passage, Southwest Pass appears to be a more important con-

duit for restoring water levels into the western bays. From

January 1 to 6, southeast wind conditions were experienced

as the continental high pressure system (in the wake of the

cold fronts) moved eastward. During this period, turbidity

values were relatively low. The second cold front episode to

be discussed was characterized by a single, more moderate

winter storm. The time-series measurements demonstrate a

similar pattern to the previous cold-front passages with in

creased turbidities at both sites corresponding with the in

crease in wind speed and reduction in water levels. A clear

sky satellite image was obtained on January 9, while north

winds still prevailed (Figure 6c). Although the extended

plume on the inner shelf was smaller (4660 km 2 compared

with 11,405 km2 on December 29), the suspended sediment

concentrations within the bays were higher than on Decem

ber 29. This observation is partially attributable to an anom

alous rainfall event on January 7, caused by a Gulf of Mexico

low and upper level disturbance over southwest Louisiana

(NATIONAL WEATHER SERVICE, 1998). Local rivers, such as
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ward of Atchafalaya Bay during the MMS-sponsored Louisi

ana-Texas Shelf Physical Oceangraphy Study (DIMARCO et

al., 1997). Data collected at three stations (17, 18, 19) sea

ward of Atchafalaya Bay in December 1993 are shown in Fig

ure 11 (Locations, Figure 1). These data (Figure Ll.b-d) in

combination with the wind data from Burrwood (Figure 11a)

demonstrate that strong northwest wind events cause rapid

reversals in current direction across the shelf, at least as far

as the 50 m isobath. Southeastward currents ranging in

speed from 30 to 60 cm S-1 were measured at stations 17 (3

m depth), 18 (12 m depth), and 19 (3 m depth) during a winter

storm event on December 14, 1993.

One of the key questions arising from the satellite data

concerns the source of the sediments in the plume. How much

of the plume originates in the bays and how much results

from resuspension on the inner shelf? If one assumes an av

erage surface current of 50 em S-1 for 19 hours (typical of

winter storms), turbid bay water would be transported 34 km

from the bay mouth. The sediment plume, as observed on

Figure 11. Time-series of wind vectors from Burrwood, LA and current

vectors measured seaward of Atchafalaya Bay from December 12-20,

1993. The locations of moorings 17, 18 and 19 are shown in Figure 1.

Water depths of these moorings were 7, 22, 51 meters. Instrument depths

were 3, 12 and 3 meters. A winter storm episode is shaded. Stick vectors

are plotted in downwind and downcurrent direction.
The in-situ measurements and satellite imagery have dem

onstrated that sediment resuspension and transport are max

imized by the sequence of events associated with the passage

of winter storms in this region. Additional analyses of satel

lite imagery and field measurements indicate that the case

studies presented are fairly typical of winter storm events.

The turbidity records demonstrate that the amount of sedi

ment in suspension is increased substantially by these off

shore wind events. Although wave measurements were not

available, it can be inferred from the close correlation be

tween wind speed and turbidity that resuspension processes

are maximized by these strong winds, a process that is en

hanced by the falling water levels. The rapid and substantial

(>1 m) decrease in water levels that occurs with northwest

and north wind events dramatically increases the resuspen

sion potential of the wind-waves as, in some places, pre-storm

water levels are not much more than 2 m. The boundary layer

turbulence created by the intrusion of cold air over warmer

water may also enhance wind-wave generation processes.

Although current meter data were not available on the in

ner shelf during the period presented in this paper, current

meter measurements have been made on the inner shelf sea-

DISCUSSION

the Vermilion River and Bayou Teche (Figure 1), were in

flood as a result of this rainfall event. In addition, Atchafa

laya River discharge surged from 3598 to 6713 m" S-1 be

tween December 23 and January 9. The satellite image of

January 9 revealed the regional impacts of the river runoff

into the bays and coastal ocean. In the coastal regions most

directly impacted by river inputs, concentrations of suspend

ed solids were estimated from the imagery at 150 to 200 mg

1-1
• Very turbid waters were observed in the northeast corner

of West and East Cote Blanche Bays. In addition, the western

side of Vermilion Bay was extremely turbid primarily as a

result of discharge from the Vermilion River through Little

Vermilion Bay (just west of the big bay). A distinct plume of

sediment-laden water was detected south of Southwest Pass,

extending 50 km seaward into the Gulf of Mexico (Figure 6c).

The current speeds and sediment fluxes at both sites were

lower during episode 2 because of the weaker winds.

Salinity fluctuations associated with the series of storms

were larger at site 3 than at site 1. During the period of

study, salinities ranged from 2 to 11 psu at site 1 (Figure 9d)

and from 2 to 17 psu at site 3 (Figure 10d)..Salinity values

were lower during the north wind events and higher during

the southeast wind periods after frontal passages. At site 3,

a large and rapid salinity change of 13 psu (3-16) occurred

over 12 hours on December 29/30, during the inflow period

after the second cold front passage of episode 1 (Figure 10d).

Subsequent to this peak salinity, values above 10 psu oc

curred with the ingoing tidal currents for 4 consecutive days.

The lowest salinity values (2-4 psu) occurred during episode

2 when offshore winds occurred in tandem with the high rain

fall event, local flooding and increasing river discharge. At

site 1, an unexpected salinity peak (>8 psu) was observed on

January 9, in tandem with a relatively strong inflow during

the rebound period after the north wind abated.
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December 29, extended 75 km offshore and 180 km east and

west of the Atchafalaya Bay mouth. The fact that the surface

sediment plume aligns itself with the bottom contours sug

gests that resuspension is a major contributor to the exten

sive sediment plume seaward of the bay. In addition, the

plume on December 29 (and other case study events) was

very symmetrical on the shelf. Ifit were comprised primarily

of material transported onto the shelf, it would be asymmet

rical extending towards the southeast. From the evidence

presented, we estimate that 20 to 25% of the sediment plume

observed in satellite imagery is flushed onto the shelf and the

remaining 75 to 80% results from the resuspension and sea

ward transport of inner shelf bottom sediments.

An estimation can be made of sediment leaving the bay

system during a cold front event. If we assume an average

sediment concentration of 200 mg- 1 (surface to bottom), ap

proximately 400,000 metric tons of sediment are transported

onto the shelf during an average winter storm. Over the year,

approximately 25 cold-front events are experienced, yielding

an exchange with the inner shelf of 10 million tons. This val

ue is about 12% of the yearly average sediment discharge of

the Atchafalaya River over the 20 year period, between 1974

and 1993.

The cold-front related erosion of sediments is a process that

reduces the rapidity of delta development (VAN HEERDEN

and ROBERTS, 1980). This process would also slow the rate

of infilling in the shallow bays to the east and west of At

chafalaya Bay. This process could be important in maintain

ing a reasonable depth for fisheries habitat. Considerable

shoreline erosion has been observed on the northeast point

of Marsh Island near site 1 of this study (EDWARD MOUTON,

personal communication), a fact that may result from the gen

eration of wind-waves and strong currents during these

strong north wind events. A bathymetric change analysis per

formed for the western bay region (CUNNINGHAM and GRY

MES, 1997; WALKER et al., 1997) has revealed that Vermilion

Bay has experienced shoaling over the past 20 years, whereas

the southern portions of East and West Cote Blanche Bays

have experienced scour. In contrast, the large influx of sedi

ments through the "Jaws" has resulted in a subaqueous delta

in the northeast corner of West Cote Blanche Bay. The re

moval by dredging of the East Cote Blanche Bay oyster reefs,

between 1950 and 1980, may have increased winter storm

impacts by increasing current velocities and sediment trans

port onto the shelf through East Cote Blanche Bay. If the

post-frontal influx of water and sediments through South

west Pass increased in response to the increased flushing,

then the shoaling in southern Vermilion Bay may also be

indirectly attributable to these dredging activities.

Seaward of the bays on the inner shelf, ecological impacts

would be expected from the large volumes of river and bay

water discharged onto the inner shelf during winter storms.

It has been shown that biological productivity is increased by

the discharge of nutrient rich waters onto the shelf. Chloro

phyll a concentrations in excess of 20 to 30 f.Lg 1-1 have been

measured in the shelf extension of the Atchafalaya plume

after passage of a cold front (RABALAIS and TURNER, 1997;

WALKER et al., 1997). The frequency, intensity and timing of

these flushing events may be an important factor affecting

Louisiana's coastal fisheries and perhaps the distribution of

low oxygen waters the following summer.

CONCLUSIONS

The "winter storms" that are experienced in the Atchafa

laya-Vermilion Bay region from October through April have

major impacts on circulation, sediment resuspension, sedi

ment transport, water level and salinity changes. Coastal and

bay water levels usually rise before frontal passage because

of a strengthening of the pre-frontal southerly winds. Bay

water levels then drop 1 m on average in East Cote Blanche

Bay during the offshore wind period of winter storms. North

west winds (rather than north or northeast) cause the largest

water level changes in the Vermilion-Cote Blanche Bays dur

ing these events. Sediment resuspension and water column

turbidity increase 5 times or more by the strong north winds

under conditions of decreasing water levels. The flux of sed

iment onto the inner shelf is maximized by the wind-driven

flushing of the turbid bay waters. It is estimated that 400 X

103 metric tons of sediment is flushed from the bays during

an average event, amounting to 10 million tons over a typical

year. This process and resuspension processes on the inner

shelf produce a large turbid plume that can extend 180 km

alongshore and 75 km offshore. A sequence ofNOAAAVHRR

satellite reflectance imagery vividly demonstrates the rapid

regional changes in sediment resuspension and transport

that result from winter storms in these shallow coastal sys

tems. An analysis of multi-year satellite imagery confirms

that the size and orientation of sediment plumes is directly

related to wind forcing. The largest sediment plumes result

from northwest wind events caused by flushing of the bays,

the regional resuspension of bottom sediments and Ekman

processes enhancing offshore surface layer transport of turbid

waters. The winter storms temporarily reverse the prevailing

westward flow of river water along the coast.

Time series measurements obtained during the winter of

1997/98 revealed consistent patterns of circulation, sediment

transport and salinity change during three winter storm

events. At Site 1 in East Cote Blanche Bay, water flowed to

the southeast at 40 to 50 cm S-1 for about 20 hours during

winter storm events. In Vermilion Bay, water flowed south

out of Southwest Pass at 50 to 60 em s -1. Sediment flux at

Site 1 was primarily southeastward towards Atchafalaya Bay

as the outflow greatly exceeded the post-frontal inflow of wa

ter and sediments. Through Southwest Pass, strong outflow

was followed by strong inflow, and thus, sediment flux was

in both directions. The net sediment flux through Southwest

Pass was into Vermilion Bay as a result of stronger inflow

than outflow. The strong inflow of water after frontal passage

through Southwest Pass produced large and rapid increases

in salinity. After one of the winter storms, salinity increased

from 3 to 16 psu over 12 hours. A similar salinity change was

not noted at site 1. In general, salinities drop during the off

shore wind period when river drainage is enhanced by the

extremely low coastal water levels. Salinities rise after win

ter storm events, particularly in southern Vermilion Bay

where inflow through Southwest Pass is strong and there is

a source of higher salinity water away from the large opening
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into Atchafalaya Bay. Further quantification of sediment

fluxes would benefit from the collection of continuous current

measurements using ADCPs across the channels linking

these bays to the coastal ocean.

ACKNOWLEDGMENTS

This study was funded by the U.S. Army Corps of Engi

neers Waterways Experiment Station, Vicksburg, through a

Broad Agency Agreement DACW39-96-K-0032. The field sup

port staff of Coastal Studies Institute is gratefully acknowl

edged for their dedication to the field measurement program.

Staff of the Earth Scan Laboratory, Coastal Studies Institute,

are thanked for maintaining the satellite image archive used

in this analysis. John Day, Oscar Huh and Rob Lane are

thanked for sharing field measurements of total suspended

solids, data that were used in the satellite algorithm. Jay

Grymes and William Wiseman are thanked for assisting in

the wind analysis. Mary Lee Eggart and Clifford Duplechin

are thanked for their marvelous illustrations.

liTERATURE CITED

ANGELOVIC, J.W., 1976. Environmental studies of the south Texas

outer continental shelf, 1975, 2, Physical Oceanography, U.S. De

partment of Commerce, NOAA, Washington, D.C.

CAFFREY, J.M. and DAY, J.W., Jr., 1986. Control of the variability

of nutrients and suspended sediments in a Gulf coast estuary by

climatic forcing and spring discharge of the Atchafalaya River. Es

tuaries, 9, 295-300.

CHUANG, W.S. and WISEMAN, W.J., 1983. Coastal sea level response

to frontal passages on the Louisiana-Texas shelf. Journal of Geo

physical Research, 88, 2615-2620.

COCHRANE, J.D. and KELLEY, F.J., 1986. Low-frequency circulation

on the Texas-Louisiana continental shelf. Journal of Geophysical

Research, 91, 10,645-10,659.

CUNNINGHAM, R.H.W. and GRYMES, J., 1997. Atchafalaya plume re

sponse and bathymetric change related to long-term meteorologi

cal forcing. Contract Report to U.S. Army Corps of Engineers Wa

terways Experiment Station, Vicksburg, Mississippi.

DENES, T.A., 1983. Seasonal transports and circulation of Four

league Bay, Louisiana. M.S. Thesis. Louisiana State University,

Baton Rouge, Louisiana, 112p.

DIMARCO, S.F.; JOCHENS, A.E., and HOWARD, M.K., 1997. LATEX

Shelf Data Report: Current Meters, April 1992 through December

1994. 10 volumes. TAMU Oceanography Technical Report No. 97

1-T. Texas A&M University, College Station, Texas.

DINNEL, S.P.; SCHROEDER, W.W., and WISEMAN, W.J., Jr., 1990.

Estuarine-shelf exchange using Landsat images of discharge

plumes. Journal of Coastal Research, 6, 789-799.

HUH, O.K.; ROBERTS, H.H.; ROUSE, L.J., Jr., and RICKMAN, D.A.,

1991. Fine grain sediment transport and deposition in the At

chafalaya and Chenier Plain sedimentary system. American So

ciety of Civil Engineers Proceedings from Coastal Sediments '91,

(Seattle, Washington), pp. 817-830.

HUH, O.K.; MOELLER, C.C.; MENZEL, W.P.; ROUSE, L.J., Jr., and

ROBERTS, H.H., 1996. Remote sensing of coastal and estuarine

waters: A method of multispectral water-type analysis. Journal of

Coastal Research, 12,984-995.

JUNEAU, C., 1975. An Inventory and study of the Vermilion Bay

Atchafalaya Bay complex. Technical Bulletin 13, Louisiana Wild

life and Fisheries Commission Baton Rouge, Louisiana, 153p.

KEMP, G.P.; WELLS, J.T., and VAN HEERDEN, I.L., 1980. Frontal

passages affect delta development in Louisiana. Coastal Ocean

ography and Climatology News, 3, 4-5.

MADDEN, C.J., 1986. Distribution and Loading of Nutrients in Four

league Bay, a Shallow Louisiana Estuary. M.S. Thesis. Louisiana

State University, Baton Rouge, Louisiana, 143p.

MILLIMAN, J.D. and MEADE, R.H., 1983. World-wide delivery of river

sediment to the ocean. Journal of Geology, 91, 1-21.

MOELLER, C.C.; HUH, O.K.; ROBERTS, H.H.; GUMLET, L.E., and

MENZEL, W.P., 1993. Response of Louisiana Coastal Environ

ments to a Cold Front Passage. Journal of Coastal Research, 9,

434-447.

MOSSA, J., 1990. Discharge-Suspended Sediment Relationship in the

Mississippi-Atchafalaya River System, Louisiana. Ph.D. Thesis.

Louisiana State University, Baton Rouge, Louisiana, 180 p.

MOSSA, J. and ROBERTS, H.H., 1990. Synergism of riverine and win

ter storm-related sediment transport processes in Louisiana's

coastal wetlands. Gulf Coast Association ofGeological Societies, 40,

635-642.

MURRAY, S.P., 1975. Trajectories and speeds of wind-driven currents

near the coast. Journal of Physical Oceanography, 5, 347-360.

NATIONAL WEATHER SERVICE, 1998. Daily Weather Maps, January

5-11, 1998, National Oceanic and Atmospheric Administration,

Washington, D.C.
RABALAIS, N.N. and TURNER, R.E., 1997. Pigment and Nutrient Dis

tributions. In: MURRAY, S.P., Final Report: An Observational

Study of the Mississippi-Atchafalaya coastal plume. OCS Study

MMS 98-000. U.S. Dept. of the Interior, Minerals Mgmt. Service,

Gulf of Mexico OCS Region, New Orleans, Louisiana, xx p.

RANDALL, J.M. and DAY, J.W., Jr., 1987. Effects of river discharge

and vertical circulation on aquatic primary production in a turbid

Louisiana (USA) estuary. Netherlands Journal ofSea Research, 21,

231-242.

ROBERTS, H.H.; ADAMS, R.D., and CUNNINGHAM, R.H.W., 1980.

Evolution of sand-dominant subaerial phase, Atchafalaya Delta,

Louisiana. American Association of Petroleum Geologists Bulletin,

64, 264-279.

ROBERTS, H.H.; HUH, O.K.; Hsu, S.A.; ROUSE, L.J., and RICKMAN,

D.A., 1987. Impact of cold-front passages on geomorphic evolution

and sediment dynamics of the complex Louisiana coast. American

Society of Civil Engineers Proceedings of Coastal Sediments '87,

1950-1963.

ROBERTS, H.H.; HUH, O.K.; Hsu, S.A.; ROUSE, L.J., Jr., and RICK

MAN, D.A., 1989. Winter storm impacts on the Chenier Plain coast

of Southwestern Louisiana. Transactions, Gulf Coast Association

of Geological Societies, 39, 515-522.

ROBERTS, H.H.; WALKER, N.; CUNNINGHAM, R.; KEMP, G.P., and

MAJERSKY, S., 1997. Evolution of sedimentary architecture and

surface morphology: Atchafalaya and Wax Lake Deltas (1973

1994). Transactions Gulf Coast Association of Geological Societies,

47,477-484.

ROUSE, L.J.; ROBERTS, H.H.; ADAMS, R.D., and CUNNINGHAM,

R.H.W., 1978. Satellite observations of the subaerial growth of the

Atchafalaya Delta, Louisiana. Geology, 6,405-408.

ROUSE, L.J. and COLEMAN, J.M., 1976. Circulation observations in

the Louisiana Bight using LANDSAT imagery. Remote Sensing of

Environment, XL, 635-642.

SHLEMON, R.J., 1975. Subaqueous delta formation-Atchafalaya Bay,

Louisiana. In: BROUSSARD, M.L. (ed), Deltas: Models for explora

tion. Houston Geological Society, 209-221.

STUMPF, R.P., 1992. Remote sensing of water quality in coastal wa

ters. Proceedings of the 1st Thematic Conference on Remote Sensing

for Marine and Coastal Environments, pp. 15-17 June, New Or

leans, Louisiana, Environmental Research Institute of Michigan.

Ann Arbor, MI. SPIE 1930,293-305.

STUMPF, R.P.; GELFENBAUM, G., and PENNOCK, J.R., 1993. Wind

and tidal forcing of a buoyant plume, Mobile Bay, Alabama. Con

tinental Shelf Research, 13, 1281-1301.

U.S. GEOLOGICAL SURVEY, 1987. Methods for collection and analysis

of aquatic biological and microbiological samples Chapter A4. In:

BRITTON, L.J. and GREESONM, P.E., (Eds.) Techniques of water

resources investigations of the U.S. Geological Survey. U.S. Geolog

ical Survey, 127-130.

VANHEERDEN, I.L. and ROBERTS, H.H., 1980. The Atchafalaya Del

ta-Louisiana's new prograding coast. Transactions, Gulf Coast As

sociation of Geological Societies, 30,497-506.

WALKER, N.D.; ROUSE, L.J. Jr.; HUH, O.K.; WILENSKY, D., and RAN-

Journal of Coastal Research, Vol. 16, No.4, 2000



1010 Walker and Hammack

SI, V., 1992. Assessing the spatial characteristics and temporal

variabilities of the Mississippi and Atchafalaya River plumes, Pro

ceedings of the First Thematic Conference on Remote Sensing for

Marine and Coastal Environments. Environmental Research In

stitute of Michigan. New Orleans, Louisiana, 15-17 June, SPIE

Vol. 1930,719-728.
WALKER, N.D., 1996. Satellite assessment of Mississippi River

plume variability: causes and predictability. Remote Sensing of

Environment, 58,21-35.

WALKER, N.D.; HAMMACK, A.; CUNNINGHAM, R., and ROBERTS, H.,

1997. Satellite observations of circulation, sediment distribution

and transport in the Atchafalaya-Vermilion Bay System. Final Re

port. U.S. Army Corps ofEngineers Waterways Experiment Station,

Vicksburg, Mississippi, 88p.

WELLS, J.T. and KEMP, P.W., 1981. Atchafalaya mud stream and

recent mudflat porgradation: Louisiana chenier plain. Gulf Coast

Association of Geological Socities Transactions, 31st annual meet
ing, 21-23 October, Corpus Christi, Texas, 409-416.

Journal of Coastal Research, Vol. 16, No.4, 2000


