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I. GENERAL INTRODUCTION

The Mississippi River Plume Hydrography study (LATEX B) is part of a larger
Louisiana-Texas Physical Oceanography Program, which conducted field observations
from 1992-1994. The objective of this component of the program was to characterize the
hydrographic and the velocity structure, the pollutant chemistry, and biological properties
of the coastal plume arising from the discharge of the Mississippi and Atchafalaya
Rivers. A general geographic map of the area is presented as Figure 1.

This final report of the project presents new data from our cruises in 1994,
including the one cruise designed to sample the near-field plume of the Mississippi River.
More importantly, this report synthesizes the data from all six cruises over a three-year
period. Considering the paucity of knowledge prior to our study, the original objectives
were laid out without the benefit of extensive supporting data and reflected the physical
processes identified at an MMS-sponsored workshop (Symposium on the Physical
Oceanography of the Louisiana/Texas (LA/TX) Shelf, Galveston, Texas, May 24-26,
1989) as important in this area. After five years of cruises and data analyses, the
complexity of detail and the extreme spatial and temporal variability in the velocity and
property fields of the Mississippi-Atchafalaya coastal plume has now come to light.
Prior to this project, detailed knowledge of this coastal plume was sorely lacking.

The Mississippi-Atchafalaya River system typically has a peak discharge in April
in excess of 30,000 m3/s and a low in September to October of about 10,000 m3/s.
Satellite images and scattered observations of the hydrographic and current regimes of
the coastal waters from the Mississippi Delta west and south to the Texas-Mexico border
indicate the presence of a brackish water, turbid plume emanating from this discharge.
This plume is strongly modulated and even reversed by the annual cycle of the winds
from Louisiana to south Texas. Intense northerly wind events associated with frontal
passages in late fall, winter, and early spring apparently completely disrupt the
Atchafalaya source of the coastal current and its dissolved and suspended sediment
particulate load. We expected the inner shelf distribution of waters and sediments to
result from the interaction of momentum, buoyancy forces, winds, waves, longshore
currents, and pressure gradients (sea surface slope and density gradients).

Fresh water distribution has herctofore been the most valuable tracer of large-
scale water motion in the LATEX region. The fresh water content in the coastal plume
and on the shelf is clearly an annual cycle triggered by the spring flood of the
Mississippi-Atchafalaya Rivers (Dinnel and Wiseman, 1986). The Mississippi-
Atchafalaya discharge is advected westerly and southerly along the LATEX coastline
even as far as Mexico by downcoast wind components from the time of spring flood until
early summer. The onset of strong southerly and southeasterly winds in early summer off
Mexico and south Texas then excrt upcoast wind stress components on the low salinity
layer near the coast, reversing the flow, causing a convergence in the coastal currents,
and advecting low salinity water offshore as Ekman transport in the surface layer. The
result of this activity is that ncarly the entire LATEX shelf east of Galveston Bay out to
the 200 m isobath is covered with low salinity water by late July. With the slackening of
the strong southerly and southeasterly winds in late summer, downcoast flow returns to
the LATEX region and downwelling favorable winds re-establish the low salinity coastal
current (Cochrane and Kelly, 1986). Salinity in the south Texas coastal current decreases
as water of northerly origin advects back into the region (Smith, 1980). Salinities
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gradually increase in October all along the LATEX coastal plume region as the major
rivers approach low river discharges.

The link between the dynamics of the coastal plume and its chemistry and biology
is nowhere more apparent than oft central Louisiana. The Mississippi and Atchafalaya
Rivers (a third of the total flow of the Mississippi River system enters the Gulf of Mexico
via the Atchafalaya River) are the major source of "new" nutrients to phytoplankton on
the inner and mid-shelf. Since the 1950s, water quality in the Mississippi River has
changed dramatically (Meade and Parker, 1985; Smith et al., 1987; Turner et al., 1987).
Suspended sediments and silicate concentrations have decreased since the 1950s, whereas
nitrogen and phosphorus loadings have increased. These large changes, resulting from
human activities, provide a basis for concern that this loading, combined with increased
water clarity, have resulted in a "eutrophication” effect on the shelf. The area impacted
by, and the duration of, hypoxia on the Louisiana shelf is of considerable concern since
Louisiana fisheries are 28% of the U.S. total. Fish, shrimp, and benthic annual densities
are severely depressed in these hypoxic zones and critical periods of the life history of
several commercially important species (Renaud, 1986) may be affected. Of more recent
concern is the content of chemical pollutants as they are transported via fresh water into
the open Gulf waters.

Accordingly, this project has focused on the structure and dynamics of the coastal
plume, its nutrient and pollutant chemistry, its biological characteristics—phytoplankton,
zooplankton and ichthyology—and the characteristics of its suspended sediment. The
extensive use of satellite-acquired remotely sensed data added a unifying element to the
interpretation of the physical, biological, and chemical data.

The following chapters present our first real attempt to explore these links. The
impressive sum of data gathered during our project and the conclusions reached from its
analysis will allow for an increasingly more detailed understanding of the coastal plume
system in the future.



II. Physical Oceanographic Observations of the Coastal Plume
by Stephen P. Murray, Ewa Jarosz and E.T. Weeks, III

A. Introduction

A series of five cruises was run in 1992-1994 with the objective of characterizing the
velocity and salinity-temperature-density structure of the coastal plume that emanates from the
discharge of the Atchafalaya and Mississippi Rivers. Satellite images in both thermal and visible
bands have long suggested the presence of a longshore coherent plume-like structure that originates
often (but not always) near the Mississippi River mouths, is augmented by the outflow of the
Atchafalaya River and then extends westward at least as far as Galveston, TX, and episodically as
far south and west as the U.S.- Mexican border. See Figure 2 for a location map.

The observed westward extension of this plume is, of course, in general agreement with
the simple notion of a geostrophic adjustment of a major river outflow: It deflects to the right upon
entering the Gulf of Mexico basin and produces a buoyancy driven coastal current trapped against
the coastline as modeled by Chao (1987).

Observations, however, did not readily support this simple conveyor belt model. Rather,
they suggested strong seasonal and spatial variability along the coast. Prior to 1986, observations
of currents in the region, occupied by this coastal plume were usually limited to a few closely
spaced moorings at widely separated sites (Kelly et al., 1983; Crout et al., 1984). Crout et al.
(1984), for example, report weak, disorganized currents in summer on the western Louisiana inner
shelf but much stronger currents in winter, coherent with the stronger winter wind forcing. Smith
(1978b, 1980) similarly reports significant current variability on the central Texas inner shelf.

The benchmark synthesis of physical data on the Louisiana-Texas shelf by Cochrane and
Kelly (1986) (hereafter referred to as C/K) proposed a low frequency circulation scheme consistent
with the diverse hydrographic current and wind data sets available at that time. The major feature
emerging from this study is a large cyclonic gyre that occupies most of the shelf except during July
and August. Figure 3a from this study shows the prevalent circulation with presumed geostrophic
westward currents along the inner shelf and a counter current on the outer shelf to complete the
gyre. In the late summer (Figure 3b) a high develops on the Louisiana inner shelf, and the inshore
coastal current actually reverses to flow eastward along the Texas coast. It is important to note that
the temporal resolution of the C/K flow schema is seasonal-monthly. Earlier drift studies, Kimsey
and Temple (1964), suggested an eastward (or upcoast) flowing current in summer extending well
onto the Louisiana shelf. We will frequently use the terminology downcoast and upcoast.
Downcoast refers to the direction of propagation of a coastal Kelvin wave that must travel with the
coast to its right in the northern hemisphere. Downcoast movement is thus westward on the
Louisiana inner shelf and southwestward and southward on the Texas coast. Upcoast movement
correspondingly is northward, northeastward, and eastward moving from south Texas into
Louisiana.

C/K conclude that the alongshore wind stress is the major driving mechanism for the
coastal currents. The westward low frequency currents that form the inner limb of the gyre are
largely in phase with the downcoast alongshore wind stress component from September through
June, especially west of 92.5° W. With the advent of the summer wind regime, an upcoast
component of the prevailing winds migrates northward and eastward from the south Texas coast
reaching almost to Cameron, Louisiana, in July. These eastward wind stresses then are associated
with the proposed high pressure area over the inner and mid-shelf and eastward coastal currents in
summer.
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three CMAN stations mentioned in the text at (a) Grand Isle, (b) Sea Rim State Park, (c) Port
Aransas, and (d) Brownsville (not shown on this map; refer to Figure 1 for location).




Figure 3. Winter and summer panels adapted from Cochrane and Kelly (1986) circulation schema.



The turbid plume observed along the coast in satellite images then is apparently associated
with the inner or coastal limb of the C/K cyclonic gyre. The C/K synthesis leaves us with a very
broad outline of the monthly variability in the location and transport direction of a wind-driven
coastal current that carries the altered plume waters discharged by the Atchafalaya River and some
portion of the Mississippi River. It is implied from their analysis that wind forcing is clearly
dominant over buoyancy forcing in the coastal current associated with the Mississippi-Atchafalaya
coastal plume.

1. Objectives

The program discussed in this report is designed with the following objectives: (1) to
characterize at a much higher resolution than the C/K model the velocity and salinity- temperature
(density) structure of this coastal plume and coastal current, including vertical, cross-shore and
longshore variability; (2) to document the role of temporal variability produced by variation in wind
forcing in the weather band (2-4 days); (3) to evaluate the role of a seasonal variability of
freshwater discharge in determining the spatial structure of the coastal plume with regard to both
internal velocity fields and hydrographic properties; (4) to investigate the relative importance of
wind forcing buoyancy and longshore pressure gradients in the dynamics of the coastal plume;
and, (5) to provide a seasonally based descriptive circulation model to the biologists, chemists, and
remote sensing scientists to aid in the interpretation of their data sets.

The hydrographic featuares arising largely from the combined discharges of the Mississippi
and Atchaflaya Rivers is referred to in this report as “the coastal plume” or the Mississippi-
Atchafalaya coastal plume (MACP). Others, e.g., Wiseman and Garvine (1995 ), refer to parts of
this same feature as the Louisiana Coastal Current. Additionally, Vastano et al. (1995) refer to the
downcoast extension of the MACP as the Texas current.

B. Measurement Techniques

The principle observational technique was the collection of data on five cruises of the R’V
Pelican, the research vessel of the Louisiana Universities Marine Consortium (LUMCON). The
five cruises listed in Table 1 extended from off Terrebonne Bay, Louisiana at 90° 30 W westward
and southward along the Texas coast, in two cases as far as 28" 34” N just south of Corpus
Christi. It generally took about 6 to 7 days to complete the outbound survey grid, making from 100
to 120 CTD stations on each cruise. Another two to three days were used in various small scale
sampling requirements and the return leg home.

A Sea Bird Model 911+ CTD, deployed at each station and equipped with a Rosette
sampler, obtained profiles of temperature, salinity, oxygen, and other parameters discussed in the
subsequent sections. Calibration was maintained with pre- and post-cruise checks against a bench
salinometer and scheduled factory calibrations. For this particular study an RDI 1200 Khz acoustic
Doppler current profiler (ADCP) was deployed in an “over the side” configuration. Over 90% of
our ADCP data was taken in bottom-track mode.



Table 1. Statistics for each LATEX B cruise.

Atchafalaya
rui Dates #ofCTD Km ADCP River Discharge Wind Season
Stations (m3sec)
| April 13-22, 1992 127 2300 12,500 late winter, energetic
1 October 5-15, 1992 118 2014 5,900 early winter, energetic
] April 13-22, 1993 110 2156 19,000  spring, energetic
v July 13-22, 1993 141 1857 13,000 summer, low energy
Vi July 11-22, 1994 122 2017 7,600  summer, low energy

In addition to the inherent accuracy of the bottom track mode, we performed reciprocal
(repeat section) calibration, lines at the beginning and end of each 10 day cruise. We also
performed a special one-day cruise date devoted entirely to ADCP calibration. Nominally 10
ensembles of two-minute duration were collected on two orthogonal repeat lines (referred to as
runs, e.g., R2 is the reciprocal of R1), which typically gave a standard deviation of 2-3 cm/sec for
the bottom track data. The usual formulations of Joyce (1989) and Pollard and Read (1989) were
used to compute the transducer misalignment and amplitude coefficients. Examples of calibration
results are given in Table 2, after applying the average calibration coefficients determined from that
entire set of runs.

Table 2. Examples of ADCP calibration data.

Cruise | Special Calibration Cruise
W= : AMP= 1,010 = AMP =1.
Run No.  Speed Error Run No. Speed Error
(cm/sec) (cm/seg)
R1-R2 2.2 R1-R2 5.3
R3-R4 2.7 R3-R4 45
R5-R6 3.5 R5-R6 3.4
R9-R10 4.9 R7-R8 2.3
R11-12 3.6 R9-R10 5.5
Mean 3.4 Mean 4.2
St. Dev. 0.9 St. Dev. 1.2

Four of the five coastal cruises discussed here and the Mississippi River near-field plume
cruise (Chapter IIT) were run with an outboard boom containing the ADCP transducer rigidly
attached to the side of the ship, a configuration that consistently gave high quality data returns.
Cruise I, however, was run with the ADCP fixed into a partially submerged sled towed from a
boom extending off the port beam of the ship. This configuration performed adequately in low
seas but data quality deteriorated markedly in moderate seas. This Cruise I ADCP data set required
considerable editing and subsequent data loss. Deviations in the magnetic flux gate compass
caused by the ship’s magnetic field and orientation of the ship required correction as detailed in
Munchow et al. (1995).

The third major instrument system was a thermosalinograph equipped with a Sea Bird
conductivity cell. Water intake was one meter below the still-water surface. Navigation of Cruise
I and IT was by conventional GPS while on subsequent cruises differential GPS was available.
Ancillary data used in the implementation of the cruise-derived data sets include current meters



deployed under the LATEX-A program, NOAA wind stations, and NOS and Corps of Engineers
water level data. Drifter data from the MMS sponsored SCULP program was also utilized.

C. The Driving Forces
1. River Discharge

The Mississippi River drains over one-third of the continental watershed of the United

States and produces an annual discharge of over 300 km3 of fresh water to the Louisiana shelf
west of the Mississippi Delta (Dinnel and Wiseman, 1986). The annual average discharge rate of
14,000 m3/sec (1950-1985) is composed of a huge annual cycle with peaks exceeding 30,000
m3/sec occurring between January and June and low discharges of ~5,000 m3/sec occurring
August through October (Walker, 1996a). Figure 4 shows the Mississippi River discharge at
Tarbert Landing, about 500 km upstream of the mouth of the Mississippi River, from 1988
through 1994. About 15 km upstream of Tarbert Landing the Atchafalaya River is controlled to
siphon off about 30% of the total Mississippi River discharge and funnel it directly southward to
the Gulf of Mexico. The Atchafalaya River discharge at Simmesport, located about 25 km
downstream of the Mississippi River-Atchafalaya bifurcation is also plotted on Figure 4 for
comparison. The Atchafalaya River first discharges into the wide and shallow (1 to 2 m deep)
Atchafalaya Bay where it is subject to strong tidal and wind mixing. The majority of this discharge
then exits into the Gulf of Mexico through the wide ( 45 km) and shallow (1-2 m) passage between
Marsh Island and Point Au Fer, which is 200 km west of the major mouths of the Mississippi
River. The Atchafalaya Bay effluent then discharges onto a broad shallow alluvial ramp whose
depths are only 10 m as far as 35 km from the coast. The Mississippi River outflow plume, in
contrast, immediately encounters deep water, e.g., 40-50 m depths off Southwest Pass (Wright
and Coleman, 1971).

This study was designed to focus mainly on the coastal plume that arises from the
Atchafalaya River outflow. It is difficult to assess a priori how much of the Mississippi River
outflow proper is advected westward to join the Atchafalaya River outflow and form the coastal
plume. A preferential mode of Mississippi River plume kinematics involves an anticyclonic eddy
that forms in the bight west of the Delta. Its presence has been documented by current meter data,
satellite images, and drifters (Daddio et al., 1978; Walker, 1996a; Murray,1982). This
anticyclonic eddy can be heavily charged with Mississippi River outflow water and, upon
impacting shallow water at the coast to the north, it bifurcates, with the western limb of the
bifurcation carrying low salinity Mississippi River outflow water westward to join the Atchafalaya
River discharge and form the coastal plume. Walker (1996a) notes that 42% of images examined
from a five-year period showed this anticyclonic circulation west of the Delta. Image availability,
however, is heavily dependent on clear sky, windy conditions. A special cruise, devoted to the
Mississippi River outflow plume including this anticyclonic eddy, is discussed in more detail in
Chapter III.

The timing of the five coastal plume cruises and the Mississippi River plume cruise is noted
in Figure 4. The year 1992, during which both an April and an October cruise were executed, was
clearly a low flow year with the spring discharge lower than the previous three years. The October
1992 cruise occurs in a transition month; fresh water discharge is at a minimal average low, but
winter wind conditions had begun. In April 1993 (Cruise III) the level of fresh water input was
near a long-term average high, but the discharge continued high all through the summer and fall,
associated with catastrophic floods in the upper Mississippi River Valley, described in Rabalais, et
al., 1994. Cruise IV in July 1993 captured summer climatic conditions combined with an usually
high river discharge condition. Cruise VI, the second of the summer cruises, in contrast, observed
a representative low river discharge situation.
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2. Wind Forcing

C/K emphasizes the importance of the alongshore wind stress in driving the coastal current
along the western Louisiana and Texas inner shelf. Accordingly, we show in Figure 5 the
alongshore wind stress components from three CMAN stations at Grand Isle, LA, Sea Rim State
Park (Sabine River Area) on the Louisiana -Texas border, Port Aransas, South Texas and the
Brownsville, TX NWS station (see Figure 2) for the three years that include our cruise
observations. The monthly averaged wind stresses shows that the seasonal cycle of the alongshore
wind stress described in C/K is present in all 3 years of our observations.

Note that at Brownsville, the wind stress is directed northward (upcoast) all year long
except for January 1993. This northward wind stress is at a maximum in summer, peaking in July
each year. At Port Aransas, the alongshore wind stress is upcoast only for 2-3 months in summer,
being strongly downcoast (southwestward) the rest of the year. At Sabine (SRST2), we again see
the summer upcoast peak and long periods of downcoast wind stress the rest of the year. At
Grand Isle (GDIL1), in central Louisiana, wind stresses are considerably weaker and less
organized seasonally but a summer upcoast stress is evident at least in 1992 and 1993. Westward
or downcoast wind stress is common the remainder of the time.

Thus, if wind stress is the dominant forcing mechanism, we may expect a prevailing
westward or downcoast advection of the coastal plume during our April cruises in 1992 and 1993,
and an upcoast or eastward flow regime during the summer cruises of 1993 and 1994. The wind
stress record in Figure 5 also suggests a downcoast advection for the October 1992 cruise.

3. Hydrographic and Velocity Response Time Scales

Careful consideration of the observational data sets suggest that there is often a
considerable mismatch between time scales associated with the hydrographic structure of the
coastal plume and the ADCP velocity measurements. The along-shore length scale of the buoyant
plume from our observational data is about 400 km. A time scale associated with an along-shore
length scale requires specifying a scale velocity. We can follow Garvine (1995) using C = vgh
the internal phase speed, where g' is reduced gravity and h is depth of the buoyant layer. The
observed value then is 0.4< C <0.5 m/sec, which gives an alongshore plume time scale of 9 to 12
days. If we use a longshore velocity scale from our observations of .25 m/sec then this increases
to 14 days. These results indicate that the alongshore dimensions of the coastal plume are
controlled by processes operating at a 1-2 week time scale.

The ADCP, in contrast, is measuring at a two-minute resolution. If wind forcing is
dominant as suggested by C/K, the response of the currents is by the frictional time scale

Tf= H(x)
- 12
2UC}

(Pettigrew and Murray, 1986; Csanady, 1982) where H is water depth, U# is the square root of

wind stress over water density, and the drag coefficient Cd ~ 2.5 x 10-3- For our nominal depths
of 10 m, the response time to wind driving of 5 m/sec is 3 hours; for winds of 7.5 m/sec, the
response time is 2 hours. In the stratified near surface layers we can then expect currents measured
by the ADCP to respond at an hourly time scale to changes in wind speed and direction.

Thus, winds and currents at the weekly time scale determine the large scale structure of the

plume. Net transport of properties to be identified with the large scale coastal plume should be
computed at the weekly time scale. The ADCP velocities, however, can represent high frequency
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Figure 5. Alongshore wind stress components from three CMAN stations at Grand Isle, LA, Sea
Rim State Park (Sabine River Area) on the Louisiana-Texas border, Port Aransas, South
Texas and the Brownsville, TX National Weather Service (NWS) station . Time series
of monthly average stress 1992-1994 from Brownsville (BRO), Port Aransas (PTAT2),

Sabine area (SRST2), and Grand Isle (GDIL1). Downcoast winds components are
shaded.
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events such as a transient storm that are but perturbations on the large-scale flow field that
generates and maintains the coastal plume over its several hundred kilometer extent. Clearly, great
care must be taken when interpreting the instantaneous ADCP velocity fields with respect to plume
characteristics because of the mismatch in time scales.

4. Tidal Currents and Inertial Oscillations

Tidal currents often mask the low frequency or mean current field that is of primary interest
to this study. Techniques to "detide" the observed currents are described by Candela et al. (1992)
and Munchow et al. (1995). The extensive array of LATEX A current meters shows that tidal
currents exceed the resolution of our ADCP (3-5 cm/sec) in only one location on the inner shelf of
Louisiana-Texas. Table 3 gives the semi-major and semi-minor ellipse axes at 10 of these
locations (S. DiMarco personal communication, 1996) for the M2, 01, and K1 constituents. Only
at Mooring 17, influenced by the tidal flux through the Atchafalaya Bay entrance, can we note a
significant impact on the subtidal current. Thus, we do not detide our ADCP data sets but
recognize the inner portion of the S3 line can be significantly affected by tidal oscillations in our
interpretations. In fact, because of the short frictional adjustment time, variations in wind forcing
appear far more important than tidal fluctuations in our ADCP observations.

In fact, considerable effort was expended to detide our ship track ADCP data. Neal
Pettigrew, consultant to this project, concluded that the Candela scheme performed inadequately on
our data sets where rather weak tidal currents were masked by a strong wind-driven component
that had major aperiodic spikes caused by frontal passages.

Table 3. The semi-major and semi-minor ellipse axes at 10 mooring locations for the M2 and O1
constituents. Locations are shown on Figure 2.

Mooring M2 o1
Semi-ma Semi-minor Semi-major Semi-minor
01 bot 0.23 0.02 0.41 0.00
01 top 0.51 0.22 0.31 0.07
02 bot 0.78 0.27 0.85 0.26
02 top 1.01 0.51 1.33 1.03
15 bot 1.57 0.06 1.52 0.57
15 top 1.49 0.03 4.21 3.25
16 bot 1.58 0.06 0.75 0.07
16 top 2.00 0.09 2.72 1.81
17 bot 6.70 2.53 4.21 1.27
17 top 9.58 4.94 8.49 3.80
18 bot 3.90 0.70 0.77 0.60
18 top 4.68 1.63 3.77 2.96
20 bot 3.22 0.48 0.95 0.03
20 top 4.23 0.13 2.72 1.47
21 bot 4.14 0.77 1.66 1.06
21 top 5.56 1.79 3.25 2.72
23 bot 1.78 0.22 1.26 0.51
23 top 2.29 0.40 1.58 0.74
24 bot 1.97 0.69 1.02 0.72
24 top 2.66 1.05 2.26 1.32
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Inertial oscillations are also another major feature on the Louisiana-Texas shelf that can
mask the low frequency circulations in the ADCP observations. Chen et al. (1996) have analyzed
the LATEX A current meter data set and determined the spatial (along-shore, cross-shore, and
vertical) distribution of energy in the inertial band. Inertial energy is at a maximum at the shelf
break and decreases gradually onshore and more abruptly offshore. Both in the data (Chen et al.
1996) and in a numerical study by Chen and Xie (1996), it is shown that the inertial energy on the
inner shelf has decreased to 20% of its offshore maximum. We then can expect inertial oscillation
to be relatively unimportant in the shallow waters of our study area, except intermittently at the
relatively deep offshore end of line S1 and the transit lines between S1 and S2 where the deepest
waters (over 30 m) of our study are encountered. The ADCP profiles provide, for the first time,
information on the internal velocity structure of the Mississippi-Atchafalaya coastal plume, during
both upcoast and downcoast regimes.

D. Seasonal Cycles of Currents from LATEX-A Current Meters and
SCULP Drifters

1. Monthly Current Meter Flow Fields

In order to understand the low frequency flow regime in which our cruise data are
embedded, we have analyzed the monthly average current vectors at 12 of the LATEX-A moorings
nearest the coast. Unfortunately, these instruments are generally undereath the coastal plume or
just seaward of it. For 30 months (April 1992 through November 1994), the 3 annual cycles of
the low frequency component of the coastal current are clearly resolved. From September through
April, in all the years, a downcoast current is coherent across the near-coastal mooring array listed
in Table 3. May continues a weakened downcoast regime. The summer counter-current, or
upcoast flow regime, appears well-developed in June of 1992 and 1994. June 1993 current
vectors, however, suggest a variable regime still in transition. July has a strongly upcoast flow
regime in 1992 and 1993, and upcoast but less strongly developed in 1994. August of 1992 and
1993 continue the upcoast summer flow regime but in August of 1994, the downcoast winter
regime has already begun. September re-initiates the 9 to 10 month winter-spring period of
downcoast flow in 1992 and 1993. In summary, the model of a summer upcoast flow regime on
the inner shelf in June through August and downcoast flow the rest of the year appears well met in
the LATEX years of 1992-1994. The most notable exceptions are a late start of the summer regime
in 1993 (as June 1993 still has a mean downcoast flow) and an early start to the downcoast winter
regime in August 1994.

Four of our five cruises then were conducted in months representative of the seasonal
cycle. Figure 6a shows the monthly averaged current meter vectors in April 1992, the month of
our first observation of the spring downcoast flow regime. Downcoast currents were dominant
again in October 1992 (Figure 6b) during Cruise II after the summer flow reversal. Cruise III was
conducted in April 1993 when the current meter array (Figure 6¢) shows that the expected monthly
mean downcoast flow was reversed at 5 of the 10 reporting current meters. The current meter data
for July 1993 (Figure 6d) shows Cruise IV, our first summer regime observation, was conducted
in a strong upcoast flow regime. The current meter data from July 1994 (Figure 6¢) suggest that
our second summer observation in that month also took place in an expected upcoast flow regime
but one less well developed than the previous July.

2. Seasonal Cycles from SCULP Drifters
The SCULP near-surface layer drifter program conducted by P. Niiler of Scripps Institute

of Oceanography and the U.S. Minerals Management Service during October 1993 to January
1995 also provides valuable insight into the seasonal circulation on the mid- and inner shelf. Maps
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Figure 6. Monthly average current vectors for innermost LATEX A moorings during (a) April
1992; (b) October 1992; (¢) April 1993; (d) July 1993; and, (e) July 1994.
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of the fall, winter, and spring seasonally averaged drifter vectors (Niiler, 1995) all demonstrate a
well-developed downcoast flow regime on the mid- and inner shelf. Figure 7a, the winter season
results, shows a broad relatively weak downcoast flow on the western Louisiana-east Texas shelf
that coalesces south of Galveston into a narrow high spread jet that extends southward to the
Mexican border and beyond. The inner shelf off western Louisiana in spring (not shown) appears
disorganized, but in fall and winter the downcoast regime is well-organized and highly energetic
and in Figure 7a.

Data from the summer (Figure 7b) is essentially restricted to the Louisiana shelf, as a result
of their upcoast movements from the initial drogue positions. The summer flow reversal is barely
resolved by the drifter data from 92° 30' W to 93° 30' W but clearly observed south of Atchafalaya
Bay (91° W-92° W).

E. Coastal Plume Observations: Downcoast Regime

In the previous sections, we have described the low frequency (monthly and seasonal time
scales) of wind and buoyancy forcing of the LATEX inner shelf. Results from the innermost
LATEX-A current meters and the SCULP drifters indicate the large-scale and low-frequency
response to be expected from the injection of Atchafalaya plume water onto the Louisiana inner
shelf. Clearly, we expect downcoast advection of the buoyant coastal plume in fall, winter, and
spring, and an upcoast advection in the summer months of July and August. Thus, in this section,
we will first examine the results from the three downcoast regime cruise observations. The details,
previously unknown, of the spatial structure of this buoyant coastal plume and the time and
spatially varying velocity field internal to the plume are the main focus of this report.

1. The Coastal Plume, Spring 1992: Anomalously Low River Discharge
and Typically Strong Wind Conditions

In order to characterize the hydrographic and velocity structure of the coastal plume in
Spring 1992, our sampling program extending from 90° 30' W off Terrebonne Bay, LA west to
97° W, was conducted April 22-28, 1992. The six-day sampling time obviously set bounds for
our resolution of the plume structure, which is by necessity temporally and spatially aliased by the
immense size of the plume and the speed of the ship. Nonetheless, transiting over 2200 km and
collecting data from 127 CTD stations allowed an unprecedented three-dimensional visualization of
its structure.

Despite April being the month of highest average discharge, the Atchafalaya River
discharge peaked 10 days prior to the cruise at only about 9500 m3/sec (Figure 4), more than one-
third less than the 1991 and 1993 spring peaks. A time of travel estimate of this peak of 3 to 5
days from Simmesport to the open Gulf indicates its contribution of fresh water is included in our
observation of the plume.

The time series behavior of the wind velocities affecting the coastal waters during this
cruise observation period is illustrated from the three available Coastal Marine Automated Network
(CMAN) stations at Grand Isle, Sabine Pass, Port Aransas, and the Brownsville NWS station.
Figure 8 shows this data from April 19-30. The velocity sticks on April 19 and 20 show the end of
the long period of southeasterly winds set up by a big high pressure cell off the eastern seaboard
(Wind Episode I). The eastward movement of the ensuing north-south oriented front brought
northeasterly winds first to Port Aransas and, in turn, to Sabine Pass and Grand Isle. These winds
lasted for only about 24 hours (Episode II). A succeeding weak high pressure system brought
moderate southeasterly winds to the northern LATEX shelf on April 22-25, as seen in Figure 8
(Wind Episode IIT). The orientation of this front early on April 26 was quasi-parallel to the
Louisiana coast as it passed and showed an almost simultaneous onset of northerly winds at all
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Figure 8. The time series behavior of the wind velocities affecting the coastal waters during the
observation period April 15-29, 1992 is illustrated from the three available Coastal
Marine Automated Network (CMAN) stations at Grand Isle, Sabine Pass, and Port
Aransas, and the Brownsville NWS station. Vectors pointing to the top are winds to the
North.
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three stations, which lasted for 1.5 to 3 days, depending on location (Wind Episode IV). Itis
important to note the large phase lag from north to south in the re-establishment of southerly winds
after Wind Episode IV. Southeasterly winds on the back side of this high pressure cell began mid-
day on April 27 at Port Aransas, late on April 27 at Sabine Pass, and not until early on April 29 at
Grand Isle.

Another instructive view of the wind forcing is that measured by the ship as it transits
through the time and space varying wind field. Figure 9, the half-hour averaged wind vector
sampled by the ship, shows there is good agreement with the large scale wind episodes resolved
by the CMAN station. There is a significant departure, however, of the ship winds from the
Sabine SRST coastal station as the ship transits westward from Sabine Pass to west of Galveston
Bay. This is a result of a small cyclonic system migrating northeastward on a reciprocal to the
ship’s path.

The alongshore wind stress components (Figure 10) prior to the cruise observations were
strongly downcoast at Grand Isle (GDIL1) and predominantly downcoast at Sabine Pass (SRST2)
and Port Aransas (PTAT?2), while strongly upcoast at Brownsville (BRO). During the cruise
(April 22-29), wind stresses were predominantly downcoast (except, of course, at Brownsville)
until a strong upcoast wind stress event impacted the inner shelf-coast plume water from April 27-
29, coherent from Brownsville upcoast to Sabine Pass.

a. Surface Salinity

The underway thermosalinograph logs salinity and temperatures from 1m below the sea
surface at 12 second intervals. A nominal ship speed of 3 to 4 m/sec is equivalent to a spatial
sampling interval of 30 to 40m; but, we use 500 m averages of surface salinity sufficient to resolve
all features of interest to this study. Figure 11, the surface salinity field observed in late April,
does, in fact, show an immense low salinity coastal plume extending westward over 500 km along
the coast from the source regions of the Atchafalaya and Mississippi River mouths into central and
south Texas. We expect the long period of SE winds during Episode I and the general downcoast
flow in April (Figures 5 and 6) to drive the low salinity Atchafalaya discharge well to the west and
downcoast during the seven day period prior to Cruise 1, thus building a sizable coherent coastal
plume in that direction.

Isohalines in the 26-27 psu range run quasi-parallel to the coast from the easternmost
section at 90°30' W over 400 km westward to Galveston Bay where they abruptly bend seaward.
The significant change in the salinity field west of Galveston suggests a major change in the
physical processes there. Note that the Atchafalaya River outflow plume is clearly resolved
seaward of the Atchafalaya Bay mouth with minimal salinities sampled of ~16 psu near the mouth
and an alongshore length scale of ~75 km estimated from the curvature of the 25 psu isohaline.
Figure 11 also shows that surface salinities below 25 psu are common in the inner shelf waters east
of Galveston but are rare southwest of that location. The influence of the Brazos River outflow,
historically high in Spring 1992, and the Galveston Bay outflow can be seen in the presence of
waters with salinity less than 24.5 psu southwest of the Galveston entrance. The bull’s eye of
high salinity at 96° W is likely an intrusion from mid-shelf, often observed in this area in satellite
images.

The surface temperature field from the thermosalinograph (not shown) is extremely
uniform, varying only 1° C over the entire study area. The salinity at the 7m level from the CTD
station data is shown in Figure 12. Note the isohalines again tend to be oriented parallel to the
coast as far west as Galveston, reflecting the continuity of the coastal plume over that distance.
Immediately west of the Galveston Bay entrance, a large area of low salinity water was
encountered, apparently derived from the anomalously high spring outflow of the Brazos River.
West of 95.5° W, salinities have returned to the background levels of 28 to 30 psu expected for
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Figure 9. Corrected winds measured on the research ship, prior to and during the April 22-28,
1992 observations of the coastal plume.
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Figure 10. Daily average alongshore wind stress from four coastal stations one week prior to and
during April 1992 observations. Downcoast wind stress is shaded to illustrate its
importance at all stations except at Brownsville.
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Figure 12. The salinity at the 7 m level from the CTD station data, April 1992 observations. CTD
stations are located with a dot.

24



this depth level. Note, however, the lack of longshore continuity in the isohalines in this western
region reflecting the increased importance of local processes.

At the 15 m level (not shown) the salinities are markedly higher in the eastern region south
of Atchafalaya Bay where they reach 35 psu. There is a sharp decrease of salinity at this level to
the west down to 32 psu at about 93.3° W. Higher salinities (34 psu) appear again south of
Galveston. West of Galveston, salinities remain in the 31-32 psu range.

The picture that emerges from the constant depth salinity maps is of an immense buoyant
coastal plume extending from east of the Atchafalaya River mouth over 500 km westward to
Corpus Christi and beyond. West of Galveston discharges from the local bays and small scale
intrusions from offshore decrease and increase, respectively, the generally low salinity background
level of the plume. There is an abrupt change in the orientation of the isohaline from shore parallel
east of Galveston to shore normal west of Galveston. The convergence in the surface wind field
west of Galveston, readily apparent in Figure 9, suggests the presence of surface current
convergence in the same area. The wind records suggest such a convergence would persist for
several days until a strong northern (such as on April 26; Figure 8) would bring downcoast winds
from Grand Isle to Brownsville. The overall character of the surface plume is in essential
agreement with the advective field expected from the winter-spring season as observed by current
meters (Figure 6a) and surface drifters (Figure 7a).

b. Vertical Salinity Sections

Here we examine the vertical salinity structure of the April, 1992 plume with selected
vertical sections. We will examine 4 of the 11 coastal normal sections and 1 diagonal line that
characterize various regimes along the length of the plume.

(1) _East (Upstream) of the Atchafalaya Source The vertical section of salinity along our

easternmost line S1 (Figure 13) shows almost a textbook picture of a coastal plume under
downwelling favorable winds. A prism of low salinity (buoyant) water hugs the coast with lowest
salinities of ~24 to 25 psu nearest the shoreline. The low salinity layer extends seaward about 50
km. The isohalines at the base of this layer are horizontal over most of this distance before rising
abruptly to the sea surface in a fairly uniform spacing as distance increases offshore. The steeply
inclined isohalines at the outer edge of the section reflect a downwelling favorable wind stress and
a downcoast transport consistent with the Grand Isle wind stress shown in Figure 10. Note the
presence of full salinity Gulf water below 20 m at the outer edge of this section. Near the bottom
the 34, 35, and 36 psu isohalines slope down to the coast, suggesting a wedge-like intrusion of
this denser high salinity water. It appears likely that the fresh water in this section is not of
Atchafalaya River origin, as the section is 100 to 150 km east of the Atchafalaya River mouth.
Winds blew from the northwest on April 21 (Episode II) prior to the cruise for about 36 hours,
which even for a 0.5 m/sec current would displace Atchafalaya water only ~50 km to the east.
Prior to Episode II, winds were unfavorable for eastward flow. Outflow from the bays and
channels of the Mississippi bight, combined with some fraction of the discharge from the
Mississippi River itself, is apparently the freshwater source for this section. S2 (not shown) is
quite similar to S1 although the plume structure is squeezed seaward by the shoaling bathymetry as
the Atchafalaya Delta is approached.

(2) The Atchafalaya Source Region Sections S3 (Figure 14) and TS (Figure 15) are shore
normal and diagonal sections, respectively, designed to sample the structure near the Atchafalaya

River mouth. Note the fundamental differences between S1 and S3. S1 shows a buoyant plume
with an 8-10 m vertical thickness whose base is fairly level out to 35 km from the coast. This
plume is floating above an 8 to 10 m thick layer of high salinity Gulf of Mexico (GOM) water. In
contrast, at S3 the surface-trapped plume is absent; the isohalines are all steeply inclined and
intersect the bottom as observed in the density structure of the Delaware coastal current (Munchow
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and Garvine, 1993b). The outer regions of these two sections are markedly different. In the
upstream section S1, the 33 psu isohaline would outcrop about 40 km from the coast, but at 83 it
is depressed 10 to 15 m below the surface at the same distance offshore. This could only be the
effect of the outflow jet of the Atchafalaya River filling sections with its mixed discharge water and
impulsively depressing the underlying density (salinity) structure. Salinities within the inner 20
km of S1 and S3, however, are quite similar, both containing water of <27 psu.

The salinity structure on the diagonal line TS appears to uniquely capture a section along the
axis of the Atchafalaya discharge jet as it enters the receiving basin. Four zones can be demarcated:
(a) avery low salinity zone (10-20 psu) of initial mixing within the first 25 km of the
mouth;
(b) a well-mixed zone both vertically and longitudinally of 25 to 27 psu water from 40 to
75 km of the mouth; this could represent the well-mixed turbulent nose or tip of the
outflow jet as it intrudes into and over the high salinity receiving water;
(c) the frontal region between the outflow jet and the ambient receiving water is marked by
a steep halocline from 27-32 from 65-95 km from the mouth; and,
(d) the relatively unified uniform receiving waters of salinity (>34 psu) underlie and
surround the nose of the outflow jet.
Thus, the salinity structure suggests the Atchafalaya outflow plume is in full contact with the
bottom over the inner 50 km beyond which it separates from the bottom and becomes a detached
free jet.

3) t Louisiana Region: Down ions Section 6 (Figure 16) is 220 km
downcoast from Section 3, which was our source region example. After the sampling of S3,
winds continued south to southeasterly for another 12 hours when they abruptly switched to the
northerly winds of Episode IV (Figure 8). Thus, strong northerly winds (7.5 - 10.0 m/sec) had
already impacted the coastal plume for over 20 hours when Section 6 was sampled. Surprisingly,
the hydrographic structures at S5 and S6 show no indication of offshore advection of the surface
layer from the strong offshore-directed wind forcing. While the cross-shore salinity gradient
remains intact, it appears that strong vertical mixing has produced an almost vertically homogenous
water column but with no evidence of strong cross-shore motion (e.g., the up-to-coastline tilt of
isohalines characteristic of upwelling is absent). It is remarkable that the coastal plume structure
remains intact under such strong offshore directed wind forcing.

The strong northerly winds that blow dominantly cross-shore (offshore) during the
measurements at S4, S5 and S6 extend all the way south to Port Aransas (Figure 8). West of the
great coastal bend near the Texas-Louisiana border, these same winds have a strong alongshore-
downcoast component and will drive the coastal current at great speeds downcoast during the north
wind episodes (Barron and Vastano, 1994).

(4) Central Texas: Far-field Coastal Plume By the time our measurement program
reached the south Texas sampling sections X1, X2, and X3, the strong northerly winds had abated
this far south and intense southerly winds had set in (Figure 8). (Note especially the strong upcoast
wind component at Port Aransas, April 27-30 in Figure 8a.) The salinity structure at X2 (X1 and
X3 are essentially identical) shown in Figure 17 clearly reflects a strong upcoast wind regime that
produces a classic upwelling type response in the coastal plume structure, i.e., (a) the freshest
water is a lens detached from the coastline; (b) the surface layer isohalines have flattened out
seaward. Both (a) and (b) reflect an Ekman drift offshore, and the halocline and high salinity
lower layers tilt up toward the coast. Considering the alongshore wind stress shown in Figure 10,
we can expect this upcoast flow to extend north at least as far as the Sabine River.

These south Texas observations are important in that they have captured a recurring
phenomenon of episodic upcoast flow reversals imbedded in the seasonal mean downcoast flow
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regime. The alongshore wind stress diagrams (Figure 10) imply a convergence of currents
somewhere east of Galveston during the upcoast episodes.

c. Velocity (ADCP Observations): Spring 1992
(1) Vertical Sections; Atchafalaya Source Region Acceptable ADCP data return from the

April 1992 sampling was low because of the poor performance of the towed sled configuration as
discussed earlier. Particularly lacking was data east of the Atchafalaya mouth, so we first inspect
the Atchafalaya source region itself in plan view (Figure 18). At S2 through S3, winds were
steady out of the southeast and the water at S2 is on a convergence course with the outflow jet
from the Atchafalaya River moving southeastward along TS. The westward velocities along the
southern half of S3 carry (Figure 14) Atchafalaya River outflow water that has been mixed with the
ambient inner shelf water and thus depicts the onset of the fully developed coastal plume. In
Figure 19, a vertical section along TS5, the convergence of the river outflow plume water and the
upstream coastal water is seen to occur at the salinity front delineated in Figure 15. We can expect
intense mixing and lateral entrainment along this front as the river outflow plume is increased in
volume and salinity and evolves into the coastal plume. The vertical structure of the alongshore
current at S3 (Figure 20) shows a 25-30 cm/sec jet carrying the newly modified coastal plume
water westward along the coast. The eastward flow in the northern 20 km of this section may be
the west limb of a small re-circulating eddy trapped along the side of the Atchafalaya outflow jet.

(2) West Louisiana Downstream Region After a period of southerly winds a cold frontal
passage brought a period of fairly steady northerly winds (Figure 9) allowing an assessment of this
type of recurrent forcing on the velocity structure at the western Louisiana region of the coastal
plume as shown in Figure 21. These southward directed wind stresses have a minimal alongshore
component and accordingly currents weaken and appear disorganized at S5. When the ship
reaches S6, where the coastline has already begun its great bend to the south, the wind has shifted
towards a downcoast orientation and currents are quick to respond. The vertical section through S6
(Figure 22) shows an energetic downcoast jet centered at 30 km offshore has already developed.
These intense northerly winds had an even stronger downcoast component further southwest along
the Texas coast. An accompanying strong downcoast current as indicated by the drifter data '
(Figure 7a) would create a longshore pressure gradient perhaps strong enough to pull water
westward from the vicinity of S5-S6, but present data is insufficient to resolve this question.

(3) Central Texas: Far-field Coastal Plume When the observations extend into central
Texas, we enter a region (from S7 to X3) dominated by strong southeasterly winds (Figures 7, 8).
The upcoast components of the winds drive a strong (40-60 cm/sec) current northeastward along
the coast. Four of the five sections in Figure 23 indicate a coastally trapped jet with a cross-shore
length scale of ~25 km and an inshore velocity maximum. The alongshore velocity at X2
illustrates this structure in its fully developed form (Figure 24) with an upcoast speed maximum of
45 cm/sec located 10 km offshore. Further north at S7, the upcoast jet becomes weak and narrow
and even reverses direction at its offshore end. Note that the wide inner shelf characteristic of
Louisiana and east Texas abruptly narrows near our section S7 from 60 km to 22 km (based on
distance offshore to 18.3 m isobath), suggesting a role for topographic control in this change in
the upcoast jet.

2. Downcoast Regime, Spring 1993: High River Discharge and Strong
Winds

Our second sampling of the spring downcoast flow regime took place April 13-19, 1993.

The Atchafalaya discharge (Figure 4) at 14,000 m3/sec is about twice the amount that generated the
plume sampled in April 1992. The monthly average winds for March and April 1993 at Grand
Isle, Sabine Pass, and Port Aransas were largely downcoast (Figure 5) as expected. Figure 25,
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The time series behavior of the wind velocities affecting the coastal waters during the
observation period April 6-19, 1993 is illustrated from the three available Coastal
Marine Automated Network (CMAN) stations at Grand Isle, Sabine Pass, and Port
Aransas, and the Brownsville NWS station. Vectors pointing to the top are winds to
the North.
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however, shows that the winds at the four coastal stations record only two frontal passages for the
14 days prior to and during the cruise. This leads to a dominance of upcoast wind stresses during
the cruise itself as documented in Figure 26. The daily average alongshore wind stress shown in
Figure 26 identifies a significant upcoast wind event of three to four day duration that impacted the
coastal plume from Port Aransas to Grand Isle, just prior to the April 1993 observations. A
second upcoast wind event lasting two to three days also occurred during the cruise (Figure 26).
Thus, we may expect a downcoast extension of the coastal plume but upcoast ADCP currents
during these particular wind events.

a. Near Surface Salinity

The basic pattern of the coastal plume (Figure 27) during this second of our two spring
observations is markedly similar to the previous year. The 26 psu isohaline, for example, outlines
a continuous plume of low salinity water that extends along the coast from east of the Atchafalaya
mouth at S1 over 350 km westward to where it pinches out into the coast near Galveston Bay.
Waters east of the Atchafalaya are a few psu fresher in the spring 1993 sample than the previous
year, as expected from the increased discharges. The Atchafalaya Bay outflow plume also appears
more intense, with steeper gradients that more resemble a semi-circular jet than the previous year.
The 27 and 28 psu ischalines are pushed further seaward (outside our sampling range) in 1993
because of the increased strength of the Atchafalaya discharge jet.

Intensification of the cross-shore salinity gradients south of Cameron and the Sabine is
present in both spring 1992 and spring 1993 observations (Figures 11 and 27, respectively). Such
a pattern would be compatible with intensification of the along-shore flow in that region as
observed by SCULP surface drifters (Figures 7b).

Southeast of Galveston the surface salinity pattern again in 1993 changes markedly from
quasi-parallel to coastal normal. In April 1993, however, the low salinity anomalies from east
Texas river discharges are absent, and the salinity increases gradually down plume from 27 psu at
S7 to 30 psu at X3 as entrainment and mixing diminish the salinity anomaly of the plume.

b. Vertical Salinity Sections

(1) East of the Atchafalaya Source The regime upcurrent or east of the Atchafalaya mouth
is illustrated (Figure 28) again with section S1. Note this section extends an additional 15 km
seaward compared to the previous spring observation. The 30 psu isohaline outcrops 53 km
offshore during this high flood year, compared to only 23 km offshore in April 1992, reflecting the
increased amount of fresh water entering the plume. The two sections are geometrically similar
with length scales of most features being larger in 1993. Both sections show isopycnals
outcropping at their offshore ends, indicative of downwelling favorable winds; both show a
halocline zone ascending toward the coast, and high salinity Gulf of Mexico waters underlying the
plume and encroaching up the slope.

(2) Source Region; Atchafalaya Qutflow Section S3 (Figure 29) presents an extremely
revealing section through the Atchafalaya River outflow jet as it intrudes onto the inner shelf. In

contrast to S1 in which waters of less than 25 psu were absent, the inner half of this section 45 km
out from the coast is filled with mixed Atchafalaya River outflow water of less than 25 psu.
Intense turbulent mixing is indicated by the extreme vertical and horizontal salinity gradients in the
outflow jet. Seaward of the outflow jet, high salinity contours (e.g., 29 to 33 psu) rise strongly up
the slope, consistent with entrainment into the base of the outflow jet.

Inspection of Figures 14 and 29 allows comparison of sections through the Atchafalaya

outflow plume for two successive years. The outer edge of the jet (defined by the end of the steep
horizontal salinity gradient (about at the 26.5 psu isohaline in both years) is only 10 km further
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Figure 26. Daily average alongshore wind stress from four coastal stations one week prior to and
during the April 1993 observations. Note the dominance of upcoast wind stresses
(unshaded) prior to and during the cruise observations.
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seaward in 1993 but the salinities (and salinity gradients) inside the jet are much lower (stronger)
during the higher 1993 flood year. Salinities near the mouth are only 5 to 6 psu during the 1993
observation (Figure 29) but are dramatically higher (21 psu) during the 1992 sampling when the
Atchafalaya discharge was half of that in 1993 (Figure 4). As discussed above, tidal currents are at
a maximum for the region off Atchafalaya Bay, and such comparison could be seriously aliased by
tidal displacements. An estimate of the maximum tidal trajectory L = UT; however, where U is

maximum tidal current (20 cm/sec)and T is taken as 10 hours, gives an upper bound of 7 km for
Lt, much lower than the 35-45 km cross-shore length scale of the outflow plume proper.

(3) West Louisiana Region Section S6 just west of Sabine Lake is similar to the previous
spring observation in that the coastal plume is strongly in evidence (Figure 30). The seaward
upturning of isopycnals suggest a downwelling regime. The first 30 km from the coast shows a
well-mixed zone (~24.5 psu) down to the 9 m level which is underlain by a steep halocline zone, a
feature that was absent in 1992. The 31.0 isohaline outcrops 65 km offshore during this
observation, compared to only 48 km offshore the previous year, i.e., the cross-shore length scale
yis larger in accord with the larger fresh water influx this year.

(4) Central Texas; Far-fiel Pl As the ship transits into central Texas, we
enter again by chance in April 1993 an upcoast (south-southeasterly) wind regime nearly identical
to that encountered in April 1992. Such strong southerly winds events often follow the northerly
winds after a frontal passage in this region. The salinity structure in this far field region is much
like that observed the previous April (Figure 17) under similar wind driving conditions and
described above in 1.b.(4).

¢. Velocity Observations: Spring 1993

The velocity field measured by the ADCP again has high spatial variability as a result of the
rapid changes in the wind forcing resulting from migrating pressure cells and associated frontal
passages.

(1) Archafalaya Source Region During collection of data from S1 through T4 winds were
steady out of the southeast (Figure 25) so we may investigate the quasi-steady flow field (Figure
31) that develops in this region upstream of the coastal plume. The flow directions at S1 and S2
are in agreement with the downcoast wind driving. Likewise, the salinity structure seen at S1
(Figure 28) is consistent with the downwelling favorable nature of the wind. The offshore
component in the surface flow at T2 is difficult to explain. This water along T2 is our only section
deep enough for inertial oscillation to begin to become important. The 7.5 hour transit along T2
should see a ~100° rotation in current direction for an inertial motion but the observations along
this line do not support this possibility.

Note that halfway up S2B, the ship, moving northward, enters a zone of intense current
shear (Figure 31); currents turn 90° from northwestward to northeastward. The coastal wind
station (Figure 25) and the ship winds (not shown), however, both indicate steady southeasterly
winds all along T4. All the currents along T4 are against the wind and carrying low salinity
Atchafalaya outflow water. The surface salinity data (Figure 27) indicate that the ambient coastal
water coming from the east is converging here with the Atchafalaya River outflow plume, which is
moving northeastward at this particular time apparently under inertial or tidal forcing. These
figures provide some limited insight into the complex, strongly non-linear flow field that develops
when the ambient coastal current from the east converges with a well-developed Atchafalaya
outflow plume.

A vertical section at S2 (Figure 32) shows the well developed down coast flow extends to
15 m below the surface with two distinct downcoast jets in excess of 25 cm/sec. Note the presence
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of a weak counter current at depth which is associated with the high salinity (>33 psu) bottom
water.

(2) Western Louisiana; Downcoast Region In the downcoast region off western
Louisiana, the wind varies slowly enough to provide a reasonably clear picture of its impact on the

flowfield there as shown in Figure 33. From section S3B westward to S5, winds rotate clockwise
from upcoast (eastward) stress to offshore to downcoast wind stress in a 28-hour interval (Figure
26). A dominantly upcoast wind stress began 5 hours prior to the start of line S3b, and continued
until the ship was midway southward through line S4 when wind stress weakened and clockwise
rotation began. Currents in Figure 33 clearly closely follow the wind to the extent of developing a
strong upcoast transport, somewhat anomalous for this season. At S4 the upcoast flow extends
fully to the bottom (Figure 34) with a robust upcoast jet in excess of 35 cm/sec located 15-25 km
offshore. Of considerable interest, the cross-shore flow component (Figure 35) shows a well-
developed upwelling circulation with an Ekman offshore transport in the upper 8-10 m and a
shoreward "adjustment" drift in the lower half of the section extending all the way into the coast.
With a speed of 25 cm/sec and a duration time scale of 20 hours, the length scale or along-coast
excursion of the upcoast event is only 18 km, a slight perturbation in the 300 km alongshore length
scale of the coastal plume. Similarly, the cross-shore excursion is only 10 km compared to a
cross-shore of the coastal plume of 50 km. Nonetheless, despite its transient nature, this is a
fascinating event. The cross-shore flow component through the ensuing east-west section T7
(Figure 36, shows that the offshore winds can sustain the strong upwelling circulation pattern for
at least the additional seven hours that it took to observe this line.

(3) Central Texas: Far-fiel 1 Plume The sections S7 through X3 were all observed
during the intense south-southeasterly wind episode of April 17-19. Figure 37 shows the coastal
plume waters near the coast responded within five hours of the onset of this wind system with a
well-defined coastal jet with a velocity maximum near the coast. Note the offshore flow at S8. It
appears that this is a favorable location for short wave length motions to intrude onto the inner
shelf as the upcoast jet was narrowest at this same location in the April 1992 observations. This
major upcoast flow regime is coherent over at least 250 km, and it appears driven, in large part, by
the southeasterly winds that follow the frontal passage. Pressure gradients along the coast set up
by the wind systems are also probably important and are investigated in a later section.

A vertical section through this current at Section X2 (Figure 38) shows a high speed jet
(35-40 cm) trapped up against the coast with speeds decreasing nearly to zero 30 km offshore. A
weak remnant of the previous downcoast flow regime remains below 18 m. The wind stress
record, e.g., Figure 26, shows there were only two previous such upcoast events at Port Aransas
in April 1993, with duration time scales of two days and five days.

3. Transition to Winter: Downcoast Regime, October 1992 Observations

We next investigate the development and characteristics of the coastal plume during a
period of low river discharge and early winter downcoast wind forcing. In October 1992, the
Atchafalaya River discharge has fallen to near a low-term average low of 4400 m3/sec (Figure 4)
and the winter downcoast wind stress regime is clearly reestablished (Figure 5) after its summer
hiatus.

Winds were not only downcoast in October 1992 (Figure 5), but they far more persistently
downcoast during our 7-day observation interval (October 6-13) than during the two April
observations discussed above. Figure 39, the ship winds, shows strong downcoast winds except
for brief intervals of northeasterly winds during frontal passages while observing at lines S3 and
S5. The alongshore daily wind stress history (Figure 40) also shows that since September 26,
wind stresses were persistently downcoast at all four stations.
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April 1993 observations. The dark arrows reppresent the evolution of the wind
velocity (m/sec) as measured along the ship track.
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during the April 1993 observations of the coastal plume.
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October 6-13, 1992 coastal plume observations.
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a. Surface Salinity

As anticipated from the steady wind forcing, our observations delineate a beautifully
developed coastal plume (Figure 41). Relatively high salinities of 29 to 33 psu characterize the
ambient coastal water converging on the Atchafalaya River outflow plume from the east. The
lowest salinities observed at the inshore end of S3 is 20.5 psu indicating extensive mixing of river
water and coastal water inside Atchafalaya Bay during this low discharge season. The 29 psu
isohaline provides a continuous outline of the resultant coastal plume from Terrebonne Bay 330 km
westward to Galveston Bay. Note the persistent downwelling favorable wind acts to drive the
surface Ekman layer toward the coast intensifying and maintaining the integrity of the salinity
gradients. The coastal plume again narrows south of Sabine in the S5-S6 area as indicated by the
intrusion of the 32 psu isohaline into that region. The abrupt contraction of the coastal plume to the
west of Galveston is clearly manifested by the 31.0 psu isohaline which outcrops 33 km offshore
south of Sabine Lake on line S6 but converges toward the coast outcropping only 15 km offshore
on S8. In this observation we appear to have captured a quasi-steady state snapshot over the entire
length of the coastal plume. With no obvious indication of cross-shore flow it appears that the near
coastal low salinity waters (21-28 psu) are laterally and vertically mixed along the length of the
plume, having essentially disappeared by the time of their arrival at S8, 410 km downstream of the
Atchafalaya source.

b. Vertical Salinity Sections

Vertical sections through this coastal plume show its downstream evolution from its initial
condition at S1 to its widest section at S3 in the Atchafalaya source region to its virtual
disappearance at S8. At the easternmost (upstream) section S1 the 29 psu isohaline outcrops only
8 km offshore (Figure 42). Note the peculiar structure of the seaward end of S1. The high salinity
water (34 psu) normally underlying the buoyant surface water is present only on the inshore end of
the section. In fact, the entire outer edge of the coastal plume here has been truncated by a high
speed jet streaming southwestward after accelerating around the tip of the Mississippi Delta. This
transient phenomenon is described in detail in Walker et al. (1996).

In the Atchafalaya source region, the influx of Atchafalaya River water pushes the 29 psu
outcrop seaward along S3 (Figure 43) out to 37 km offshore. The gradual downstream mixing of
the plume with ambient shelf water moves the 29 psu outcropping back to within 25 km of the
coast at S6 (Figure 44). Mixing appears to accelerate in the far-field region as by its arrival at S7,
the 29 psu outcrops is back to within 8 km of the coast and by S8 water of 29.0 psu or less has
been removed by mixing (Figure 45). It is notable that vertical stratification is relatively weak in all
three of these sections that extend along the entire coastal plume. The energetic wind conditions
(Figures 39 and 40) and the low river discharge in this season (Figure 4) both act to enhance
vertical mixing and reduce stratification.

c. Velocity Observations

The near-surface velocity field (Figure 46) echoes the salinity distribution (Figure 41) in
showing the longshore coherence of the downcoast flow transporting the coastal plume water from
the Atchafalaya mouth westward to and beyond Galveston. The intensification of the coastal flow
as the plume abruptly narrows south of Galveston is evident in the velocity data. A vertical section
at S1 (Figure 47) shows a surface intensified high speed jet moving toward the Atchafalaya source
region carrying ambient coastal water largely of 30-33 psu water. Note the high salinity water (15
to 25 km offshore of Figure 42) underlying the downcoast surface flow appears as an upcoast
counter-current. In the source region at S3 (not shown), the Atchafalaya outflow jet (clearly seen
in the salinity section (Figure 43) is barely discernible probably because of the episode of northerly
winds which disrupted this section during our observation.

48



Depth (m)

-20 +

-22 4

-24 4

-26 +

-28 4

-30 4+

........ eeeeeq.. RO22101

P92-2, S1, Salinity

I | I | I I | | |
45 40 35 30 25 20 15 10 5
Distance offshore (km)

Figure 42. Vertical distribution of salinity (psu) in the S1 line during the October 1993

P922130 P922140 P922141 P922142

2 4

-4 4

Depth (m)

-18 +

observations. Note the relative absence of low salinity water near the coast at this
section upward of the Atchafalaya River outflow in a period of low river discharge.

P92-2, S3, Salinity

[ I | I
55 50 45 40 35 30 25 20
Distance offshore (km)

Figure 43. Vertical distribution of salinity (psu) on the S3 line during the October 1993

observations.

49



P922201 P922200 P822199 P922198 P922197 P922196 P922185 Po22194

Depth (m)

-10 +

<14 4 .
P92-2, S6, Salinity

[ | l |
50 45 40 35 30 25 20 15 10
Distance offshore (km)

Figure 44. Vertical distribution of salinity (psu) on the S6 line during the October 1993
observations. Note intense vertical mixing producing vertically homogeneous
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P822211 Pe22212 P922213 P922214
2....\3....... ( ....... ORI
2 4 X |
44 3 AN i
8 4
3
-8
E
§ 10y
-12 +
-14 §
-16 4
P92-2, S8, Salinity
I I | !
20 15 Distance offshore (km) 10 5
Figure 45. Vertical distribution of salinity (psu) on the S8 line during the October 1993
observations.

50



30.4 1 Corrected, P92-2, ADCP 5m, 4km

302 + C

300 +
29.8 ¢
29.6 +
294 +
292 +

290 +

L atitude

288 +

28.6 A

284 +

282 +

278 +

27.6 ¢ Scale = 50 cis _

! l ! | ! | | il ] | l !
T i T T T T T i T I I T
-950 -946 -942 938 934 930 -926 922 -91.8 -914 910 906

Longitude

Figure 46. ADCP velocity field at the 5 m level over the entire cruise observation domain during
the October 1992 observations. ADCP data points are 4 km averages.
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observations. Note the premier downcoast jet and the upcoast flow in the high salinity
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Figure 48. Alongshore speed components from the ADCP just west of Sabine Pass on S6 during
the October 1992 observations.
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Figure 49. Alongshore speed components from the ADCP off central Texas on S8 during the
October 1992 observations. Note the axis of the downcoast jet has moved onshore to
within 12 km of the coast in this region.
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Down-current in the western Louisiana region the velocity section at S6 (Figure 48),
however, clearly shows the downcoast flow is dominated by a jet with a cross-shore length scale
of 25 km. The jet is confined to the coastal plume water of salinity less than 32 psu and its outer
edge appears to be controlled by the collapse of the intense lateral salinity gradient (Figure 44) as
expected from thermal wind dynamics.

As pointed out above in the far field region of central Texas, the plume has contracted after
narrowing abruptly between Sabine and Galveston. At Section S8 (Figure 49), we document the
downcoast flow in the far field coastal plume for the first time; upcoast wind events have
dominated in the region in the two spring observations discussed earlier. Our observations extend
out only 20 km from the coast, but they clearly resolve a high speed (40 to 50 cm/sec) surface
intensified jet. This jet occupies the entire water column over most of the section but is centered
only 10 to 15 km offshore coincident with the maximum lateral salinity gradient (Figure 45). At
the seaward limit of our observation speeds remain substantial downcoast.

d. Circulation Pattern from SCULP Drifters

Our two spring observations of the downcoast plume regime occurred in April 1993 and
1994, as discussed above. The intensive sampling of the spring downcoast regime by the SCULP
surface drifter program did not occur until 1994. Accordingly, in Figure 50 we present for
comparison the drifter velocity vectors from all drifters in the domain of the coastal plume in April
1994. The basic flow pattern that emerges is in substantial agreement with our hydrographic and
ADCP observations. A wide comparatively slow downcoast flow that characterizes the coastal
plume off western Louisiana contracts into a high speed jet tightly trapped to the coast as it transits
southwestward and south along the Texas coast to the Mexican border. Intermittent wind events in
opposition to the downcoast flow that appears as a major disruption in the ADCP data are
suppressed in the drifter data as their velocities are calculated from daily average positions only.

F. Observations of the Coastal Plume during the Summer Upcoast Flow Regime

Observations of the regime that develops in the coastal plume region under summer wind
forcing were conducted in July 1993 and July 1994. The July 1994 observations discussed first
were especially insightful as the SCULP drifter program deployed a suite of drifters along our
standard cruise track. The spatial variability of their trajectories proved a key in unlocking our
understanding of the summer flow regime on the inner shelf.

1. Summer Upcoast Regime, 1994
a. Winds

Wind conditions prior to and during the July 12-17, 1994 observation interval were the
usual summer pattern of weak and variable southeasterlies off Louisiana and strong south-
southeasterlies off central and south Texas. The daily averaged wind stress diagram (Figure 51)
shows a strong convergence in the along-coast wind field. Upcoast forcing from south Texas
converged toward a zone of negligible stress along the Louisiana coast. The Atchafalaya River
discharge was down to ~2500 m3/sec, the lowest value for our S observations of the coastal plume
(Figure 4). It is clear from the C/K synthesis, the wind stresses, the monthly current vector maps
(Figure 6), and the summer drifter velocity maps (Figure 7b), that we can expect a general upcoast
flow across the shelf in July. Details of the temporal and spatial variability of this upcoast flow
across the inner shelf, the region occupied by the coastal plume for the 8- to 9 month-long winter
downcoast regime, however, remain unknown. We will discuss the summer regime velocity and
salinity fields from west to east since the movement of the coastal plume waters are expected to be
in that direction.
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Figure 50. Daily averaged velocity vectors from SCULP drifters during the 1994 downcoast flow
regime in April 1994. Three CMAN stations and the Brownsville NWS are identified
with solid dots.
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Figure 51. Daily averaged alongshore wind stress from four coastal stations prior to and during
the cruise observations of July 1994. Upcoast wind stresses are shaded, illustrating
their dominance from Brownsville north to Sabine Pass (SRST2). Wind stress off
central Louisiana appears downcoast but relatively very weak.
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Figure 52. Near-surface salinity field (psu) observed during coastal plume cruise of July 12-17,
1994.
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b. Salinity Fields

Our observations, which extended west to line X1, showed the near-surface salinity field
(Figure 52) to be markedly different than observed during the winter regime. High salinities of 33
psu appear along the coast as far north as Galveston and 35 psu north of Corpus Christi, indicating
northward advection of relatively unmixed Gulf of Mexico water from the Mexican border region.
The 28 and 30 psu contours leave the coast between Galveston and Sabine Lake and trend
southeastward, suggesting the possibility of a flow of the high salinity waters in that direction. An
inshore band of low salinity (12-20 psu) outflow from the Atchafalaya River extends westward
along the coast from the Atchafalaya Bay mouth to a point 40 km west of Sabine Pass, suggesting
the Atchafalaya River outflow plume water is, to the contrary, advected westerly in a narrow layer
tightly confined to the coast. An intermediate zone, referred to here as the mixing zone, about 40
km in width of 20 to 30 psu water, extends eastward between these two high and low salinity end
members. The vertical sections at X1 and S8, for example, (not shown) are occupied by a quasi-
homogeneous high salinity water mass with salinities between 35-36 psu. The section at S7 (not
shown) is also lacking in vertical or horizontal structure but salinities have reduced to 34 psu as the
Atchafalaya source region is approached. Only at S6 does the observation section finally cut into
the intermediate 20 to 30 psu zone at about 30 km from the coast.

Section S5 further eastward along the path of the eastward moving high salinity water
depicts (Figure 53) the internal structure of the high salinity outer zone of 30 to 33 psu and the
intense lateral salinity gradients characteristic of the mixing zone. Section SS$ is especially valuable
as it cuts through all three zones. The low salinity zone <20 psu, confined to within 20 km of the
coast, is seen to be a shallow (5 m thick) buoyant plume. The intermediate or mixing zone (20-30
psu) is about 20 km wide and grades seaward to the broad high salinity, weakly stratified zone of
presumed upcoast flow.

Section S3 (Figure 54), 300 km further eastward of S5 and at the western of the
Atchafalaya Bay freshwater source, shows the mixing zone of 20 to 30 psu water that occupies
most of the section from 25-75 km offshore down to a depth of 13 m. Here, the mixing zone
water is underlain by the high salinity water 30-35 psu that filled almost the entire inner shelf of
Texas. Only within 25 km of the coast do we encounter the intense lateral salinity gradients of the
low salinity Atchafalaya River outflow water.

Our farthest eastward section during this summer upcoast flow season is at S1 (Figure 55).
This entire section down to the 14 m level is filled with water from 23 psu to 34 psu. Isohalines in
this upper layer are relatively level (except at the seaward limit of the section) reflecting the
expected offshore Ekman transport in an upcoast moving upper layer. The upper buoyant layer
overlays a quasi-homogeneous high salinity (34 to 36 psu) lower layer that encroaches landward to
within 10 km of the shoreline. The section at S1 appears markedly different than the more
westerly sections. It shows a wide flat layer of buoyant water about 15 m in thickness that
apparently extends well over 80 km from the coast. This upper buoyant layer has steep vertical
salinity gradients resulting from weak mixing by the light summer winds. It is floating above
another thick layer essentially of undiluted (35 to 36 psu) Gulf of Mexico water, which can be
traced back westward underneath all our sections until the 35 psu surface outcrops at S8.

We interpret this zone of intermediate salinity water to be composed of "old" coastal plume
water that had been previously advected downcoast prior to the onset of the summer regime current
reversal. It is squeezed between the upcoast-moving high salinity Gulf of Mexico water and the
bubble of recent low salinity Atchafalaya River outflow itself trapped against the coast. We next
investi gatef the velocity structure of this strikingly different summer hydrographic regime on the
inner shelf.
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Figure 53. Vertical section of salinity (psu) along line S5 (July 1994 observations). This section
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cuts through three zones: (a) the band of high salinity water returning upcoast in the
summer, (b) the intermediate or mixing zone of salinities 20-30 psu; and, (c) the low
salinity (<20 psu) Atchafalaya outflow being advected westward along the coast.
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Figure 54. Vertical section of salinity (psu) along line S3 (from July 1994 observations) showing

the mixing zone water and the inshore zone of low salinity Atchafalaya outflow water.

Note the mixing zone water (20-30 psu) is underlain by relatively undiluted Gulf of
Mexico water.
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Figure 56. ADCP velocity field at the 4.5 m level in the western Louisiana region of the coastal

plume during the July 1994 observations. Data points are 4 km averages.
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c¢. Summer Regime Velocity Structure

Because of the steadiness of the summer wind field we might expect a correspondingly
steady and highly coherent current field. Instead, we observe considerable variability in the
upcoast current regime, especially in the western and central sectors. Figure 56 shows the ADCP
velocities at the 4.5 m depth level in the region covering S4 through S6. The approximate
locations of the 20 and 30 psu isohalines that delineate the three salinity zones discussed above are
added for reference. Seaward of the 30 psu contour a general upcoast (eastward) flow, albeit with
a significant meander along T7, is evident. The limited data, in the shallow water shoreward of the
20 psu isohaline shows a 20 to 40 cm/sec downcoast flow in this westward extension of the
Atchafalaya River outflow plume. In the broad intermediate zone between these two end members
(see especially along S5) a series-of flow reversals suggestive of a cellular structure with no clear
mean flow direction is evident. A vertical section along S5 (Figure 57) confirms that this is not
merely surface structure but three dimensional mixing elements that have vertical scales on the
order of the water depth (10-20 m) and cross-shore scales of 10 to 15 km. Similar features are
present in the vertical sections along S4 (not shown) 85 km to the east. Thus, the intermediate
salinity zone of at least ~100 km alongshore extent, sampled by sections S4 to S5, appears to be a
region of weak net circulation but populated with numerous small scale mixing structures of 15
cm/sec amplitude that extend over the entire water column.

In the eastern region the flow field appears fundamentally different. From S1 to S3 (Figure
58), the flow is far more coherent, especially east of line S2B. Even though containing
intermediate salinity water (Figure 52), a distinct upcoast jet extends from S2B to S1. The vertical
section through S1 (Figure 59) shows this well-defined jet has a vertical scale of 12 m and extends
about 75 km offshore in close accord with the low salinity stratified upper layer seen in Figure 56.
This upcoast, strongly baroclinic flow appears highly unstable and prone to meanders. Note the
strong onshore flow at S3 in Figure 58, which is carrying this same intermediate salinity water. A
vertical section through S3 (Figure 60) shows the cross-shore component of the speed has the
same characteristics as seen at S1: a 12 m vertical extent and a maximum speed near 30 cm/sec. It
appears likely based on the velocity vectors, interpolated stream lines, and water properties that this
onshore baroclinic jet is executing, a dramatic clockwise turn to continue eastward in continuity
with the jets observed in the four sections from S2B to S1 as sketched in Figure 58.

d. Insights from a Special Drifter Experiment

On July 13, on the second day of our observations of the 1994 summer plume regime, the
SCULP program deployed Argos surface layer drifters along our cruise track. The trajectories
from the four to six times per day fixes (de-spiked but not daily averaged) are presented in Figure
61. The 20 and 30 psu isohalines demarcating the three salinity zones discussed above are shown
for comparison. Note the three distinct flow regimes within each salinity zone described by the
drifters. (1) The outer high salinity zone is a strong upcoast flow along the central Texas coast,
which turns offshore to flow eastward along the outer edge of the intermediate salinity zone near
28° 30" N and then turns northeastward toward the Louisiana coast east of 91° 5'W. (2) In the
intermediate salinity zone where the ADCP sections (Figure 57), show the small scale cellular
structure in the velocity field the drifter describes an unorganized "turbulent” mixing pattern with
no obvious net flow direction. (3) Drifters deployed in the low salinity zone near the coast move
rapidly westward in agreement with both the displacement of low salinity from the Atchafalaya
River outflow and the near-coastal ADCP vectors in Figure 56.

Additionally, we plot in Figure 62 the daily averaged drifter velocity vectors for July 14
when the ship was observing along S2 to S4. July 15 gives an essentially identical plot. These
two independent realizations of the flow field compare quite favorably with the flow pattern
deduced from the salinity field and the ADCP velocity field, namely (a) coherent eastward flow of
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Figure 57. Vertical section along S5 of the longshore component of the ADCP velocities. Note
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Figure 58. ADCP velocity field at the 4.5 m level in the central Louisiana region east of the
Atchafalaya River source region during the July 1994 observations. Streamlines are
sketched in based on salinity values and velocity vectors.
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. Alongshore speed components (positive eastward) on line S1 from the ADCP during
the July 1994 observations of the coastal plume. Note the high speed jet in the highly
stratified upper layer overlaying a quasi-stagnant high salinity lower layer.
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Figure 60. Cross-shore speed components on line S3 during the July 1994 observation of the

coastal plume. Note the strong onshore flow in the buoyant upper layer.
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Trajectories ot‘lnear surface drifters; July 12-17 1994
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Figure 61. SCULP drifter tracks July 12-17 during the shipboard observations of the coastal
plume in July 1994. Note the three distinct flow zones discussed in the text. The
open circle indicates the initial position of the drifter.
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Figure 62. Velocity vectors from SCULP drifters on July 14 during the summer July 1994 coastal
plume observations.
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high salinity water in the outer zone; (b) an interior zone of slow disorganized flow intermediate
salinity water; and, (c) a near-coastal energetic westward flow of Atchafalaya outflow water.

Our interpretation is in general agreement with C/K in that in summer the high salinity
water pushing upcoast from the south Texas-Mexico border region plows the relict coastal plume
water before it resulting in a layer of brackish water spreading out over the shelf. Our more
detailed observations, however, show that there is a zone of intermediate salinity (a mixed zone),
of relict coastal plume water that had been pushed back upcoast and is now being squeezed
between the piston-like upcoast movement of the high salinity water on the one side (the hammer)
and the coast and the new Atchafalaya outflow plume water that moves westward hugging the
coast on the other side (the anvil).

2. A Second Look at the Summer Flow Regime: July 1993

In mid-July 1993, the coastal wind field from Brownsville to the Mississippi Delta shows
the expected pattern of strong-south-southeasterlies along the Texas coast and weak variable winds
off Louisiana. similar to the July 1994 winds shown in Figure 50. This wind pattern results in a
persistent net upcoast wind stress on the coastal waters since mid-June. The alongshore wind
stresses prior to and during our July 13-19, 1993 observations are shown in Figure 63.

a. Salinity

During this summer of the record high flood year of 1993, our observations of the salinity
distribution of the coastal plume on the inner shelf are qualitatively similar to that of July 1994.
Figure 64 shows that 32 to 34 psu water outcrops on the surface just southwest of Galveston and
the curvature of the contours (see e.g., the 26 psu isohaline along S5) again indicate an upcoast
intrusion of these high salinity waters onto the Louisiana shelf. These waters again converge with
the low salinity outflow from the Atchafalaya River in a massive frontal zone that extends
alongshore for over 175 km from near Sabine Pass to the east end of Atchafalaya Bay. The
salinity increases rapidly east of Atchafalaya Bay as the Atchafalaya plume water is mixed with
ambient shelf water.

b. Vertical Sections

Vertical sections at S7 and S8 (not shown) in the high salinity return flow zone are
essentially homogeneous in salinity. Vertical sections at S5 and S6, however, cut through the
large volume of intermediate salinity water that has been driven northward up the coast by the
advance of the high salinity water mass from south Texas as documented by the current meter data
(Figure 6). Figure 65, for example, shows the vertical homogeneous high salinity water mass
occupying the outer 15 km of section S6. A broad interior region from 25-60 km offshore is
vertically and laterally homogeneous, filled with water of 28 psu salinity. A thin band of lower
salinity water of 24-28 psu hugs the coast. These zones are consistent with those observed in S5
in the July 1994 (Figure 53) albeit the absolute values of salinity are higher in 1994, as expected.

At section S3 (Figure 66), at the western end of the Atchafalaya Bay mouth, the salinity
structure is markedly different than S6. A surface layer of low salinity water extends across the
entire section down to a depth of 10m. Salinities of only 4 to 15 psu at the inshore end mark the
input of the Atchafalaya River outflow. A distinct and intense halocline zone 4 to 5 m thick slopes
upward toward the coast. This feature is underlain by a wedge of homogeneous high salinity
water encroaching up the slope under the halocline zone. At the eastern limit of our sampling
domain at S1 (Figure 67), 150 km to the east, the surface layer appears consistent with 83 but
thinned to about 6 m. The halocline zone and the deep high salinity bottom layer also persist. In
fact, the five sections from S3 to S1 exhibit the coherent salinity structure illustrated at S3 and S1.
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Figure 63. Daily averaged alongshore wind stresses from four coastal stations prior to and during
the cruise observations of July 1993. Upcoast wind stresses are shaded.
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Figure 64. Near-surface salinity field (psu) observed during coastal plume cruise of July 13-19,
1993. Note the upcoast intrusion of high salinity water from south Texas onto the

Louisiana shelf.
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Figure 65. Vertical distribution of salinity (psu) on the S6 line during the July 1993 observations.
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Figure 66. Vertical distributions of salinity on the S3 line during the July 1993 observations.
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Vertical distribution of salinity (psu) on the S1 line during the July 1993 observations.
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c. Velocity Field from ADCP Observations

Despite its extreme complexity we present the entire seven days of ADCP observations in
one overview (Figure 68). Winds are extremely steady before and during the cruise and unlike the
winter regime cruises, are not the cause of the alongshore and cross-shore variability observed in
the current field. The observational domain is covered with a huge volume of buoyant water from
the historic flood of the Mississippi river system in 1993. As a result erratic motions at a variety of
scales appear to dominate nearly the entire domain. Even in the homogeneous high salinity upcoast
flow at the west end of the domain, a short wavelength feature exhibits clockwise rotation and
strong onshore flow between S7 and S8. Continuing east a vertical section through S6 (Figure 69)
shows the banded structure associated with the intermediate salinity mixing zone and erratic drifter
movements during the summer 1994 observations (Figure 57).

Sections S5, T7, and S4 (Figure 68) appear to be involved in a circular circulation feature
with a current speed scale of 40 cm/sec and a cross-show and along-shore length scales of at least
50 km. While supporting data is limited, we suspect this is the result of an inertial oscillation set
up by the impact of a major thunderstorm system.

At the eastern end of the domain a zone of coherent eastward flow emerges, as it did in the
July 1994 observations, from the chaotic flows characteristic of the central region. From the south
half of S3 eastward through S1, a dominant eastward flow extends throughout most of the surface
layer. AtS1 (Figure 70) the surface layer exits the domain carrying water of 26 to 30 psu
eastward. Note this patch of organized flow at the east end of our domain is consistent with the
summer season drifter velocity map (Figure 7b). Study of the vertical sections indicate, however,
that this seemingly coherent pattern is composed of a complex maze of subsurface and surface jets
whose continuity and evolution remains quite unclear.

d. Pre-SCULP Drifter Data

The full array SCULP drifter deployments did not begin until after our July 1993
observations of the summer upcoast regime. However, a pilot deployment of six to eight drifters
was deployed off western Louisiana centered at about 29° N, 93° W, in early June of that year.
After two weeks of sluggish movements in this transition season, the strong northeasterly winds
of tropical storm Arlene (June 20-22) drove these drifters rapidly down the Texas coast as far
south as 27° N. After an additional week of lying essentially stagnant, the summer regime wind
field became fully established and these drifters began their upcoast trajectory from south and
central Texas into Louisiana. Figure 71 shows the daily average velocity of six pre-SCULP
drifters as they move upcoast from June 29 to July 19, two days after the end of our cruise
observations. Evident in this figure are (1) the continuity of the general upcoast flow in the near-
coastal region from south Texas to central Louisiana; (2) a zone of high current speeds (50 to 60
cm/sec) nearest the coast extending from south of Galveston Bay to Sabine Pass; and, (3) weak
variable currents along the Louisiana coast. The inset in Figure 71 shows the daily drifter
velocities, captured only the interval of our July cruise (cf. Figure 66). The (a) eddy-like motion at
30-km length scale southeast of Galveston and (b) the weak incoherent motion (stagnation zone) in
the shallow water south of Marsh Island are consistent with the highly variable ADCP flow field of
Figure 68.
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G. Freshwater Content

The most significant identifying feature of the coastal plume is, of course, the reduced
salinity caused by the injection of fresh water from the Mississippi and Atchafalaya Rivers. The
freshwater fraction of any volume of sea water is defined as F = (Sb-S)/Sb, where Sb is a baseline
salinity and S is the temporal and spatially dependent salinity measured at each CTD station. Thus,
the measured salinity profile can be turned into an equivalent height of fresh water (the reduced
freshwater volume Vg) at each CTD station allowing the absolute freshwater distribution to be
mapped.

Dinnel and Wiseman (1986), using a relatively coarse shelf-wide data set, identified an
annual cycle to the freshwater volume stored on the west Louisiana-Texas shelf. In their data, an
annual maximum occurred about a month after peak spring river discharge and a minimum shelf-
wide volume occurred just prior to the spring flood. Additionally, they found in the spring
discharge season that the highest concentration was contained in a narrow band along the inner
shelf, i.e., the coastal plume. In winter, when freshwater content is lowest there is also a
maximum in a band along the coast. In summer they found that the freshwater maximum moved
offshore to mid-shelf in accord with the upcoast summer flow regime with its surface Ekman layer
directed offshore as discussed in C/K.

Etter (1996) also presents freshwater distribution maps from the ten shelf-wide LATEX A
hydrographic cruises. While of far greater detail than the data set available to Wiseman and Dinnel
(1988), the general pattern of the freshwater distribution remains consistent. In May 1993 and
May 1994, the highest freshwater content on the shelf occurs in a narrow band along the inner
shelf especially along the Texas shelf west of Sabine Pass where values of Vg exceeds S m. In the
summer observation of August 1993 and August 1994 values of Vy are less than 1 m along the
central Texas coast, and the highest values are on the mid-outer shelf of Louisiana. These results
are, of course, consistent with the spring downcoast flow regime where the broad downcoast flow
on the Louisiana inner shelf collapses into a much narrower coastal jet (Figure 7a) along the central
Texas coast. The summer upcoast flow regime reduces the fresh water concentration along the
Texas coast and deflects the accumulation of fresh water out onto the mid-shelf. Etter (1996)
shows that in November of 1993 and 1994 the downcoast flow regime has re-established the high
fresh water band (V¢ ~ 3-4 m) along the central Texas coast.

The freshwater distribution from our five observations of the inner shelf are shown in
Figures 72a through 72e. Our two April observations of the coastal plume (Figure 72 a, b) at the
end of the long downcoast flow regime season show the expected high values of 2 to 3 m of fresh
water along the Louisiana shelf and even higher valued of 3 to 4 m along the central Texas coast.
Near the onset of the 1992-1993 downcoast coastal flow season, our October 1992 observation
(Figure 72c¢) during a low freshwater discharge year shows the Louisiana inner shelf covered with
2 to 3 m of water with the mound exceeding 3 m just west of the Atchafalaya Bay mouth. Values
decrease to 2 m along the upper Texas coast. Unfortunately the LATEX A cruise of November
1992 only sampled as far west as our S6 line, just west of Sabine Pass. The patterns, however,
are similar and provide some evidence that the 3 m mound of fresh water we observed west of
Atchafalaya Bay had translated to the region off Sabine Pass in the 30 days between cruises, a
translation speed of 5 km/day, consistent with our section averaged speeds of 5 cm/sec at section
S5 and 12 cm/sec at S6. Transports and cross-sectionally averaged speeds are discussed in the
next section.
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Figure 72. Freshwater distribution (m) for the cruise observations of (a) April 1992; (b) April

1993; (c) October 1992; (d) July 1993, and (e) July 1994.
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The freshwater distribution mapped during our two mid-summer observations of July 1993
and July 1994 are shown in Figures 72d and 72¢. During the great flood year of 1993 we
observed (Figure 72d) as much as 5 m of fresh water along the offshore boundary of our
observations south of Atchafalaya Bay with the contours indicating an extension of this high
freshwater concentration to the east. The piston-like advance of the low freshwater content from
south Texas is clearly reflected in the presence and orientation of the 1 m and 2 m contours south
of Galveston.

In the summer of 1994 (July), with much less fresh water on the shelf, the highest
freshwater content (3.5-4 m) is again on the outer edge of our observational domain and extending
eastward (Figure 72e). There is a secondary high of 3.5-4 m of fresh water accumulated in front
of the Atchafalaya Bay and displaced westward in the shallow waters along the coast. The upcoast
intrusion of south Texas water of very low fresh water content is again present southwest of
Galveston. These distributions of fresh water accumulations are all consistent with (a) the models
of the downcoast flow regime in fall, winter, and spring, where the freshest water tends to
concentrate in a narrow band along the coast and (b) the model of the upcoast flow regime in
summer where the flow reversal deflects the relict coastal plume water offshore to form a
concentration of fresh water at mid-shelf and a secondary high where the recent Atchafalaya River
outflow plume is trapped against the coast west of outflow mouth.

In addition to the distribution of fresh water another important environmental parameter in
the region occupied by the coastal plume is the flushing time, the time necessary to replace the
amount of fresh water present in the volume of sea water under consideration. We will estimate
flushing time T(t) for the inner shelf-coastal plume region using the standard relation

V() = I R dt
t-T(t)

where V(t) is the volume of fresh water in our standard inner shelf grid, and R is river discharge .
Dinnel and Wiseman (1986) studied the water balance on the entire Louisiana-Texas shelf, a
surface area six times larger than our standard grid, which necessitated including precipitation and
evaporation effects. The total amount of fresh water stored in the domain of each cruise is given in
Table 4. Freshwater content is given in this table both for the entire domain for each cruise and for
a standard domain i.e., that of Cruise II, October 1992. Using these standard volumes we
determined an upper bound for the flushing time T(t) by using the Atchafalaya River discharge
alone, and then estimated a mid-range value by integrating Atchafalaya River plus 25% of the
Mississippi River at Tarbert Landing for the freshwater input rate R. The 25% value is a rough
estimate based on Dinnel and Wiseman's (1986) convention that 50% of the Mississippi River
discharge to the delta ends up on the western shelf combined with Walker's (1996a) estimate that
the anticyclonic eddy that brings Mississippi River outflow into the coast in the Louisiana Bight
occurs about half the time.

We can deduce several important conclusions from these statistics. (1) Except for the
anomalously high values of July 1993, caused by the extreme flood of that year, the freshwater
content of the (standard area) coastal plume falls in a relatively narrow band of 52-66 km3 of fresh
water with little relation to the annual flood cycle. (2) As the volume of the standard grid is 323
km3, we note that the coastal plume is typically composed of 20% fresh water, which corresponds
to a nominal average salinity of 29 psu. (3) The interannual variability in the Mississippi-
Atchafalaya River flood cycle appears to exert far more control on the freshwater content of the
coastal plume than the seasonal cycle of river discharge.
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Table 4. Freshwater volume and flushing time.

Total Observed Surface Area  Standard Surface Area (10°km?)  Flushing Time
FW Content Area FW Content  Standard Grid Days
km3  10% km? km3 103 km?

Cruise |, April 1992 73.7 28.7 56.5 23.2 75-120
Cruise ll, October 1992 5§2.0 23.2 52.0 23.2 79-128
Cruise lll, April 1993 100.5 35.2 66.4 23.2 50-87
Cruise IV, July 1993 116.1 33.6 83.0 23.2 59-83
Cruise V, July 1994 86.7 354 61.3 23.2 62-87

The resulting range of flushing times for our inner shelf standard volume are plotted against
the average combined discharge for the 30 days prior to each cruise in Figure 73. This plot
indicates that flushing time for the coastal plume water on the inner self appears to be in the range
of 2-3 months regardless of the strength of river discharge. The seasonal dominance of either
upcoast or downcoast wind forcing likewise shows little control on the flushing time. This value
for the inner shelf-coastal plume region is in contrast to the § to 12 months noted by Dinnel and
Wiseman (1986) for the entire west Louisiana-Texas shelf. It appears that the high rate of
advection in the coastal plume in both spring and summer regimes act to flush the inner shelf
waters much more effectively than the entire shelf is flushed by larger scale processes.

H. Transport along the Coastal Plume

One of our objectives was to determine the volume flux in the current that advects the
coastal plume along the shore. In Figures 74a-e, the volume flux determined from the ADCP
measurements is presented section by section from east to west for each cruise. Because of the
strong temporal and spatial variability in the transport resolved by the ADCP our purpose is not to
seek closure in a volume balance but to establish a range of transport under different seasonal
forcing. Our observations show that the coastal plume water of lowered salinity generally does not
extend below the 15 m depth level so we determine the transport by integrating the alongshore
current speed over the ADCP field in each section down to the 15 m level. As section are of
slightly variable length, we list the cross-sectional area A and the sectionally averaged speed T/A in
Table 5. No attempt has been made to weight the transport with cross-sectional area. The average
fresh water content in each section f (also listed in Table 5) is used to calculate the instantaneous
fresh water flux (Tf) at each section as shown in Figure 74.

We may obtain a coarse but useful estimate of the transport in the coastal plume by
averaging over all (or several) coastal normal transport sections. The spatial and temporal
distribution of the samples (sections) yield a nominal average over a six to seven day-long weather
window and source, downstream and far-field conditions.

1. Downcoast Flow Regime (Spring)

The observation of the transport in April 1992 (Figure 74) naturally breaks into the two
regimes: (1) the downcoast flows observed at S2-S6 interrupted intermittently by the
northwesterly wind events associated with frontal passage winds , and (2) the upcoast flows
observed at S7-X3 driven by the five-day long southeasterly wind event in central and south

Texas. Averaging all the downcoast flow sections together gives a transport estimate of 70 x 103
m3/sec while the upcoast flow sections averaged 68 x 103 m3/sec. Table 5 and Figure 74 indicate
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Figure 73. Range of flushing times of standard volume sample of coastal plume plotted against
30-day average discharge prior to each cruise composed of the Atchafalaya River plus
25% of the Mississippi discharge at Tarbert Landing.
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Cruise |, April 199

Cruise ll, October 1992

Cruise lll, April 1993

Cruise IV, July 1993

Cruise Vi, July 1994

Table 5. Sectionally averaged speed for each cruise.

Tran:sport
Transect m/sec

S1

S2 -152,660
S3 -40,819
S4 -1,709
S5 -46,463
S6 -109,960
s7 56,565
S8 9,037
X1 67,113
X2 96,095
X3 110,068
s1 -64,778
s1b -108,703
s2 -78,710
s2b -49,862
s3 -17,241
s3b 10,829
s4 -71,182
s4b -51,790
sb -36,301
s5b -63,343
s6 -63,811
s7 -27,508
s8 -32,001
s1 -113,200
s2 -21,226
s3 91,209
s4 37,995
s5 71,218
s6 130,431
s7 29,972
s8 12,873
x1 51,409
x2 115,828
St 150,183
S2 119,327
S2b 309,582
S3 87,993
S3b 25,491
S4 -70,169
S5 230,820
Sé 64,137
S7 29,690
S8 10,301
S1 57,607
82 170,718
S2b 190,388
S3 21,565
S3b 75,114
S4 -142,153
S5 78,111
Sé 45,937
S7 15,559
S8 -28,873

77

Area
2
m.

540,000
" 476,000
562,000
712,000
524,000
268,000
272,000
328,000
288,000
348,000

632,000
560,000
488,000
488,000
452,000
388,000
568,000
576,000
668,000
460,000
520,000
268,000
292,000

924,000
744,000
664,000
696,000
824,000
724,000
468,000
460,000
476,000
488,000

1,048,000
872,000
776,000
576,000
364,000
888,000

1,088,000
856,000
460,000
412,000

1,032,000
856,000
728,000
640,000
440,000

1,000,000

1,116,000
848,000
452,000
460,000

f

0.15
0.23
0.28
0.24
0.23
0.26
0.31
0.29
0.20
0.24
0.22

0.13
0.14
0.16
0.21
0.26
0.25
0.21

0.18
0.17
0.15
0.15

0.18
0.22
0.39

T/A
Tran/Area

Tf

c/sec  10'mYsec

-28
-9
0
-7
-21
21
3
20
33
32

-10
-19
-16
-10
-4
3
13
-9
-5
-14
12
-10
-11

-12
-3
14
5

9
18
6

3
11
24

-35.1
-11.2
-0.4
-10.7
-28.6
-17.5
2.6
13.4
23.1
24.2

-8.4
-156.2
-12.6
-10.4

-4.5

2.7
-14.9

-11.4
-10.9
-4.1
-4.8
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Figure 74. Bar graphs of total transport and freshwater transport along the coastal plume.

Observation dates are (a) April 1992; (b) April 1993; (c) October 1992; (d) July 1994;
(e) July 1993. The shaded portion of each bar represents the component of fresh
water transport at that section
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that close to 25% of these transports are fresh water. This freshwater flux in the coastal plume of
about 17 x 103 m3/sec is reasonably close to the 30-day average combined river discharge (12.7 x
103 m3/sec) used in Figure 73.

The six days of the April 1993 observation period were paradoxically dominated by
upcoast winds despite occurring in the downcoast flow season. Eight out of the ten sections
showed upcoast transports (Figure 74b) as a result of persistent westerly winds arising from the
pattern of the synoptic scale atmospheric pressure cells transiting the area. The average of the
upcoast transport sections is 68 x 103 m3/sec of which 22% is fresh water. This 15.2 x 103
m3/sec of fresh water in flux in the coastal plume is only 20% less than the 30-day average
combined river discharge preceding the cruise observations.

The seven-day long October 1992 observation occurs during a period of extremely
persistent downcoast winds. Twelve of the thirteen sections (Figure 74c) accordingly display

downcoast transport with all sections averaging 52 x 103 m3/sec total transport with 16.5% of this
total or 8.6 x 103 m3/sec of fresh water in flux along the coast. The 30-day average combined

river discharge is 6 x 103 m3/sec (Figure 73), about a third smaller than the coastal fresh water
transport.

2. Upcoast Flow Regime (Summer)

The July 1994 cruise shows eight of ten sections with an upcoast transport (Figure 74d).
Averaging across all sections indicates a nominal upcoast transport of 48.4 x 10> m%sec. The

freshwater component of this flux is 10.6 x 103 m3/sec, about 30% higher than the 30-day average
combined river discharge.

The July 1993 observations of the coastal plume took place during a record high flood
year. All but one of our ten sections (Figure 74¢) show an upcoast transport. The average of all
sections of 95.7 x 103 m3/sec is the highest of our five seasonal observations and the
corresponding flux of 27.6 x 103 m3/sec of fresh water in the coastal plume regime is likewise by
far the highest of our five seasonal observations. It is nearly three times the coastal fresh water
flux we observed the following summer discussed above and nearly twice the 30-day average
combined river discharge prior to these cruise observations.

Despite our rather small sample of five integrated observations of the coastal plume, it is
notable that the "windy" months of April 1992 and 1993 have transports ~70 x 103 m3/sec in the
coastal plume, which decreases to 52 x 103 m3/sec during a "normal"” summer, i.e., July 1994.
During the summer of the 1993 great flood, the wind stresses are slightly smaller than in the
summer of 1994, yet the volume flux in the coastal plume doubles in magnitude. As of yet, we
have no dynamical explanation for this major difference in summer transport, but the role of large-
scale pressure gradients associated with the massive volume of fresh water on the shelf deserves
close scrutiny in this regard.

I. Transport, Wind Stress, and Dynamical Relations

1. Transport and Wind Stress

We will next address in more detail the relationship between the observed transport at each
section and the local wind stress. Consider a conventional coordinate system with positive y-

directed onshore and positive x-directed to the right of an observer looking onshore with u, v the
speed components in the X, y directions, respectively. The alongshore (or x direction) momentum
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balance can be written in terms of the Coriolis trm, the longshore surface slope and vertical eddy
friction in terms of the Coriolis term, the longshore surface slope and vertical eddy friction

0=fv- gaﬂ-la& (1)

neglecting the alongshore baroclinic pressure gradient and assuming duw/dt and the field
accelerations are relatively small. The terms m, 1, p, and f are sea surface elevation (positive up),
frictional stress, water density, and the Coriolis parameter, respectively. Integrating (1) over the
water depth h and taking

hJ.vdz=0

o
caused by the coastal constraint (1) becomes

— eoh M
0=-gph e (Tox - Tsx) 2

where Tpx and Txs are bottom stress and surface stress, respectively. Putting aside the alongshore
sea surface slope term for the moment, (2) becomes the so-called frictional balance

Tox = Tsx (3)
where T; is the local wind stress and T, can be parameterized with a depth mean speed u, and a
linear friction coefficient with dimensions of velocity

Tb=pIrUn 4)
as in Cochrane and Kelly (1986); Scott and Csanady (1976). Multiplying both sides of (4) by
h(y), the water depth, and integrating across the coastal current between the nearshore and the
offshore ends of the section, a distance L

L L
| )b dy=pr | ua@) h(y)dy=prT )
y=o y=o0

as the quantity in the integral on the right side of (5) is the transport T observed by the ADCP and

given in Table 5. Note that if T, the local wind stress, is approximately constant along the cross-
section, then the left side of (5) becomes

L
T ] h()dy=TxA ©)
y=o
where A is the cross-sectional area and T4 is the average alongshore wind stress across the
section. We can then rewrite (5) as

T_1%
A= )

to show the transport is linearly dependent on the alongshore wind stress in the frictional balance
model.

Now consider the surface slope term in (2), which, with an alongshore slope constant
across the section, becomes

d
gpg“ Y h(y)dy ~ gp SR’ L ®

where h is the average depth across a section.
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So a linear relationship between transport and wind stress will yield an estimate of the

frictional coefficient r, and any non-zero value of transport at Tsx = 0 would be related to the
longshore surface slope.

In Figure 75, we plot the transport/area against the alongshore component of the average
wind stress for each section for the three downcoast plume regime cruises, the "windy" months of
April and October 1993, and April 1994. The longshore component of the wind stress is
calculated from the ship board wind data as shown in Figures 9 and 39, taking the appropriate
component of T = Kp,W2, where K = 2.5 x 103, p, is air density and W is wind velocity.
Considering the nature of the data, the relation of Txs to transport is reasonably linear (correlation

coefficient = .67), which supports the linear friction law (4) as in Scott and Csanady (1976). The
slope of the best fit line indicates a linear resistance coefficient of 0.11 cm/sec similar to the 0.16
cm/sec of Scott and Csanady (1976), deduced from current meter data in the Long Island coastal
current and in the same range (0.1 to 0.01 cm/sec) as deduced from water level studies by Chuang
and Wiseman (1983).

The regression intercept value for a zero wind stress is 1.9 cm/sec, which, although
potentially related to the longshore surface slope by (8), is not significantly different from zero at
the 95% level. This suggests that other mechanisms, such as buoyancy forcing and longshore
surface slopes, are relatively unimportant compared to wind stress in the longshore dynamical
balance for the spring-winter downcoast regime.

Performing the same analysis on the section transports for the two summer upcoast regime
cruises yields an entirely different result (Figure 76). The sectional transports appear quite un-
related to local wind stress, even though 85% of the transport values are upcoast. Clearly some
other forcing mechanisms, such as the longshore pressure gradient or buoyancy forcing, become
important during the summer upcoast regime.

2. Multiple Coherence Analysis from Current Meter Data

To seek further insight into the dynamical relationships controlling currents in the domain
of the coastal plume, we studied multiple and partial coherence at three locations between long-
shore currents and forcing functions: (a) longshore wind stress; (b) cross-shore wind stress; (c)
longshore pressure gradient (sea level slope); and, (d) buoyancy forcing proxied by river discharge
as in Miinchow and Garvine (1993). Wind stresses are computed from CMAN station data (as
explained in the figure captions), sea level slopes from coastal water level gauge differences, and
buoyancy forcing is represented by Atchafalaya River discharges. Hourly data were used in all
analyses. Data gaps of several hours were filled by linear interpolation, and linear trends were
removed from all signals prior to analysis.

Specifications of the current meters closest to shore in the LATEX A current meter array
(whose data are employed in this analysis) are given in Table 6.

Table 6. Details of current meters.

Location Mooring Latitude Longitude Water Instrument Distance
No. N w Depth Depth Offshore
South Texas 1 27.26 97.25W 23m 11m 10 km
Central Texas 23 28.713 95.536 15m 9m 12 km
Central Louisiana 18 28.963 91.983 23 m 10 m 63 km
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DOWNCOAST REGIME - WIND STRESS vs. T/A
T/A=1.9338 + 9.6021 * WIND STRESS
Correlation: r= .67250

TRANSPORT / AREA

-2.5 1.5 -0.5 0.5 1.5 2.5
WIND STRESS

Figure 75. The average alongshore wind stress at each section plotted against the alongshore
transport through each section normalized by cross sectional area for the downcoast
(windy) regime cruises of April 1992, April 1993, and October 1992.

UPCOAST REGIME - WIND STRESS vs. T/A
T/A=8.8262 + 7.0980 * WIND STRESS
Correlation: r=1.7449
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Figure 76. The average alongshore wind stress at each section plotted against the alongshore

transport normalized by cross sectional area for the two summer regime cruises of July
1993 and July 1994.
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Data from inner shelf moorings 17 and 20 were also inspected but judged unsuitable because of
shortness of reliable record length for this type of analysis.

a. Downcoast Regime

(1) South Texas In Figure 77 we show partial and multiple coherence over the .05 to 0.5
cpd frequency band (2- to 20-day period band) between CM1 and longshore and cross-shore wind
stress, sea level slope and buoyancy forcing. For the winter-spring period of 1992-1993, 70 to
80% of the variance in the alongshore current speed is explained by the four forcing variables
considered. Note that maximum multiple coherence of 90% occurs in the middle of the weather
band at 0.2 cpd. Looking at individual partial coherences, we see that longshore wind stress
clearly accounts for the majority of the current variance. The cross-shore wind stress, the
longshore pressure gradient (S. Padre Island less Galveston water levels), and the buoyancy
forcing represented by the Atchafalaya River discharge all appear statistically unimportant in
accounting for variance in the longshore current.

(2) Central Texas Two hundred and thirty km further north at CM23, the coastal
orientation has rotated 45°. At this location, 70 to 80 % of the variance in the alongshore current is
explained by multiple coherence with the four forcing variables across the 0.05 to 0.5 cpd
frequency band (Figure 78). The pressure gradient parameterized by the Galveston-S. Padre
Island sea level differences clearly has the dominant partial coherence with the longshore current at
CM 23, accounting for 50 to 60% of the current variance. Longshore and cross-shore wind stress
appears equally important as secondary sources of fluctuations in the alongshore current here. The
importance of the buoyancy forcing remains insignificant at all frequencies.

(3) Central Louisiana At the CM18 site an eight-month long record covering the entire
period of the downcoast 1992-1993 regime from fall to winter to spring is examined. Despite the
long record, results (Figure 79) appear less organized than at the central and south Texas sites.
The multiple coherence of the four variables explain only about 50 to 70% of variance in the
longshore currents. There are only two frequency bands where partial correlations are clearly
significant. In the 4- to 6-day period band the partial coherencies of the longshore wind explains
about 40% of the variance in the current. In the intraseasonal band of 10- to 40-day periods, the
partial coherence of the cross-shore wind at 33% appears to account for most of the fluctuations in
the longshore current. Alongshore pressure gradient and, more surprisingly, buoyancy forcing
appear to play no significant role in the current fluctuations at CM18, despite being located south of
the Atchafalaya River mouth. '

b. Upcoast Regime

(1) South Texas Two periods of three-month duration, June through August, 1992 and
1993, were analyzed for multiple and partial coherence from CM1. While 70 to 80% of the current
fluctuations were accounted for by the multiple coherence with the four forcing variables,
significant partial coherence was shown only with the longshore sea surface slope in the 1993
summer in the period band 4- to 15-days (Figure 80). In contrast, during the winter downcoast
regime discussed above, the longshore wind stress showed stronger partial coherence with the
current over wider frequency bands. Note that at first we parameterized the sea surface slope
affecting CM1 with the sea level difference (Port Aransas-South Padre Island), which indicated no
influence at all of sea surface slope on the current. Extending the station separation, however, to
(Galveston-South Padre Island) identified a significant influence of sea surface slope on currents in
the 4- to 15-day band.
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Figure 77. Multiple coherence (dark line) and partial conference (symboled lined) for the period
December 1992 through April 1993 between longshore current at CM1 (south Texas) and
(a) longshore wind stress (open circle); (b) cross-shore wind stress (open square); (c) long-
shore pressure gradient (diamond); and (d) buoyancy forcing, i.e., at Atchafalaya River
discharge (open triangle). For CM1 Port Aransas wind is used and rotated 10° clockwise
from the north. Alongshore pressure gradient (diamond) is taken as demeaned Port
Aransas (PA) sea level less demeaned South Padre Island (SPI) sea level in Brazos-
Santiago Pass. Daily Atchafalaya River discharges were linearly interpolated. The lower
straight solid line is the 95% confidence level.
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Figure 78. Multiple coherence and partial coherence as in Figure 77 for longshore current at CM23
(central Texas) for the period September 1992 through April 1993. Wind stress com-
ponents are calculated from Port Aransas wind rotated 45° from true north. Alongshore
pressure gradient is demeaned Galveston (GAL) sea level less demeaned SPI sea level.
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Figure 79.
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Multiple coherence and partial coherence as in Figure 77 for longshore current at CM
18 (central Louisiana) for the period September 1992 through April 1993. Wind
stresses were computed from weighted average of Sabine Pass winds (2/3) and Grand
Isle winds (1/3). Alongshore pressure gradient is computed from water level
differences between Atchafalaya Bay (AB) and Sabine Pass (SP).
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Figure 80. Multiple and partial coherence for south Texas CM1 in upcoast flow season, June
through August 1992. Winds are the same as Figure 77 but pressure gradient is computed from
(GAL - SPI).
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(2) Central Texas At CM23, a very significant result for the summer upcoast regime
emerges. In Figure 81, we see that multiple coherence with the four variables accounts for 70 to
80% of current variance over the entire frequency band examined. However, the partial coherence
of the longshore sea level slope is clearly the dominant factor controlling current fluctuations in the
2- to 5-day period band. We know from Figure 76 (summer transport regression) that direct wind-
driving appeared relatively unimportant in summer in forcing the coastal current. Figure 81 now
suggests the longshore barotropic pressure gradient is a principal force in driving fluctuations of 2-
to 10-day periods in the longshore current off central Texas.

(3) Central Louisiana At site CM18 in the summer of 1992, the results of the multiple and
partial coherence analyses (Figure 82) are strikingly similar to the central Texas result. Seventy to
eighty percent of the energy in the currently fluctuations are accounted for by multiple coherence
with the four forcing variables. Inspection of the partial coherence of each of the four variables,
however, clearly identifies the longshore sea surface slope between the Atchafalaya coast and
Galveston as the dominant and highly significant driving force controlling these fluctuations in the
2- to 6-day period band.

In summary, multiple and partial coherence analyses of three inshore current meters in the
domain of the coastal plume have shown (a) that during the fall-winter-spring downcoast regime,
current fluctuations are controlled largely by the alongshore wind stress and secondarily off central
Texas by the longshore surface slope. During the summer upcoast flow regime the forcing of the
fluctuations observed in the current in south Texas is less clear but significantly associated with the
longshore surface slope and the wind stress components at various frequencies. However,
variance in the currents in central Texas and central Louisiana in summer is highly coherent with
sea level gradients. We may surmise that the strong southeasterly winds characteristic of south
Texas in summer are elevating the water level in the Texas coastal bend (i.e., between Port Aransas
and Galveston), which provides an eastward pressure gradient to drive fluctuations in the upcoast
flow off central and east Texas and the Louisiana coast.

3. A Wind-driven Model

We continue in more detail our examinations of the importance of the local wind stress on
controlling variability in the alongshore current using coincident current meters and wind
measurements at two locations. There is only one period at each of these locations of about 5
weeks duration when an S4 current meter located 3 m below the surface operated simultaneously
with a buoy-mounted anemometer at the top of the same mooring. One is on mooring 20, the
innermost LATEX A mooring, south of Sabine Lake (94° W) in March and April 1993, and the
other is at mooring 17, the innermost LATEX A mooring south of Atchafalaya Bay (92° W).
Lentz (1995) showed that, in the Amazon River plume, the variability in the along-plume current at
the days-to weeks time scale was clearly caused by wind forcing. We will use the same model
Lentz (1995) used to simulate the along-plume current fluctuation, i.e., the input of energy from
the wind into the surface layer plume is balanced by a linear drag force and the temporal
acceleration of the alongshore flow

Ouw | My _ Tsx
o ' h " poh ©

where uy, is the wind driven current within the plume, r is a drag coefficient, h is plume thickness,

Po is a reference density for the plume, and T4 is the surface wind stress. Taking a plume
thickness from our observations at these sections in the same month and calculating the wind
stress adjusted to a 10 m height (wind instrument height is 3.3 m) and using an air-sea drag

coefficient of 2.5 x 10-3 we solve (9) for uy, using Laplace transforms similar to Lentz (1995).
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Figure 81. Multiple and partial coherence for central Texas CM23 in upcoast flow season July
through August 1992. Wind stresses are computed the same as in Figure 78 but

pressure gradient is computed from (GAL - PA).
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Figure 82. Multiple and partial coherence for central Louisiana CM18. Wind stresses and water
levels are computed the same as in Figure 79.
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Figure 83a,b compares the current predicted by (9) for both the M17 and M20 moorings to
the 40-hour low pass currents from the S4 current meters. Both results provide convincing
evidence that major fluctuations of 2- to 7-day time scales, and 20 to 60 cm/sec range are directly
wind driven. Both correlation coefficients between the observed and predicted time series of the
along-plume currents (r = 0.82 at M17 and r = .77 at M20) are significant at the 95% level. The
simulation at M20 (Figure 83b) is the less impressive of the two; note the under-prediction of the
first major peak on March 26 and the over-prediction of the second major peak on April 2. M17 is
near the buoyancy source of the Atchafalaya River outflow and wind forcing of a buoyant surface
layer should be more effective there in March and April than at M20, 150 km downplume. The
longshore pressure gradient, absent from the successful balance of (9) in the 2-7 day period band,
is perhaps important for longer time scales.

These results reinforce our earlier conclusion about the dominance of wind forcing on the
coastal plume during the spring season of the downcoast flow regime.

4. Comparison to Model Results

At this point, it is instructive to briefly compare our observations of the downcoast regime
of the MACP to results from several numerical models prominent in the literature. Chao's (1987)
model of a river outflow plume and the coastal plume and current that arises downcoast from it
employed an idealized rectangular model basin with dimensions of 200 km alongshore and 111 km
cross-shore. The model basin was 30 m deep with a flat bottom. Although not clearly enumerated
in the paper, the light water input through the 20 km opening into the basin appears to be 6000

m3/sec, not unlike our low river discharge of the October 1992 observation. Despite its
simplification, especially its 30-m deep flat bottom, a number of general features reported in the
wind- driven buoyant plume model of Chao (1987) can be seen in our downcoast plume
observations. In the model results, the application to the buoyant plume of a 1 dyne/cm?
downwelling favorable wind stress narrows the coastal plume and accelerates the nearshore jet
from a few cm/sec up to 20 to 50 cm/sec as the plume narrows and deepens, which we observed in
many of our downcoast plume sections. The instabilities along the Chao coastal jet are not
observed (or resolved) in our data but are likely suppressed by our shallower bottoms. Our jet is
wider and shallower and further offshore than the Chao coastal jet (his Figure 10), but we do
observe the undercurrent seen in his Figure 10b in many of our sections.

For upwelling favorable winds, the model surface layer of lighter water does surface and
expand offshore. However, the well-developed upwelling event we observed at Section S4 and
T7 (Figures 35 and 36) in April 1993 with an upcoast wind-driven flow counter to the buoyancy-
driven current does not appear likely to reproduce in the Chao model (cf. his Figure 9c).

More recently, Kourafalou et al. (1996a,b) produced a considerably more sophisticated
model of the coastal plume that arises along the coast of the South Atlantic Bight from multiple
river discharges. Using a Blumberg-Mellor type model, experiments were first conducted using a
box model basin with dimensions 500 km alongshore and 200 km cross-shore and with a flat
bottom of h < 20 m and sloping bottoms where the outer depth could reach 100 m. One principal
result notes that the plume is "supercritical” if the initial offshore bulge (L) by the river mouth is
greater than the width of the coast current (Lc). A major characteristic of a supercritical plume is a
meandering coastal current, which was present in the box model results with river discharges
ranging from 800 to 3200 m3/sec. Reduction of depth to 10 m and then to 5 m produced a
subcritical plume, which more closely resembled our observational results on the shallow inner
shelf of Louisiana. In general, the offshore and alongshore extent of the Kourafalou model plumes
appear consistent with our observational results, suggesting the application of this modeling
approach to the MACP would be a highly desirable follow-up study.
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Figure 83. (a) Longshore currents observed at mooring 17, south of Atchafalaya Bay, in March-
April 1993 compared to prediction from equation (9); (b) currents are mooring 20
south of Sabine Pass compared to prediction from equation (9).
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Other results from this model consistent with our observations are that even a moderate
bottom slope produces an elongate and narrow plume. The evolution of the MACP from a wide,
sluggish plume off Louisiana to the narrow elongate plume we obsered along the realtively steep
Texas shelf appears quite consistent with this result. Additionally, the action of an opposing wind
stress in reversing the strictly buoyancy-driven plume (their Figure 12) is more consistent with our
observations.

In Kourafalou et al. (1996b), the model is applied with realistic topography, tides and
winds to the U.S. South Atlantic Bight. Their results indicate the dominant mode of current
variability over the shelf is the large-scale wind-forced barotropic response. The local
stratification, however, determines the response of the inner shelf plume water to the wind forcing.
These results again appear consistent with our observation of the MACP.

J. Dynamical Scaling

It is appropriate in this concluding section to present our observations of the Mississippi-
Atchafalaya coastal plume (MACP) in terms of the dynamical scaling recently put forward by
Garvine (1995). Garvine (1995) formulated dimensionless expressions for the terms in the cross-
shore (y) and longshore (x) momentum equations applicable to a buoyant coastal plume in terms of
the horizontal advection terms (A, Ay), the Coriolis acceleration (Cy, Cy), the wind stress (Wy,
W,), the basal stress (Bx, By), and the baroclinic pressure gradient (Py, Py). As his objective was
a dynamical classification of coastal discharges where buoyancy was by definition the dominant

.. .. . . 0 d .
driving force, Garvine ignored barotropic pressure gradients terms ga—11 s ga—n. As our regression
X

analyses indicate the importance of sea level slopes in the dynamics we include scaled terms for

d d . . . . .
ga—n , ga—n consistent with Garvine's (1995) scaling notation.
x y

Defining the usual external Froude number F'=U where U is the nominal alongshore current
c

speed scale and where ¢' = Ygh allows the alongshore barotropic pressure gradient term ggl to be
X
expressed non-dimensionally as

P(bt)y = F=
F'2

an
ox

er] o

(10a)

where the internal Froude number is F=% and where c is the internal phase speed defined below

and the cross-shore barotropic pressure gradient as

. F2Lan
P(bt)y = o7 H 3y (10b)

Garvine's (1995) equations 5a,b are then restated for the longshore component as
Ax + Cx = P(bc)x + P(bt)x+ Wy + By

r2kF 1 F2L 9 KE (Ve) KE (1
G G K e G

and for the cross-shore component as
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A, +Cy, = P(bc), +P(bt)y+ Wy + By

' F2yL on V
2 E r

(11b)
where the baroclinic pressure gradient term in normalized to unity by dividing through by (a) % in

the x momentum equation and (b) by _Y-C% in the y momentum equation. The term c is the internal

Ap . \L
phase speed = (gB% H)z; Ap is the mean density difference between the plume and the ambient

coastal water, p, the ambient coastal water density, H the mean plume depth, L the alongshore
length scale of the plume, yL is the cross-shore length scale of the plume, K is the Kelvin number

(KE'Z%) the ratio of the cross-shore length scale to the local internal Rossby radius, VE is the

Ekman volume transport Vg =1y /p, f where 1y, is the wind stress at the 7 to 10 day time scale, f is
the coriolis parameter, and r is the basal friction coefficient.

From these scaled equations Garvine (1995) shows that for buoyancy to provide the
dominant forcing in the alongshore momentum balance then

Ve/HU <O(y/KF) (12)
In other words, if /KF < Vg/HU then the plume structure is dominated by wind forcing .

Similarly for the buoyancy forcing to be dominant over the basal friction term in the alongshore
balance then

L<0 (L) (3)

Our observations in the MACP give the nominal values shown in Table 7 for these parameters at a
weekly time scale for the two seasonal flow regimes.

Table 7. Values for scaling analysis.

Regime U Y L K F r H
Downcoast .3 m/sec .16 300 km 7 0.6 4 x 10-4 m/sec 5-8m
Upcoast .2 m/sec .50 200 km 14 04 2x 104 Sm

We calculate Vg using a 5 m/sec wind in the downcoast regime and a 2 m/sec wind in the
upcoast regime. Testing the relative importance of buoyancy forcing for the MACP equation (12)

shows that K_YF ~ (04, and [;/_[EJ =~ .36 so that wind is clearly dominant over buoyancy forcing as
our data analysis indicated. Similarly, with the basal friction term é =~ (.05 the buoyancy term in

(13) is clearly secondary again.
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Our observations in the MACP provide the values shown in Table 8 for (11a), the
longshore balance.

Table 8. Scaling of longshore balance.

Regime Ayx + Gy = Plbcx + P(bt)y + Wy + By
Downcoast 0.4 4.2 1 53,36 13.3 20.5
Upcoast 0.4 8.4 1 2.7 1.9 93

where P(bt)x is obtained from inspection of time series of sea level differences between Galveston-
South Padre Island, Galveston-Port Aransas, and Atchafalaya Bay coast-Sabine Pass. Differences
between time series demeaned over the record lengths of 3 months and 9 months all indicate
relative alongshore slopes of ~ 2 to 3 x 10-7. Thus, wind stress, basal stress and the barotropic
pressure gradient are expected to be the dominant forces in the longshore balance in agreement with
our multiple-partial coherence studies above. In the summer upcoast regime the coastal plume is
clearly wider (~ 100 km) and shorter (~200 km) and the wind stress is weaker (~2 m/sec). Taking
r = 2 x 104 m/sec the longshore balance changes slightly with the greatly decreased importance of
wind stress and the enhanced importance of the barotropic pressure gradient and Coriolis term.

In the cross-shore momentum balance during the downcoast regime, using a 10-cm change
in sea level over the cross-shore plume width yL, we estimate values of the terms in (11b) asin
Table 9.

Table 9. Scaling of cross-shore balance.

Regime Ay, + Cy =Pbc)y + Pbt)y + Wy + By
Downcoast 0.01 4.2 1 4 3.0 0.8
Upcoast .04 5.6 1 2 0.2 1.6

This result suggest the cross-shore flow is not a strictly geostrophic balance between the pressure
gradient terms and the coriolis force but that wind driving can also be significant. The horizontal
advection terms are again negligible. In the summer upcoast regime, we estimate only a 5-cm sea
level difference over the cross-shore length scale y L (100km). The results in Table 9 suggest the
cross-shore balance in the summer up coast regime is again not strictly geostrophic but between the
Coriolis term, the pressure gradient terms, and the basal frictional stress, which are of 0(1). The

wind stress appears to be of 0(10-1) and the horizontal advection term 0(10-2).
We note that these dynamical scaling arguments are only expected to produce estimates

reasonable to within an order of magnitude. Nonetheless, it is quite encouraging that there is
general agreement between the dynamical approach and the statistical analyses discussed earlier.
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K. Summary

Observations from our five cruises, each of six-to-seven-day duration, have provided an
unprecedented visualization of the three-dimensional nature of the Mississippi-Atchafalaya coastal
plume (from the Mississippi River delta westward to south Texas) with regard to its large-scale
hydrographic and velocity structure. CTD observations (over 100 on each cruise) and underway
thermosalinography and ADCP data allow us to evaluate the temporal variability (e.g., the effect of
frontal passages) at the synoptic time scale, and the seasonal variability between the long fall-
winter-spring downcoast regime and short summer upcoast regime.

1. Downcoast (Fall-Winter-Spring) Regime

Three of these five observations of the coastal plume occurred during April 1992, 1993,
and October 1993 when prevailing downcoast wind stresses are expected to generate a coastally
trapped elongated plume of low salinity water extending from the source region of the Aichafalaya
and Mississippi Rivers westward and southward into south Texas and the Mexican border region.
Our observations of the near surface salinity field (see e.g., Figures 11, 27, and 41) bore out these
expectations. Westward along the Louisiana coast from the source region we observed in all three
cases a low salinity plume with a cross-shore length scale of 50-70 km and vertical depth scales of
10-12 m. We observed that the plume contracted abruptly to a width of 30-40 km in the Sabine-
Galveston region, where the depth contours converge toward the coast as the coast begins its great
bend toward a southwest and southern orientation. SCULP drifter velocities show that a wide
sluggish flow off western Louisiana collapses in the same location into a narrow high speed coastal
jet that continues all the way south to the Mexican border.

While all observations showed the elongated downcoast low salinity plume, these three
observations during the nine months of downcoast wind regime were all subject to different short-
term (three-to-seven day) wind forcing. The April 1992 observation was characterized by the
intense wind shifts of three frontal passages (Figure 8) along the Louisiana coast and a period of
intense southerly winds off the central and south Texas coast. The April 1993 observation was
characterized by an unusual period of westerly, upcoast winds on the Louisiana coast and another
period of strong southerly winds off central and south Texas (Figure 26). The wind forcing
during the October 1992 observation, interrupted by only a brief frontal passage while sampling
off the Atchafalaya delta, was closest to a scenario of steady easterly winds (Figures 39, 40) that
would produce a steady state plume. The major perturbations to this conceptual steady state plume
are caused by wind shifts associated with migrating synoptic scale weather systems, often
involving frontal passages. As documented in Figure 8, such systems involve an abrupt shift from
southeasterly to northwesterly winds, which then rotate clockwise to northerly, northeasterly, and
eventually returning to southeasterly as the atmospheric system passes to the east. Because we
were sampling different segments of the plume during the various stages of wind forcing, we
illustrate plume response with schematic diagrams of a composite of our three separate
observations of the downcoast plume (Figure 84a-d). Figure 84e is a schematic composite of the
upcoast plume.

The prototypical downcoast plume is shown schematically in Figure 84a. In the source
region, the combination of the fresh water from the Mississippi delta area and the Atchafalaya

outflow produces a transport of 50-70 x 103 m3/sec of plume water along the coast, which has a

fresh water component of 8-14 x 103 m3/sec. The merger of the plume water coming from east of
the Atchafalaya with the Atchafalaya outflow plume itself appears, from our few sections, to be a
complex non-linear process highly variable in space and time (see e.g., Figures 19 and 20). It will
require a more detailed and focused study to determine its spatial structure and temporal variability.
Off western Louisiana, persistent easterly winds maintain a coastal plume structure with a width of
~50 km and a vertical scale of 10 m. As it moves downcoast, dilution of the plume by mixing
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appears rather weak as nominal salinity increases only 2 psu—from 27 psu off Atchafalaya to 29
psu off Cameron. Currents are 10-20 cm/sec in this segment of the plume.

Figure 84a shows that near Galveston the steady state plume contracts into a narrow, high
speed jet that can continue all the way to the Mexican border and beyond. While the jet maximum
is observed within 12 km of the coast (Figure 49), its cross-shore length and depth are 30 km and
14 m, respectively. Another mode frequently observed in both thermal satellite and drifter data
shows the plume water drawn offshore in south Texas in an offshore jet caused by the interaction
of a cyclone-anticyclone pair. These cyclone-anticyclone pairs (or modons) are apparently
associated with the decay of Loop Current eddies after they impact the western wall of the Gulf
basin.

In the early stages of a frontal passage, illustrated in Figure 84b, winds are northwesterly
shifting to northerly for 6-12 hours. The northwesterly winds and perhaps adjusting pressure
gradients initially decelerate the central-south Texas coastal current and reverse the flow in the
plume along the Louisiana coast. The Atchafalaya and Mississippi River outflow plume are
temporarily driven southeasterly, disrupting the injection of freshwater into the downcoast plume.
When the wind rotation eventually reaches a northerly orientation, the alongshore component of the
wind stress in south and central Texas increases markedly and the downcoast jet reappears. This
strong offshore wind is along the western Louisiana coast and produces a quasi-stagnant plume
(Figure 21), which is, however, mixed nearly to vertical homogeneity (Figure 16) by the intense
wind action.

As the wind rotates further to northeasterly there are downcoast wind stress components all
along the coastal plume (as illustrated in Figure 84c). The coastal plume water on the shallow
Louisiana shelf returns to a broad, moderately energetic downcoast state. The Texas extension of
the coastal plume intensifies to speeds of 50-75 cm/sec. In a special case of this wind phase
observed by Barron and Vastano (1994), a lingering high pressure system centered northeast of
Louisiana brought five days of northeasterly winds to the northwestern Gulf Coast. Four ARGOS
drifters initially located (it appears) in coastal plume waters along a line stretching between 90° W
(west of the Mississippi delta) and 95° W (southwest of Galveston) all moved coherently
downcoast for the five days of northeasterly wind forcing at a mean speed of 53 cm/sec.

In the waning stages of the frontal passage cycle, illustrated in Figure 84d, northeasterly
winds weaken to 2-4 m/sec and gradually shift to southeasterly winds of 3-5 m/sec. Off south
Texas, however, a period of strong southeasterly winds (10-15 m) often occur in this phase
bringing severe wave conditions and a strong upcoast current regime that we (unfortunately)
sampled on both the April 1992 and April 1993 cruises. These strong southeasterly wind episodes
propagate northward at least as far as Galveston, reversing and driving the coastal current upcoast
with it. Examples of this flow regime from our observations are seen in Figures 23 and 24
(ADCP) and Figure 17 (salinity). During this phase, a convergence develops between the strong
upcoast current on the Texas coast and the more sluggish westward drift of the coastal plume water
on the Louisiana shelf illustrated in Figure 84d. We, in fact, by chance observed this stage directly
on the return leg from south Texas on the April 1992 cruise (see Figure 85). The ship transited
along the 15 m depth contour and observed the strong upcoast current off Texas, the offshore flow
in the convergence zone south of Galveston and westward flow on the Louisiana shelf. After this
stage winds with persistent easterly components may set in for several days, the south Texas
winds weaken, the steady state downcoast plume re-establishes itself as illustrated in Figure 84a.
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Figure 84. (a) Schematic diagram of a quasi-steady state coastal plume under persistent easterly
wind forcing. Note the narrowing and acceleration of the coastal plume near Galveston
and the frequently observed offshore jets near the Mexican border. Salinities are from
the October 1992 observations. (b) Schematic diagram of the downcoast coastal plume
in the early phase of a frontal passage with northwesterly-northerly wind forcing. (c)
Schematic diagram of the downcoast coastal plume during the late phase of a frontal
passage when winds are shifting from northerly to northeasterly. (d) Schematic
diagram of the downcoast coastal plume during the waning stage of a frontal passage
when weak easterly component winds are present off Louisiana, and strong
southeasterly winds range north along the Texas coast, causing a convergence in the
coastal plume currents. (e) Schematic diagram of the coastal plume during the upcoast
(summer) flow regime.
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2. Upcoast (Summer) Regime

Our two observations of the coastal plume in the summers of July 1993 and 1994 give a
consistent picture, illustrated in Figure 84e, except, of course, that the volume of plume water is
larger in 1993, the great flood year. With net upcoast wind stresses probably assisted by
longshore pressure gradients, high salinity Gulf of Mexico water pushes upcoast driving the relict
plume back up eastward. The relict plume water of ~ 20-30 psu salinity appears to display a
chaotic motion characterized by small scale 10-15 km mixing elements, imparting a cellular
structure to the flow field. Based on our July 1994 cruise data and the August 1994 LATEX A
cruise, it appears the eastward drift of this zone is ~4-6 km/day. Salinity patterns and drifter data
suggest the Atchafalaya outflow advects westward in a narrow band trapped near the coast. Lateral
mixing processes apparently incorporate the new plume water into the body of relict plume water,
which is itself drifting slowly albeit chaotically eastward.

The schematic (Figure 84e shows that at the eastward end of our observation domain (S2-
S1) the highly buoyant summer plume appears to organize into a coherent jet (Figure 68) as it is
forced to round the bathymetric promontory south of Isle Dernier. With this general understanding
of the scales and variability of the MACP in hand, we next investigate important hydrographic
properties in more detail and examine forcing and response in different seasons and different
regions.

3. Results of Analyses

Our detailed observations of the salinity field within the coastal plume are readily converted
to an absolute freshwater distribution, mapped as an equivalent height of fresh water. As observed
previously (Dinnel and Wiseman, 1986; Etter, 1996) the major freshwater concentration is in a
narrow band along the coast. During the downcoast flow regime we observed 2 to 3 m of fresh
water in the coastal plume off Louisiana and 3 to 4 m along the central Texas coast where the
coastal plume has narrowed.

During the summer upcoast regime, the offshore Ekman flow of the surface leads to a
maximum accumulation of 5 m of freshwater at mid-shelf with an apparent eastward extension. A
secondary high of 3.5 to 4 m of fresh water accumulates in front of Atchafalaya Bay that appears to
displace westward in the shallow waters along the coast. Except for the anomalously high values
of July 1993, caused by the extreme flood of that year, the freshwater content of the (standard

area) coastal plume falls in a relatively narrow band of 53 to 66 km3 of fresh water with little

relation to the annual flood cycle. As the volume of the standard grid is 323 km3, we note that the
coastal plume is typically composed of 20% fresh water, which corresponds to a nominal of
average salinity of 29 psu. The interannual variability in the Mississippi-Atchafalaya River flood
cycle appears to exert far more control on the freshwater content of the coastal plume than the
seasonal cycle of river discharge.

Estimates of flushing time for the coastal plume are based on observed river discharges for
the Atchafalaya and Mississippi Rivers. Regardless of the strength of river discharge or the
seasonal dominance of upcoast or downcoast wind forcing, we find flushing times fall in the range
of 2 to 3 months, considerably less than the 8 to 12 months noted by Dinnel and Wiseman (1986)
for the entire western Louisiana-Texas shelf.

The high variability of wind forcing on a day-to-day basis likewise produces a high
variability in our observation of transport within the coastal plume. Nonetheless, we obtain a
coarse but useful estimate of such transport by averaging over blocks of coastal normal sections.
Despite our rather small sample of five observations of the coastal plume, it is notable that the

"windy" months of April 1992 and 1993 have transports ~70 x 103 m3/sec in the coastal plume,
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Figure 85. ADCP data from the return leg of the April 1992 cruise. Note the ship transited
through a strong wind-driven upcoast current regime off central Texas, a convergence
zone south of Galveston, and westward flow off western Louisiana.
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which decreases to 52 x 103 m3/sec during a "normal summer, i.e., July 1994. During the
summer of the 1993 great flood, the wind stresses are slightly smaller than in the summer of 1994,
yet the 1993 volume flux in the coastal plume doubles in magnitude over the summer of 1994. We
suspect the role of large scale pressure gradients associated with the massive volume of fresh water
on the shelf is important in this regard.

Using an integral form of the longshore momentum balance, we show that a reasonably
linear relationship exists between transport (per unit area) of the coastal plume at each section and
the local wind stress (Figure 75). This supports the operation of a simple frictional balance of
wind stress and linear frictional resistance over time scales of several days-to-a-week in the
longshore momentum balance. At zero wind stress the transport per unit area is not significantly
different from zero, suggesting the lack of importance of buoyancy forcing in the MACP. Similar
analysis for the two summer upcoast observations (Figure 76) indicates an entirely different result,
i.e, the sectional transports are quite unrelated to local wind stress.

To investigate further the roles of wind forcing, pressure gradient forcing, and buoyancy
forcing within the coastal plume domain, we employed multiple and partial coherence analyses.
We selected three inshore current meters from the LATEX A array to represent the plume response
in western Louisiana (No. 18), central Texas (No. 23), and south Texas (No. 1). These analyses
showed that during the fall-winter-spring downcoast regime current fluctuations are, in all three
regions, controlled by the alongshore wind stress and, secondarily, off central Texas by the
longshore surface slope. During the summer upcoast flow regime the forcing of the fluctuations
observed in the current in south Texas is less clear but significantly associated with the longshore
surface slope and the wind stress components at various frequencies. However, variance in the
currents in central Texas and central Louisiana in summer is highly coherent with sea level
gradients. It appears likely that the strong southeasterly winds characteristic of south Texas in
summer are elevating the water level in the Texas coastal bend (i.e., between Port Aransas and
Galveston), which provides an eastward pressure gradient to drive fluctuations in the upcoast flow
off central and east Texas and the Louisiana coast.

Because these analyses identify wind forcing as a primary driving force of the MACP, we
next successfully simulate the observed variability in the current with a simple model of the along
plume momentum balance, as employed by Lentz (1995) in the Amazon plume. Appropriate data
for such an analysis were extremely limited, i.e., very near-surface currents and an adjacent
moored anemometer, but two data sets, of 5 weeks duration, one off east Texas and one off central
Louisiana, were identified. Both results provide convincing evidence that major fluctuations of 2-
to 7-day time scales, and 20 to 60 cm/sec range are directly wind driven. Both correlation
coefficients between the observed and predicted time series of the along-plume currents (r = 0.82 at
M17 and r = 0.77 at M20) are significant at the 95% level. These results, combined with the
transport and multiple-partial coherence analyses, document the dominance of wind forcing on the
coastal plume during the spring season of the downcoast flow regime.

In the final section we employ the scaling arguments of Garvine (1995) to determine if
these dynamical based approximations are consistent with our statistical analyses of the
observations of the MACP. The scaling analysis of the alongshore momentum balance shows that
wind stress, basal stress and the barotropic pressure gradient are expected to be the dominant
forces in agreement with our multiple-partial coherence studies. In the summer upcoast regime the
longshore balance changes somewhat with the greatly decreased importance of wind stress and the
enhanced importance of the barotropic pressure gradient and Coriolis term. Comparison of the
scaled terms for buoyancy forcing, wind driving, and basal resistance specifically show that
buoyancy forcing is a relatively minor driving force in the MACP.
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In the cross-shore momentum balance during the downcoast regime, the results suggest the
cross-shore flow is not a strictly geostrophic balance between the pressure gradient terms and the
Coriolis force but that wind driving can also be significant. The horizontal advection terms are also
negligible. In the summer upcoast regime, the results suggest the cross-shore balance is again not
strictly geostrophic but between the Coriolis term, the pressure gradient terms, and the basal
frictional stress, which are of 0(1). The wind stress appears to be of 0(10-1) and the horizontal

advection term 0(10-2).

We note that these dynamical scaling arguments are only expected to produce estimates
reasonable to within an order of magnitude. Nonetheless, it is quite encouraging that there is
general agreement between the dynamical approach and our statistical analyses of observations of
the coastal plume.
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III. Circulation and Hydrographic Structure in the Vicinity of

the Mississippi River Delta
by Lawrence J. Rouse, Jr.

A. Introduction

The Mississippi River and the adjacent Louisiana Bight (Figure 86) constitute an
estuarine system of considerable size and importance. Because of the large size of the
adjacent brackish water bays that serve as nursery grounds, the Louisiana Bight is one of
the most important and productive fishing grounds in the United States. It is also the site
of large-scale oil and natural gas production and the location of a major offshore oil
terminal. An understanding of the circulation in the region is of considerable importance
for the wise management of fisheries resources and for prediction of the movement of
accidental oil spills.

The interaction of the discharge plume of the Mississippi River with the Gulf of
Mexico is complex. The discharge of the Mississippi River enters the coastal waters of
Louisiana through a few major passes and a large number of smaller passes and crevasses.
The discharges from these various sources mix quickly within a few kilometers. At the
sampling scale of this survey (5 to 10 km), the discharge of the river can be viewed as a
diffuse, curved line source. The strong vertical stratification of the water column near the
river mouths effectively isolates surface waters from the deeper waters and inhibits mixing.
These surface waters are also moved about very readily by changes in the wind stress
(Rouse and Coleman, 1976). Further away from the mouths the stratification weakens,
cross interface mixing is increased, and the response to shifts in the winds is not as
dramatic.

In spite of its importance, the waters in the vicinity of the Mississippi River delta
have been the focus of only a few studies. The oldest known observations, with a broad
spatial extent, of the physical oceanography of this region are from a study commissioned
by the Louisiana Offshore Oil Port, Inc. during the early 1970's (Wiseman et al., 1976).
Salinity and temperature fields of the bight west of the delta were mapped on eight
occasions between July 1973 and April 1974, at a station spacing of approximately 9 km.
Not all stations were occupied on each cruise since bad weather occasionally reduced the
length of a cruise. Using the low salinity water discharged from Southwest Pass as a
tracer, Wiseman et al. (1976) often found a plume of water extending westward from the
pass and recurving anticyclonically into the bight. The same pattern has been observed in
satellite images (Rouse and Coleman, 1976; Walker, 1996a) and in drifter data (Hitchcock
etal., 1997). A second set of five cruises was undertaken by the Southeastern Biology
Laboratory, National Marine Fisheries Service, between March 1975 and May 1977 as part
of the Ground Fish Survey Project. These cruises acquired CTD casts, compiled by Allen
and Turner (1977), in conjunction with the ground fish trawls and covered a wide area on
both sides of the Mississippi River Delta. Stations were not repeated from cruise to cruise
and station locations were semi-randomly placed in keeping with the ground fish sampling
strategy.

A third series of cruises, sponsored by the Louisiana Board of Regents focused on
the near-field biological responses to inputs from the Mississippi River (Dagg et al., 1988).
These cruises also had no synoptic sampling plan. Samples were taken opportunistically at
fronts associated with the Southwest Pass plume and in waters of varying salinities out to
the high salinity waters of the open gulf. Most of the stations were within 35 km, of the
mouth of Southwest Pass, though some stations were as far
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away as 70 km. A fourth data set has been acquired on a series of cruises, begun in 1985,
undertaken by Rabalais and her co-workers (Rabalais et al., 1994) as part of the
investigation of the extent and causes of hypoxic conditions on the Louisiana shelf. Each
of these cruises, which sometimes extended to the upper Texas shelf, had several transects
in the region examined by this task.

A fifth data set was acquired by a series of cruises associated with the Nutrient
Enhanced Coastal Ocean Program (NECOP) effort in the vicinity of the Mississippi River.
Most of the cruises in the NECOP effort were driven by a biological sampling scheme
aimed at biological and chemical interactions. Four of the cruises, however, were classical
CTD surveys. These cruises in March-April, 1992, May, 1992, April, 1993, and July,
1993 occupied a grid from the Mississippi Delta to west of the Atchafalaya River. The grid
spacing for those cruises was about twice as great as this LATEX-B task though many of
the same stations were occupied on successive cruises. The analysis of the data is not
complete and no results have yet been published (Scott Dinnel, personal communication).

B. Objectives

The rationale for this task is that it is important to characterize the discharge and
mixing dynamics, at scales of 10's of kilometers, of the Mississippi River, a major
contributor to the Louisiana-Texas inner shelf waters. The objective of the cruise was to
characterize the region of the Louisiana shelf in the immediate vicinity of the Mississippi
River delta in terms of its physical and hydrologic properties. Specific questions that have
been addressed are:

* What is the dynamic hydrographic structure of the region produced by the
distribution of freshwater delivered to the shelf by the Mississippi River?

* What is the variability of this hydrographic structure at short time scales (five
to ten days)?

* What is the structure of the velocity field?

* How is this variability related to changes in the wind stress?

* Does the discharge of the Mississippi River contribute directly to the coastal
plume or only to a general freshening of the shelf?

C. Description of Data Collection

As part of the LATEX-B portion of the Louisiana-Texas Shelf Physical
Oceanography Program, single cruise on the RV Pelican was undertaken in April, 1994 to
investigate the transport and dispersion properties of the region immediately adjacent to the
Mississippi River Delta (Figure 86). The cruise had two phases that surveyed this region.
The first phase covered the shelf from the coast to the shelf edge and from Timbalier Bay to
just east of the Mississippi River Delta. The second phase was a resurvey of most of the
area covered in the first phase (the area to the east of South Pass was not included in this
resurvey). This paper will describe the hydrographic and ADCP observations acquired
during these two phases of the cruise (hereafter called Phase 1 and Phase 2).

The discharge of the Mississippi River, in April of 1994, was rising to the 1994
peak discharge of slightly more than 32,500 m3/s in early May (Figure 87). During the

cruise, the discharge averaged about 26,500 m3/s. For several days prior to this cruise,
the winds were generally from the southeast increasing from 5 to 10 m/sec on 11 April
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(Figure 2). These southeast winds decreased to 5 to 7 m/sec for most of the first phase of
the cruise, which began on 12 April. On 13 April a weak front passed through the region
producing a complete rotation of the wind. By 14 April the wind had returned to the
southeast. Near the end of the first phase a wind shift occurred with the movement of a
stronger cold front through the region. Winds shifted to the northeast and had settled down
to 3 to 7 m/sec by the beginning of the final phase of the cruise on the afternoon of 17
April. These two distinct wind regimes provided an opportunity to observe the variability
of the synoptic distribution of freshwater and other properties of the discharge under
distinctly different wind forcing conditions.

Approximately 2200 kilometers of sea surface properties were observed with the
flow-through system on-board the Pelican. ADCP observations were also made along the
entire track. The ADCP observations were obtained by a 1200 Hz unit in both the bottom
tracking and the differential GPS modes. The ADCP profiles were obtained as 2 minute
time averages using 1 meter vertical averages (depth bins). At the cruise speed of 3 to 3.5
m/sec, the resolution of the current measurements was approximately 400 meters.
Observations by the flow-through system and the ADCP were obtained continuously
during the cruise with down time only for cleaning the flow-through system and saving the
data (because of processing problems, approximately 22 km. of ADCP data along the
Phase 2 transect at 90° W are not available). Meteorological parameters (wind speed and
direction, air temperature, barometric pressure, and solar irradiance) were included in the
flow-through data set sampled at 5-9 second intervals.

A total of 170 stations were occupied during survey portions of the ten day cruise.
Of the 170 stations, 90 were occupied in the first survey of the cruise and 80 in the second
(Figure 88). CTD profiles, including dissolved oxygen, light transmission, and
fluorometer measurements were made at all stations. Water samples were taken at 75
stations for determination of chlorophyll and nutrient concentrations, 54 stations for
phytoplankton distribution, 27 stations for zooplankton distribution, and 16 stations for
pollutant chemistry.

D. Discussion

The composite temperature-salinity (T-S) diagrams (Figure 89) for the two survey
phases of the cruise illustrate the existence of three sources of water in the Louisiana Bight.
The first source is the fresh water debouching from the mouth of Southwest Pass of the
Mississippi River. Other contributions of fresh water come from the adjacent estuaries,
river crevasses, and the Mississippi River passes to the east of Southwest Pass. The
densest waters in the study area are cold and saline and are found near the bottom on the
offshore ends of the transects. These waters have been observed to intrude to the inner
shelf during the summer months (Wiseman et al., 1982). A third source is the warmer and
slightly more saline surface waters of the open gulf. These waters are also found at the
southern ends of the transects. This third source was observed to have a somewhat broad
range in temperature, as would be expected of surface waters in the northern Gulf of
Mexico at the end of the winter season.

The high salinity deep waters occupy a tight linear grouping, varying mainly in
temperature. The waters that result from the mixing of the fresh water with the surface and
near surface saline waters form a broad column on the T-S diagrams. Temperatures for
this mixed water range from approximately 19° C to about 24" C. Water discharged from
Southwest Pass was colder (15° C to 16° C). This fresh water quickly warmed up to 19° C
within approximately 10 km. of the mouth of the pass. Through mixing, the
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salinity also increased to at least 15 psu within the same distance all salinities in this paper
are stated according to the Practical Salinity Scale.

A comparison of the T-S diagrams for the two phases reveals only a few
differences. The high salinity feature representing the deeper waters at the offshore end of
the transects extends to lower temperatures in Phase 2 because the CTD cast on station 153
was down to 420 m. whereas the cast at the corresponding location in Phase 1 (station 26)
was only down to 100 m. Another difference is the slight tendency of the Phase 2
temperatures to be slightly higher than the Phase 1 values. This difference is most obvious
at stations on the inner portion of the study area and at salinities between 20 and 30
(Figures 89c and 89d).

The study area can be divided into two regions based on the structure of the CTD
profiles. Stations on the transect at 89° 40' W can be used to illustrate these regions. The
inner region is characterized by a relatively fresh surface layer with a thickness of about 5
m. and a relatively uniform temperature from surface to bottom (Figure 90, Stations 37,
39, 145, and 147). This inner region can be further divided into two subregions based on
the absence or presence of the high salinity water. Those stations nearer the shore tend to
have salinity profiles that either have no bottom layer of uniform salinity (Station 37) or the
salinity layer at the bottom is fresher than the 35 to 36 values found in the open gulf waters
(Station 145). In the middle region of the shelf, the salinity of the bottom layer is in the
same range as the waters of the deep gulf (Stations 39 and 147). This inner region is
where the primary area to which the freshwater discharged by the river is confined. The
outer region, composed of the southernmost one to three stations on each line, is
characterized by high salinity from surface to bottom. At these deeper stations the
temperature is warmer at the surface than inshore but decreases with depth (Figure 90,
Stations 44 and 152).

Salinity contour maps constructed with data from the surface and 10 m. illustrate
the difference between the circulation patterns in Phase 1 and Phase 2. Surface and 10 m.
isohalines in Phase 1 (Figure 91) tend to run east-west with a slight onshore tendency
toward the western edge of the study area. This is obvious in the trend of the 20 to 32
isohalines in the surface waters. At the western edge of the study area, an offshore bend to
the isohalines is observed. The surface isohalines for Phase 2 (Figure 92a) display a
different pattern. The isohalines above 18 tend to be a little further offshore in the center of
the study area but tend to curve toward the shore in the western portion. The isohalines
that bend offshore at the western edge are for the higher salinities. Note also that the
surface horizontal salinity gradient at the western edge is greater in Phase 1 than in Phase 2.
The isohalines at 10 m. (Figures 91b and 92b) show a structure similar to the respective
surface maps. Both 10 m. maps indicate a local salinity minimum in the center of the bight.
The entire bight at 10 m. is much fresher in Phase 2. In fact the minimum 10 m. salinity of
Phase 1 (30) is not within the bight at 10 m. in Phase 2.

That more fresh water is in the bight under the northeast wind conditions of Phase 2
is evident in the transect cross sections. The salinity cross-section along 89° 40' W (Figure
93) illustrates the differences in conditions. The southeast winds of Phase 1 have pushed
the fresher water closer to the coast as evidenced by the differences exhibited by the 20
isohaline. In Phase 1 this isohaline is at about 6 m. until it rises steeply to the surface just
inshore of station 40 (28° 55' N). In Phase 2 the same isohaline is up to two meters deeper
and it rises less steeply to the surface slightly more than 20 km further offshore. Except in
water less than 12 m. the 30 isohaline is 2 to 7 m. deeper in Phase 2 than in Phase 1. Like
the 20 isohaline, the 30 isohaline surfaces much further offshore in Phase 2. Another
difference in the structure of the isohalines is the local maximum in depth at 29° N and the
rise toward the shore in Phase 1. The isohalines in Phase 2 do not
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have a distinct maximum in depth but there is a hint of a rise toward the surface at the
inshore stations.

For each of the stations in Phase 1 and Phase 2 of the survey, the fresh water
content of the water column was calculated (Ketchum and Keen, 1944; Dinnel and
Wiseman, 1986). The maximum salinity found in the study area (36.6) was used as the
reference salinity. The values calculated for each station were contoured to display the
distribution in the bight of the fresh water discharged by the Mississippi River (Figure 94).
That the two phases sampled different situations is obvious from the figure. In the first
phase the 3 m. contour does not close within the bight and the 5 m. contour is elongated
toward the west. In the third phase, the thickness of the fresh water is in excess of 7 m. in
the vicinity of the mouth of Southwest Pass. The 5 m. and 3 m. contours close within the
bight and are not elongated. Within the bight the 1 m., 3 m., and 5 m. contours are further
offshore in Phase 2 (cf. the transects between 89.7° W and 90.1° W).

An estimate of the total fresh water content of the study area was also made. For
this estimate, the area considered was bounded by the curved transect out of Terrebonne
Bay on the west, the easternmost survey line common to both phases, the coast, and the
offshore 1 m. fresh water contour. Within this area, the total volume of fresh water in

Phase 1 was estimated to be 16.8 x 109 m3. Using the average discharge of the

Mississippi River during the cruise (26,500 m3/s), this volume is equivalent to
approximately the amount of water discharged in 7.3 days. In Phase 2, the area covered by
water inside of the 1 m. contour was approximately 25% greater than in Phase 1 and the

volume was estimated to be 23.1 x 109 m3, equivalent to 10.1 days of river discharge.

Perhaps the most exciting data set acquired on the cruise was from the ADCP. The
1200 Hz ADCP was operated in bottom tracking mode in water depths less than 30 m. and
in a differential GPS mode in water depths greater than 30 m. The error in the
measurements is approximately 4 cm/sec in the bottom tracking mode and 10 cm/sec in
differential GPS mode. The ADCP data for the uppermost bin centered at 4.5 m. (Figure
95) show the existence of an anticyclonic gyre within the bight in both phases. The gyre
was centered close to the coast under the southeast winds of Phase 1 and the speeds around
the gyre were 20 to 40 cm/sec. Flow around the delta from the east was at speeds of 40 to
70 cm/sec. This flow from the east is seen to bend around the Southwest Pass Plume,
which seems to be the major (if not sole) contributor to the fresh water in the gyre, and
merge with the Southwest Pass discharge in the vicinity of Bayou Lafourche. The
combined flow continues to the west along the coast. Peak speeds in the bight are 60 to 70
cm/sec and are found in the offshore portion of the flow that continues to the west.

The picture presented by the ADCP data for Phase 2 also shows the existence of the
anticyclonic gyre under the influence of the northeast winds. The center of the gyre
appears to be further offshore than in Phase 1 and the gyre occupies a greater area of the
bight. Speeds around the gyre are 40 to 60 cm/sec. The flow around the delta from the
east is stronger than in the first phase with speeds in excess of 80 cm/s. As in Phase 1, this
flow from the east is along the offshore edge of the gyre and approaches the shore near the
mouth of Bayou Lafourche. Because of the missing ADCP data along the transect at 90°
W, it is not possible to describe the merging of the Southwest Pass plume with the water
that came from the east. It does appear that the flow of water to the west is at higher
speeds. A cross-section of the east-west component of ADCP data along the 89° 40° W
transect (Figure 96) shows that the offshore portion of the gyre extended to approximately
20 m, and east-west speeds of up to 30 cm/sec were found at 10 m. Just as at the near-
surface level (4.5 m), speeds to the east at 10 m were slightly weaker nearer the shore than
the westerly speeds offshore.
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The elevation of the sea surface relative to 25 m was calculated to provide an
estimate of the geostrophic component of the observed velocities. The 25 m level was
chosen because the salinity at this depth was above 33 and often above 35. Choice of a
depth much deeper than 25 m would have omitted too much of the region. Extending the
calculation to shallower stations was not done. The lines of constant surface elevations
exhibit patterns similar to the fresh water content. In the center of the bight, calculated
elevations were 4 to 5 cm higher in Phase 2 than in Phase 1 (Figure 97). Surface slopes
were also steeper in Phase 2. These sea surface slopes are consistent with surface current
speeds between 50 and 100 cm/sec. In both phases, calculated surface current speeds are
somewhat greater than the currents observed at 4.5 m with the ADCP but the spatial and
temporal variations are similar to those observed in the ADCP data.

E. Conclusions

The distribution of the fresh water delivered to the shelf by the Mississippi River
was observed under two different wind conditions, both of which has an easterly
component. In both of these situations the flow of the fresh water was to the west with a
well formed anticyclonic gyre in the bight to the west of the delta. To the west of the bight,
the freshened water plume appears to flow along the inner portion of the shelf as the higher
salinity surface waters of the open gulf approach the shore along the 90° 10' W transects
(Figures 91, 92, and 95). The water in the study region was found to be derived from the
same three sources as described by Wiseman et al. (1982). The Southeast winds of the
first phase of the cruise pushed the fresher waters closer to the coast and the vertical salinity
gradient appeared to be slightly greater than in the third phase. In Phase 2, surface
isohalines greater than 20 were up to 20 km. further offshore. The fresh water content
calculations (Figure 94) indicate that the amount of the discharge of the river trapped in the
bight under the northeast winds of Phase 2 is much greater than under the southeast wind
conditions. As a result the fresher waters occupied a greater volume of the shelf in the
study area in this third phase. The difference between the two wind regimes suggests that a
pulse of fresh water will be released to the west when winds from the southeast return, as
happened within three days after the end of the cruise.

The gyre in the Louisiana Bight, present under both wind conditions, was centered
closer to shore in Phase 1 and the speeds of the circulation around the center were slower
than in Phase 2. ADCP data from the both phases indicate that, under both southeast and
northeast wind conditions, a significant amount of water is flowing to the west around the
delta. Estimates made by integrating the east-west component of the ADCP data down to
the 20 m bin and to the southern end of the transect at 89° 15" indicate that the net transport

to the west was in excess of 140,000 m3/s-! during Phase 1 and in excess of 165,000 m3/s-

1 in Phase 2. During Phase 2, the velocities around the delta were as much as 20 cm/sec
greater than in Phase 1. To the west end of the study area, the salinity and ADCP data
suggest that the water coming around the delta from the east merges with a portion of the
Southwest Pass plume and flows toward the west as a distinct nearshore plume. Based on
the data from the two wind regimes, it appears that a significant portion of the discharge of
the Mississippi River does contribute directly to the coastal plume.
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IV. Satellite Observations of Circulation Features
in the Northern Gulf of Mexico
by Nan D. Walker

A. Objectives

Satellite image analyses and interpretation were charged by MMS as a separate and

distinct task with the following objectives:

» to assess the spatial and temporal variabilities of the Atchafalaya and Mississippi
plumes in relation to river discharge and wind forcing;

* to investigate spatial relationships between the river discharge plumes and the
distribution of phytoplankton and key pollutants along the Louisiana/Texas
shelf;

» identify areas of squirt formation and assess squirt longevities, surface velocities
with drifter data, and probable forcing mechanisms; and,

« to document selected circulation events associated with river discharge, the
LATEX coastal current, squirts, and eddies.

B. Introduction

Circulation in the northwesten Gulf of Mexico (GOM) is complex, as it is
influenced by several time-varying environmental factors, including wind forcing, river
discharges, and the location and intensity of detached Loop Current warm-core eddies.
The Loop Current and the large warm-core eddies that separate from it dominate the
circulation in the Gulf of Mexico (Elliot, 1982; Forristall et al., 1992). These warm core
eddies typically have diameters of 200 to 400 km, extend 800 to 1000 meters vertically,
and exhibit maximum surface currents of 100 to 200 cm/sec (Huh and Schaudt, 1990;
Cooper et al., 1990; Forristall et al., 1992). The frequency of eddy shedding varies
between 6 and 15 months (Maul and Vukovich, 1993; Sturges, 1994). After an eddy is
shed from the Loop Current, it usually moves slowly westward at about 4 km/day until it
reaches the western Gulf of Mexico shelf where it is constrained by shoaling topography.
Thus, warm-core eddies often dominate circulation patterns in the western Gulf of Mexico
(Elliot, 1982; Lewis and Kirwan, 1985). Eddy-related circulation in the western and
northwestern Gulf of Mexico is thought to drive much of the surface current variability on
the outer continental shelf (Oey, 1995). These warm-core eddies have longevities of
several months to a year and, therefore, several Loop Current eddies may be found in the
western Gulf of Mexico simultaneously (Biggs, 1992). Although less well studied, cold-
core eddies (50 to 150 km in diameter) are often found in association with the warm-core
eddies (Merrell and Morrison, 1981; Brooks and Legeckis, 1982; Hamilton, 1992).

On the inner shelf west of the Atchafalaya Bay, surface circulation is primarily
wind-driven and strong coherence has been found between alongshore wind-stress and
alongshore currents for coastal locations (Smith, 1978b; Cochrane and Kelly, 1986).

This relationship results in primarily downcoast (westward) flow for much of the year with
a coastal-type jet on the inner shelf (Cochrane and Kelly, 1986). The predominant east to
west flow on the inner shelf is enhanced by discharge from the Atchafalaya and Mississippi
Rivers, discharges that exhibit annual cycles with strongest flow onto the shelf in spring
and weakest flow in late summer and autumn. The river effluents produce relatively cool,
turbid, low-salinity water masses, which are identifiable along the coast for much of the
year using the visible and thermal infrared channels of the NOAA satellites (Rouse and
Coleman, 1976; Walker et al., 1996; Walker, 1996a).

Cochrane and Kelly (1986) suggest that a cyclonic gyre is the dominant feature of
the prevailing shelf circulation. The inshore limb of the gyre is the wind-driven coastal jet.
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Their data also indicate that an eastward-flowing current occurs along the shelf edge as the
seaward flank of the shelf-wide cyclonic gyre. Oey (1995) uses a numerical model to show
that the convergence zone on the western flank of the gyre and the shelf- break current are
driven by collision and stalling of westward propagating Loop Current eddies in the
northwest Gulf of Mexico, rather than by wind forcing.

C. Surface Fronts, Squirts, and Eddies

In this section of the report an attempt is made to improve knowledge of the
circulation in the northwestern Gulf of Mexico by investigating the evolution and structure
of thermal fronts on the shelf and their relationship to circulation features as revealed by
thermal infrared satellite data, satellite altimetry and the tracks of SCULP drifters.
Thereafter, a climatology of events in the northwestern Gulf of Mexico is presented for the
time period 1992 through 1994.

1. Methodology
a. Satellite Image Data

Sea-surface temperature imagery obtained by the NOAA POES (Polar Orbiting
Environmental Satellites) were used to detect shelf and ocean circulation features of interest
in this study. The 1 x 1 km spatial resolution and the multi-daily coverage provide a
powerful source of information when cloud-cover is sufficiently low. These data are
downlinked from the NOAA satellites four to eight times a day by equipment at the Earth
Scan Laboratory, Coastal Studies Institute, LSU. Image processing and analyses were

performed using the Terascan™ software provided by SeaSpace, San Diego, California,
which is currently running on an SGI Challenge. Sea surface temperatures are computed
using a modification of the MCSST technique described in McClain et al (1985).

b. Satellite Altimetry Data

TOPEX and ERS-1 sea surface height data were used to create 10-day anomaly
maps, which are referenced to the OSUMMS95, a mean sea surface calculated at the Ohio
State University by Dick Rapp and Yuchan Yi (Leben et al., 1993). This mean sea surface
is based on TOPEX, ERS-1 and Geosat data. Standard corrections were applied to the data
and the "orbit" error was removed from both the TOPEX and ERS-1 data using a tilt and
bias adjustment. The TOPEX and coincident ERS-1 data were mapped every 10 days
using a spatial/temporal Cressman weighting scheme.

c. Drifter Data

From October 1993 through October 1994, approximately 300 ARGOS drifting
buoys were released on the Louisiana shelf during the MMS-sponsored SCULP drifter
program (Johnson and Niiler, 1994). The 31 drifters released in October 1993 are
discsussed in this report. Daily drifter positions (at 1115 UTC) were reformatted and
superimposed on SST to aid in the interpretation of circulation processes and to further our
understanding of the influence of prominent oceanographic features on surface circulation.
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2. Results
a. Thermal Fronts on the Louisiana/Texas Shelf

Continental shelf waters in the northern Gulf of Mexico cool substantially during
autumn and winter as a result primarily of latent (evaporative) and sensible heat losses to
the atmosphere and a reduction in incoming solar radiation (Nowlin and Parker, 1974; Huh
etal., 1978). The annual temperature cycle is largest in coastal waters where the heat
storage capacity is less because of the shallow water depths. The annual cycle in coastal
water and air temperatures along the Louisiana and Texas coasts is demonstrated in the 10-
year climatological data from Grand Isle, Louisiana, and Port Aransas, Texas (Figure 98;
for station locations, see Figure 99). Monthly-averaged water temperatures range from 30°
C in summer to 14° C in January at both sites. Throughout the year, monthly-averaged
water temperatures are 1 to 2° higher than air temperatures. In Table 10, these
climatological values and their standard deviations are listed.

Table 10. Monthly averaged water temperatures and their standard deviations as determined
from 1985-1994 data recorded at Grand Isle, Louisiana and Port Aransas,

Texas.
GRAND ISLE PORT ARANSAS

SST SD SST SD
JAN 14 .1 2.65 13.8 1.44
FEB 15.6 2.51 15.5 1.48
MAR 18.3 2.70 18.4 1.63
APR 21.9 2.62 21.9 1.89
MAY 26.2 1.84 25.5 1.65
JUN 28.9 1.42 28.5 1.24
JUL 29.9 1.24 28.9 1.16
AUG 30.0 1.31 29.8 0.86
SEP 28.4 1.95 28.7 1.17
OCT 23.7 2.39 25.2 1.97
NOV 19.8 2.89 20.3 2.50
DEC 15.3 2.94 16.0 3.18

As a result of the depth-controlled cooling across the continental shelf, water
masses are trackable on the shelf by their temperature. In addition, thermal fronts of
various intensities are evolved, separating water masses of different origins. In Figure 99,
satellite-derived sea-surface temperatures (SSTs) are depicted on November 28, 1993,
where cool waters are representated by darker shades of grey. The image data has been
filtered with a Sobel filter, and thermal fronts are shown in Figure 99 as white lines where
the intensity of white is related to the strength of the front. At the end of November 1993,
surface temperatures ranged from 15 to 16° C along the coast in the coastal current to 25 to
26° C in the warm-core eddies seaward of the continental shelf. Lowest water temperatures
were measured in Atchafalaya Bay and in the Atchafalaya plume on the inner shelf where
temperatures reached 10° C. The autumn to winter cooling of coastal and shelf waters was
further investigated by extracting surface temperatures from satellite imagery along five
lines across the Louisiana/Texas shelf (locations, Figure 99). Surface temperatures were
extracted from three clear sky NOAA AVHRR images (Figure 100): September 29, 1993;
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Figure 98. A 10-year climatology (1985-1994) of air and water temperatures at (a) Grand
Isle, LA, and (b) Port Aransas, TX. The water temperature is shown with a
solid line and the air temperature with a bold solid line. The monthly-
averaged water temperatures for November 1993, December 1993 and
January 1994 are shown with filled circles.
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Figure 99. NOAA AVHRR sea surface temperature (SST) image of November 28, 1993 (1422 UT).

Cooler waters are depicted with darker shades of grey. Sea surface temperature fronts, as
determined by a sobel filter, are depicted with white lines. The profile lines from which
SSTs were extracted (see Figure 100) are shown with solid black lines.



November 28, 1993; and, January 14, 1994 (February 8, 1994 for Line A). These data
reveal the absence of thermal structure over much of the Texas shelf in early autumn when
temperatures ranged from 29 to 30° C. However, along lines D and E (Figures 100d,e),
lower temperatures along the coast were attributable to the discharge of cooler river waters.
Over the next two months, dramatic cooling of shelf waters occurred. Between September
29 and November 28, 1993, the inner shelf of Texas and Louisiana cooled 12 tol5 ° C,
whereas, the outer portions of the shelf cooled 5 to 8" C. Comparison of the November
1993 coastal temperature data with the 10-year climatology reveals that November water
temperatures were 1 to 2° C cooler than average (Figure 98).

The temperature profiles revealed the existence of distinct surface fronts particularly
in inner and mid-shelf regions. The satellite image of November 28, 1993 (Figure 99)
showed that these fronts were associated with the Mississippi and Atchafalaya River
effluent plumes, the coastal current, off-shelf flows and detached warm-core eddies of the
Loop Current and eddy filaments. Coldest shelf waters were associated with the
Mississippi and Atchafalaya River discharge plumes, with an area of warmer water
separating the plume regions. The term "plume" is used here to refer to the satellite
observed effluent from the rivers, although in reality the region is probably an active
mixing zone of river and shelf water. Downstream from the Atchafalaya plume, a
continuous band of cold inner shelf water was observed with temperatures of 14 to 16° C.
Distinct surface fronts separated the cool inner shelf water from deeper waters of the shelf.
Frontal intensities exceeded 3° C per 10 km on lines A,B,D, and E. One of the most
intense fronts (5° C per 13 km) was observed along line E (Figure 100e, see "PF1"),
where cold Mississippi River water was discharged onto the shelf. This thermal front west
of the Mississippi delta measured 5° C in 10 km (0.5° C/km) and was located between the
100 and 150 m isobath. A distinct front was also observed on the landward side of the
Southwest pass effluent in about 30 meters of water (Figure 100e, see "PF2", because the
river water was several degrees cooler than the inner shelf water within the Louisiana
Bight. Another inner shelf front (Figure 100e, sce "ISF") was measured close to the coast
at the mouth of Barataria Bay.

Two distinct fronts were associated with the Atchafalaya plume, 20 and 60 km from
the coast (Figure 100d). The inner front measured 3.8° C per 9 km (0.42° C/km) and the
outer front measured 3° C/4.4 km (0.68° C/km). The outer plume front extended seaward
to the 30 m isobath and marked the seaward extent of recent flushing from the bay caused
by strong northerly winds, accompanying passage of an atmospheric cold-front. This
outer front extended downcoast to the west; however, its intensity diminished in the
downcoast direction. The inner plume front was centered about 18 km from the coast and
appeared to mark the seaward extent of very cold bay water (Figure 99). A less intense
plume front was measured about 40 km from the coast along line D (Figure 100d, see
"PF"). West of the bay, it curved towards the coast near 92° 30' and then was fairly
continuous in the downcoast direction past the U.S.-Mexico border (at 26° N). This inner
shelf front was about 35 km from the coast along line C (Figure 100c) and about 28 km
from the coast along lines B and A (Figure 100b, a) and exhibited a wavy character south
of Matagorda Bay as the shelf narrowed (Figure 99). This front will be discussed again
later in relation to the SCULP drifter tracks. Along line B, an additional front of about 2° C
was measured 85 km from the coast near the 60 m isobath (Figure 100b, see "SF" for
squirt front). This front was associated with the northern margin of a cyclonic eddy and
marked the location of offshelf flow to the east, to be discussed in more detail later.
Information on the intensity of fronts along lines A through E can be found in Table 11.
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Table 11. Magnitude and locations of the main thermal fronts along profile lines A-E on
November 28, 1993, January 14, 1994 and February 8, 1994.

A B C D E
C km C' km C km C km C km
11/28/93 1.5 12 3.3 25 3.8 40 3.8 20 3.3 7
40 28 2.3 85 1.3 70 3.0 62 -3.0 35
1.5 135 50 70
1/14/94 3.0 55 2.0 42 5.5 5 2.6 2
3.0 97 1.3 84 2.2 110 26 65
20 135 6.8 80
2/8/94 3.3 25

A comparison of the temperature profiles for November 28, 1993 and January 14,
1994 reveals that shelf temperatures continued to fall over the six-week period. Cooling of
2 t0 5° C occurred across the entire shelf rather than preferentially in shallower regions.
This may indicate an increase in offshelf flow and mixing during the more intense north-
wind events of winter. The thermal fronts seaward of the Mississippi and Atchafalaya
were of equal or greater magnitude in January 1994 as compared with November 1993
(Figure 100d, €). The filtered satellite image of January 14, 1994 (Figure 101) again
demonstrates distinct thermal fronts associated with the discharge of the Mississippi and
Atchafalaya Rivers. The Mississippi River plume front was located in close proximity to
the 100 and 200 m isobaths and curved back northwards upon encountering the Mississippi
River canyon (Figure 99). The Atchafalaya plume front was located 50 to 60 km from the
coast (Figure 100d). An additional front was located 100 km from the coast along line D
near the 50 m isobath. This front was observed to be fairly continuous with the Mississippi
River plume front (Figure 99), suggesting that it may be partially attributable to downcoast
flow of river water. Along line C (Figure 100c), the inner shelf front had moved seaward
about 10 km to a position 42 km from the coast. There was also an indication that the
fronts along line B had moved seaward as they were now situated 30, 56 and 95 km from
the coast (Figure 100b). On January 14, the most pronounced shelf fronts along line B
were at the 30 m isobath and just inside the 100 m isobath (Figure 101). The intensity and
length of the front south of Matagorda Bay was noteworthy. It marks the confluence of
westward flowing inner shelf waters with waters associated with a cyclonic feature resident
on the slope and spilling onto the shelf near 28° N. Circulation in this area is discussed in
more detail in the next section of this report. Clouds obscured the sea surface along line A,
and, therefore, an image obtained on February 18 was used as a replacement.
Temperatures extracted along line A (Figure 100a) demonstrated that the inner shelf front
was similar in magnitude and in location to that of November 28, 1993.

Comparison of the monthly-averaged coastal temperatures for November 1993, and
January 1994, with climatological values suggests that the November 1993, coastal
temperatures were 1 to 2° C lower than normal, whereas the January temperatures were 1°
C cooler than normal along the Louisiana coast but near normal along the south Texas coast
(Figure 98). A comparison of frontal magnitude with average values (Table 12),
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Figure 100. Sea surface temperatures extracted from profile lines A through E (a-¢) on
September 29, 1993, November 28, 1993 and January 14, 1994. Along line
A, SSTs were extracted on February 18, 1994 rather than on January 14,
1994. Inner shelf fronts are identified with ISF, squirt fronts with SF, and
plume fronts with PF.
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reveals that the fronts observed in the November 28, 1993, and January 14, 1994, images
were more intense than average.

Table 12. Average and maximum frontal intensities for Lines A-E as determined from an
analysis of satellite data during the 1989/90, 1992/93 and 1993/94 winters
(Walker, 1996b).

Average Frontal Intensity ('C)
D

Year A B o} E Mean
89-90 2.5 2.1 1.4 2.2 1.7 2.0
92-93 2.4 2.0 1.6 2.2 2.0 2.0
93-94 2.1 1.9 1.7 2.0 1.8 1.9
Mean 2.3 2.0 1.6 2.1 1.8
Maximum Frontal Intensity ("C)

Year A B c D E Mean
89-90 8.3 5.8 25 4.0 3.3 4.8
92-93 5.1 4.8 2.8 4.5 4.0 4.2
93-94 4.3 5.9 3.5 5.3 3.5 4.5
Mean 5.9 5.5 2.9 4.6 3.6

b. Circulation Associated with Squirts, Fronts, and Eddies

The NOAA sea surface temperature (SST) image of November 28, 1993, and the
concurrent 10-day sea-surface height (SSH) anomaly overlay reveal the presence of three
large warm-core eddies (WCEs) in the western Gulf of Mexico (Figure 102). There is
excellent agreement between the thermal patterns and the eddy locations as revealed by the
SSH anomalies for the period November 23 through December 3. All three eddies
displayed surface temperatures in excess of 25° C and height anomalies of 15 to 20 cm. A
cold-core eddy (CCE) with a height anomaly of -15 cm was identifiable on the western
margin of the eddy in the far northwestern GOM. Another CCE was detected between the
two northernmost WCEs.

Deployment of the SCULP surface drifters began on October 15, 1993, west of the
Atchafalaya Bay near 92° W. In Figure 103, the trajectories of a few representative drifters
released in October 1993, have been superimposed on the NOAA SST image of November
28, 1993 (Figure 103). Initially, drifter movement was westward along the shelf. The
wind histories at two sites within the study area (Burrwood, Louisiana and Port Aransas,
Texas) (Locations, Figure 99) are illustrated in Figure 104. The progressive vector
diagrams from October 15 through January 14, 1993, exhibit net wind trajectories to the
southwest at both sites. Burrwood winds blew primarily towards the southwest and
northwest, explaining the predominantly westward circulation on the inner shelf. At Port
Aransas, northwestward winds were stronger and southwestward winds were weaker than
those at Burrwood. Cold-front passages are revealed as short-lived rotational features in
the diagram. The wind history during this 3-month period is typical of fall and winter,
when northeast winds predominate (Rhodes et al., 1985). The drifters released in
shallower water moved parallel to the coastal SST front (Figure 103). Those released in
deeper waters moved westward with a slight onshore component towards the front,
indicating convergence of surface flow along the Texas shelf. The coming together of the
drifter tracks was also noticeable south of 29° N where the shelf narrows rapidly. Most of
the drifters remained seaward of the coastal front or at least 10 km from the coast in close
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contours are dashed, and the contour increment is 5 cm. The three warm-core eddies
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Figure 103. NOAA-12 sea surface temperature image of November 28, 1993 with selected SCULP
drifters overlain. Drifters 20440 and 20469 were launched on October 29. Drifter 20451
was deployed on October 23, 1993. Launch sites are indicated with small black dots.
{)rifter locations on 11/1/93, 12/1/93 and 1/1/94 are shown with symbols as shown in figure |
egend.
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proximity to the coastal SST front, indicating that the Texas coast in winter is not likely to
be threatened by oil spills, which occur seaward of this SST front. This is particularly true
when winds are predominantly from an easterly direction.

The drifters exhibited three main modes of circulation. Thirty-five percent of the
drifters traveled downcoast within the coastal current beyond the U.S.-Mexican border at
26° N. The drifters in this category reached the border after 38.5 days on average,
equating to a net downcoast speed of 20.2 cm/s. The fastest drifter took 16 days (37.8
cm/sec) and the slowest took 89 days (6.8 cm/sec). The track of the fastest drifter (20440)
within the coastal current group is displayed in Figure 103. Eight of the eleven in this
group moved offshelf towards the east or northeast between 24° and 25° N along the
northern flank of the southernmost WCE off the Mexican coast. Drifter 20440 was
entrained eastward near 24° 30' N with daily averaged speeds of 32 to 45 cm/s within the
seaward-directed "jet" flow. It subsequently moved northwards and displayed two series
of cyclonic rotations, the last of which was in the CCE so well revealed in the altimetric
data (Figure 102). Speeds averaged 28 cm/sec within the cyclonic flow regimes. A
relatively strong (45 cm/sec) northward flow was observed between these two regions.
The other drifters were also entrained by eddy circulations in the northwest GOM. Only
one drifter remained on the shelf, traveling in close proximity to the coastal front to the Bay
of Campeche (20° N).

Another thirty-five percent of the drifters were caught up in a narrow offshelf flow
off the Texas coast. This group of drifters moved southeastward and eastward along the
northern flank of the distinct cold-core/warm core eddy pair (Figure 102). Drifter 20469
was chosen to illustrate this pattern (Figure 103). This drifter averaged 39 cm/sec while in
the south Texas "jet" and 48 cm/sec while effected by eddy motion off the shelf. This
persistent offshelf "jet" was formed where the wind-driven inner and mid-shelf waters
converged with the CCE/WCE pair. The origin of this offshelf flow was observed near
28° N, 96° W, where the shelf narrows rapidly causing convergence of surface flow.
Distinct fronts were observed extending west to east and intersecting profile line B (Figure
100b, see "SF" for squirt front).

The third mode of circulation was a weak cyclonic flow between the 30 and 70
meter isobaths at 92 to 95° W. Drifter 20451 in Figure 103 illustrates this circulation
pattern. A similar gyre was described by Cochrane and Kelly (1986). It is obvious from
this analysis that the Texas jet lies on the west side of the cyclonic gyre.

¢. A Climatology of Squirt Events, Northwestern Gulf of Mexico
1992-1994

Squirts and jets are well-known features of the California Current system,
particularly during the summer upwelling season (Ikeda and Emery, 1984; Kosro and
Huyer, 1986; Strub et al., 1991). California squirts have been defined as "one-way jets,
transporting coastal upwelled water to the deep ocean, perhaps terminating in a counter-
rotating vortex pair and referred to as a mushroom, hammerhead or "T" (Strub et al., 1991,
pp- 14,743). In this report, any offshelf-directed flow of relatively cool water is referred to
as a squirt, although the offshelf flows in the northwestern Gulf of Mexico do not always
consist of upwelled waters and are not always morphologically similar to those of the
California Current system (Walker et al., 1996).

During the 3-year field component of LATEX, a daily surveillance was maintained
for squirt events in the northwestern Gulf of Mexico. When such a feature was identified
in the satellite imagery, the feature was computer-enhanced and the thermal fronts were
digitized. Line drawings and squirt alerts were provided via an OMNET bulletin board to
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LATEX researchers and the community at large. The 15 main events that were identified
between April 1992 through December 1994 and pertinent characteristics of each squirt,
including location, length, width, surface area, surface currents (where available),
longevity, and association with eddies are summarized in Table 13. Schematic diagrams of
these flow features are presented for each year in Figures 105 through 107.

In July 1992, two cool tongues of inner shelf water extended offshelf along the
coasts of Mexico and Texas between 24° and 27° N. This cool water is most likely
attributable to wind-forced coastal upwelling. Later in October 1992, a large offshelf flow
was observed extending southwestward from the Mississippi delta region. This event was
described in detail by Walker et al. (1996). Analysis of in-situ measurements within the
October 1992 squirt revealed that it extended about 18 m vertically into the water column.
In contrast, the California squirts penetrate vertically beyond the pycnocline. Later in
December 1992, another large-scale cool feature was observed off the Mexican shelf.

Table 13. Characteristicis of squirts in the northwest Gulf of Mexico as derived from
NOAA POES satellite data during 1992, 1993 and 1994.

Date Location Length Width  Surface Area  Speed  Longevity
Eddy
(km) (km) (km2) (cm/sec)  (weeks)

1992
July 2 Texas 170 20-40 1,858 2

Mexico 250 10-20 2,555 2 unv
October 13 Miss. Delta 250 10-50 6,550 50-100 2 \
December 20 Mexico 150 20-30 7,728 3-8 T
1993
January 9 Mexico 200 25-30 6,553 4 T
January 26 Texas 150 20 312 1 \
March 14 Texas 170 20-60 2,826 1 Vv
May 3 Louisiana 260 70 9,097 30-50 1-2 \)
August 1 Texas 250 20 1,230 3 VIW
November 17  Louisiana 100 5-10 1,663 50 1 VIW
November 28 Miss. Delta 200 100 15,794 34 2 X
December 15  Mexico 200 20 8,448 34 4 w
1994
April 27 Texas/Mexico 325 10-15 4,508 45-60 2-3 W
July 8 Texas/Mexico 200 20-40 2,960 2 Xw
November 21 Texas/Mexico 350 60 39,114 Y

In 1993, the frequency of squirt events appeared to increase substantially. Eight
major events were documented from the Mississippi delta to the Mexican shelf near 24° N.
Each event could be linked with circulation of a large warm-core eddy and, in some cases,
to warm-core/cold-core eddy pairs. The flows directed south from the Louisiana shelf in
1993 occurred on the east sides of detached warm-core eddies of the Loop Current. The
May 3 flow (Figure 106) occurred along the east side of Eddy V and the November 28
flow at the Mississippi delta (Figure 106) occurred along the east side of Eddy X. Much of
the squirt activity in 1993 (six squirts) can be attributed to Eddy V, which remained active
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Figure 105. Schematic diagram of the surface expression of prominent squirts in the
northwestern Gulf of Mexico as observed in NOAA AVHRR thermal
infrared satellite data during 1992.
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Figure 106. Schematic diagram of the surface expression of prominent squirts in the
northwestern Gulf of Mexico as observed in NOAA AVHRR thermal
infrared satellite data during 1993.

141



Figure 107. Schematic diagram of the surface expression of prominent squirts in the
northwestern Gulf of Mexico as observed in NOAA AVHRR thermal
infrared satellite data during 1994.
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and in close proximity to the LATEX shelf. In summer 1993, a portion of Eddy W merged
with Eddy V in the northwest 60 m. Squirt activity off the Mexican shelf was probably
associated with Eddy T in January and Eddy W in December 1993.

The offshelf flow activity in 1994 was mainly along the Mexican shelf in
association with Eddy W, X, and Y (Figure 100). The offshelf flow in November 21 was

particularly noteworthy as it extended 350 km seaward and covered 39,114 km?2,

Figures 105 through 107 reveal that the squirts were most frequently observed
along the continental shelf of the western Gulf of Mexico between 23° and 28" N. A few
squirts were observed to extend south and west from the Mississippi delta region and a few
in 1993 extended south from the broadest part of the LATEX shelf. A tremendous amount
of variability was observed in the physical characteristics of the squirts. Length scales
varied from 150 km to 350 km with an average of 215 km. Width scales varied from 5 to
100 km. Surface areas ranged from 312 km? to 39,114 km?2. The average surface area of
all 15 squirts was 7413 km?2; however, removal of the November 21, 1994, squirt reduced

this average to 5149 km2. Surface velocities within the squirts, as determined from drifter
data, ranged from 30 cm/sec to 100 cm/sec. Squirt longevity ranged from 7 to 30 days.
Each squirt was found to be closely associated with circulation of a detached warm core
eddy of the Loop. Eddies T through Y effected the LATEX region during the field
measurement period. Squirt activity varied considerably from year to year during the
LATEX field program. This analysis indicates that much of this variability can be explained
by the higher frequency of offshelf flows associated with Eddy V.

Most squirts were observed between October and May, which corresponds to the
occurrence of increased frequency in offshore winds along the LATEX shelf. This
observation does not hold true for the south Texas and north Mexico coast where cool
upwelled waters were often observed extending northeastward in summer. Squirt
morphology in summer was more along-shelf than off-shelf, indicating that the prevailing
flow was upcoast. The uniformity of surface temperatures over most of the Gulf of
Mexico away from the Texas upwelling region in summer would preclude the observation
of offshelf flows.

3. Summary and Conclusions

During September and October, the uniform sea-surface temperature distribution
(characteristic of much of the Gulf of Mexico) disappears, and water masses become
differentiated by temperature as a result of depth-controlled chilling associated with the
passage of winter storms. Surface thermal fronts are evolved in preferential sights on the
Louisiana/Texas continental shelf from autumn through early spring. Some of the most
intense and persistent thermal fronts are formed where the Mississippi and Atchafalaya
Rivers encounter warmer shelf waters. A fairly continuous inner shelf front is often
observed 20 to 40 km from the coast and has been observed to extend westward from the
Atchafalaya delta region to the border between the U.S. and Mexico at 26’ N. Multiple
fronts are not uncommon on the inner and mid-shelf regions, and they are thought to result
from consecutive winter storms that cause heat loss and chilling of shelf waters and also
force cold bay and river waters seaward. These fronts may become elongated downcoast in
the extended plumes as the prevailing flow direction is westward along the Louisiana shelf
and southward along the Texas shelf. In addition, distinct thermal fronts are formed where
warm-core eddies encounter cooler waters on the shelf and slope or where they encounter
cold-core eddies. In some instances, the eddy-induced circulations result in offshelf flows
gs sguirts. The intensity of shelf fronts averages about 2° C with maximum fronts of 4 to
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The integration of satellite-derived sea surface temperature measurements, TOPEX
and ERS-1 sea surface height anomaly data, and surface drifter data has enabled a more
thorough interpretation of surface circulation in the northwestern Gulf of Mexico. The 31
drifters exhibited three main modes of circulation. One-third of the drifters demonstrated
downcoast flow typical of the wind-driven coastal current along the Louisiana-Texas coast.
Another one-third of the drifters exhibited offshelf flow south of Matagorda Bay near 28°
N, probably as a result of the convergence of water masses on the westwern side of the
quasi-shelfwide cyclonic gyre. Fifteen percent of the drifters were trapped within a slow-
moving cyclonic gyre between the 30 and 70 meter isobaths on the Louisiana/Texas shelves
between 92° and 94° W longitudes. Approximately 70% of the drifters were advected
seaward by warm-core and cold-core eddy circulations into the deep Gulf. These results
clearly demonstrate the over-riding effects that eddy motions can have on surface
circulation in particular regions of the continental shelf seaward of the coastal SST front.

The presence of offshelf-directed squirts and jets delineate the location of warm-
core eddies and warm-core/cold-core eddy pairs. From 1992 through 1994, squirt
formation was prevalent near 28° N, 96° W along the 200 m isobath. The squirts were
being advected northeastward and then offshelf around warm-core eddies resident close to
the continental shelf/slope in the northwestern GOM. Another preferential area for squirt
formation was between 24° N and 26° N, along the Mexican shelf. These squirts were also
associated with the presence of warm-core eddies and warm-core/cold-core eddy pairs. In
addition to these two regions of preferential development, a few squirts were observed
extending offshelf from the Mississippi delta region and from the widest portion of the
Louisiana/Texas shelf. The squirt events observed in these areas occurred during non-
summer months and were probably initiated by north wind events with subsequent offshelf
advection enhancement by warm-core eddy circulations.

D. Surface Structure and Variability of the Atchafalaya and Mississippi
River Plumes

1. Data and Methods

Satellite data obtained by the NOAA POES (Polar Orbiting Environmental
Satellites) were used in this study. The visible (0.58 to 0.68 um), the near-infrared (0.7 to
1.1 um), and the thermal infrared (10.5 to 11.5 pum, 11.5 to 12.5 um) channels were used
in the investigations to be presented. Sea surface temperatures were computed using the
multi-channel algorithm technique of McClain et al. (1985). Surface suspended sediment
concentrations were estimated using the bias correction technique of Stumpf (1992) and a
reflectance-suspended sediment algorithm developed for the Mississippi River plume
(Walker and Rouse, 1993; Walker, 1996a).

The historic archive of NOAA POES data (1988-1992) was used to investigate
variability of the river plumes and temperature structure on the LATEX shelf. Satellite data
collected during the LATEX field measurement program were used in the above-mentioned
analyses and also for the investigation of squirts and for selected circulation events.
Various other datasets are incorporated as supporting information in this report. Several
datasets obtained during the LATEX-B cruises were re-formatted and super-imposed on
clear-sky image data. These included salinity, total pigments (Rabalais, Section VI),
cyanobacteria abundances (Dortch, Section VII), and key pollutants (Means and McMillan,
Section X). The SCULP drifter dataset (Walter Johnson, personal communication, 1996)
was used extensively to study circulation associated with the coastal current, squirts, and
eddies (Walker et al., 1996). Current meter data obtained by LATEX-A was used for
selected time periods overlapping with interesting circulation events.
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2. Results
a. Plume Variability and Forcing Mechanisms

The Mississippi River is the major source of fresh water, sediments, nutrients and
pollutants for the Gulf of Mexico. Draining 41% of the continental U.S., it discharges

freshwater into the northern Gulf of Mexico at an average rate of 18,400 m3/s and
transports about 210 million tons of sediment annually onto the continental shelf and slope
(Milliman and Meade, 1983). Approximately 70% of the flow enters the Gulf of Mexico
through the bird's foot delta, and the remaining 30% is carried down the Atchafalaya River.
The Atchafalaya averages about 50% of the water discharge and 60% of the suspended load
of the Mississippi (Mossa and Roberts, 1990).

The riverine waters can often be identified along the coast of the northern Gulf of
Mexico in the visible and thermal infrared satellite image data obtained daily by the NOAA
series of environmental satellites. The spatial resolution, of 1.1 km at nadir, and the twice-
daily coverage offered by each satellite enable tracking of the river plume in the absence of
heavy cloud cover.

The visible and thermal infrared satellite data can yield different "pictures” of plume
morphology. The reflectance information, revealed by the visible channel, provides a
quantitative means of defining plume morphology and variability. In addition, the visible
data is usable throughout the year. The main drawback to its use is that once the suspended
sediment has dropped out of suspension, the plume is no longer detectable. The surface
temperature patterns, revealed by the thermal infrared data, are useful when the temperature
of the river discharge contrasts sufficiently with ambient shelf temperatures. The river
waters are usually trackable in the thermal imagery from the first cold-air outbreak event in
September through March. Beginning in April and throughout the summer, the buoyant
river water warms very quickly because of increased levels of solar radiation, and it
becomes more difficult to track with any certainty. In this report, both the visible and
thermal infrared satellite data have been used. The visible data were more useful during the
LATEX-B cruises since they were held during spring and summer. The thermal infrared
data have been used to study plume and coastal circulation during selected time periods
when supporting in-situ measurements were available.

Satellite observations of plume variability have revealed that the geometry and areal
extent of the Mississippi and Atchafalaya plumes are determined primarily by two forcing
factors: river discharge and wind speed/direction. River discharge exhibits an annual cycle
with highest discharges between March and May and lowest discharge from August to
October (Figure 108). The influence of river discharge on plume size is well-illustrated by
the results of an analysis of the seasonal and interannual variabilities of the Atchafalaya and
Mississippi River surface sediment plumes (Figures 109 and 110; Table 14). For these
analyses, the surface areas of the river plumes were determined by obtaining a mean value
for each pixel using all available clear-sky imagery during that period. Six to eleven images
were available for the time periods to be discussed. The plumes were defined as regions
where suspended sediment concentrations exceeded 10 mg/l using the algorithm developed
for the Mississippi River plume (Walker, 1996a). The optical characteristics of the
Atchafalaya plume should be similar (except during local flooding of the Red River)
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Figure 108. River discharge of the Mississippi River (at Tarbert Landing) and Atchafalaya River (at
Simmesport) from January 1988 through December 1993.
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Figure 109. Suspended sediment distribution (mg/1) associated with the Mississippi and

Atchafalaya River plumes along the Louisiana coast (a) in October 1989
and (b) in March/April 1989. The 10 m and 200 m depth contours are also
shown.
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Figure 110. Suspended sediment distribution (mg/1) associated with the Mississippi and Atchafalaya
River plumes along the Louisiana coast in (a) March/April 1989; (b) March/April 1990; (c)
March/April 1992; and, (d) March/April 1993.




since the Mississippi River is the major source for both plumes. Only areas seaward of
Atchafalaya Bay were included in the plume area measurements. A line drawn between the
western tip of Point Au Fer and the eastern tip of Marsh Island defined the seaward limit of
the bay. It is also important to point out that the reflectance/suspended sediment algorithm
was developed using the visible and near infrared channels of the NOAA-11 satellite and
fortuitously these channels exhibited little degradation from 1989 through 1993 (Y.J.
Kaufman, personal communication).

Table 14. Annual and interannual variabilities in plume sizes.

Averaging Atchafalaya Atchafalaya Mississippi Mississippi

Period Discharge Plume Area Discharge Plume Area
(m%¥s) (ko) (m%s) (ia?)
Oct 1989 4,045 2593 9314 2058
Mar/Apr 1989 11,904 5079 27,721 4595
Mar/Apr 1990 10,978 4348 25,586 3997
Mar/Apr 1992 7325 3171 17,259 1836
Mar/Apr 1993 11,892 4981 27,692 3855

As an example of the seasonal variability of the sediment plumes, the mean
Atchafalaya and Mississippi River plumes for October 1989 and March/April 1989 are
depicted (Figure 109). River discharge in March/April 1989 was three times greater than
that in October 1989. The river plumes were approximately twice as large during
March/April 1989 as they were during October 1989 (Table 14). It is interesting to note
that the Atchafalaya and Mississippi plumes were similar in size in October 1989 (2593
km?2 and 2058 km?2, respectively) and in March/April 1989 (5079 km? and 4595 km?),
even though the Mississippi River carries twice as much water. A portion of the
Atchafalaya plume results from wind-wave resuspension as the inner shelf seaward of
Atchafalaya Bay is extremely shallow. In October 1989, the average concentration within
the Atchafalaya plume did not exceed 80 mg/l, whereas in the 1989 spring concentrations in

excess of 80 mg/l covered over 800 km? of the inner shelf seaward of the Bay (Figure 109)
in addition to large areas within the bay that were not included in the measurements of
plume area. The Mississippi plume also exhibited large seasonal changes in plume area and
suspended sediment distributions (Figure 109). The information on the Mississippi River
plume is included for comparison with the Atchafalaya plume; a more comprehensive study
of the Mississippi plume region can be found in Walker and Rouse (1993), Walker (1994)
and Walker (1996a).

Interannual variability was investigated by comparing average plume areas for the
spring of four years: 1989, 1990, 1992, and 1993 (Figure 110). The 1991 spring was too
cloudy to warrant investigation. Average Mississippi River discharges (at Tarbert Landing)
in March/April of 1989, 1990, and 1993 were all above the 63-year long-term mean of
21,000 m3/s, whereas, discharge in March/April 1992 was below the long-term mean. The
1989, 1990 and 1993 river discharges in spring were relatively similar (within 10%)
whereas the spring discharge in 1992 was considerably lower (63% of the average of the
other 3 springs). Plume areas and morphologies were similar during the high discharge
springs, whereas smaller plumes with lower concentrations of suspended sediments were
observed in the 1992 spring. The 1992 Atchafalaya plume was 34% smaller than the
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plume average for the high discharge springs. The 1992 Mississippi River plume was 56%
smaller than the high discharge plume average. This analysis clearly reveals the effect of
river discharge on average plume size and suspended sediment concentration and
distribution on the shelf adjacent to the river outflows. As river discharge increases, the
average surface plumes of both delta regions increase in size and in surface suspended
sediment concentration.

The Atchafalaya plume (10 mg/l isoline) exhibited a two-lobed morphology on the
inner shelf which corresponded well with the bathymetry as depicted by the 10 m isobath.
The average plume for March/April 1989 and 1993 followed the bottom topography most
closely. It is hypothesized that the close correspondence between plume morphology and
bottom topography is because of the process of wind-wave resuspension of bottom
sediments. Itis interesting to note that the suspended sediment concentrations in
Terrebonne Bay—the large bay to the east of the Atchafalaya complex—show trends
similar to those in the Atchafalaya Bay complex. In the 3 high discharge springs, average
sediment concentration exceeded 20 mg/l over much of Terrebonne bay (Figure 110a,b,d)
and along the coast between the bays, whereas, during the low discharge spring of 1992,
suspended sediment concentrations were much lower (Figure 110). It appears as though
suspended sediment concentrations within Terrebonne Bay and along the coast are
measurably increased when Atchafalaya River discharge increases.

The average Atchafalaya plume for the low discharge spring of 1992 is compared to
the plume of the high discharge spring of 1993 in Figure 111. The average spring
condition would lie between these two examples. During the relatively low discharge
spring, the plume ranged between 24 and 33 km from the coast or bay entrance. In
contrast, during the relatively high discharge spring the seaward extent of the plume was
located 39 to 45 km from the coast.

The effect of wind speed and direction on plume morphology and plume area is
presented by analyzing average plumes for the four main wind directions affecting the
Louisiana coastline: southeasterly, southwesterly, northwesterly, and northeasterly. In
addition, individual satellite images are displayed for these wind scenarios. Most of the
data used to compile these "average" plumes were obtained in the winter and spring of
1992 and 1993 when higher quality wind data were available in the Atchafalaya plume
region because of automation of the Patterson airport weather station and the addition of
LATEX-A Mooring 17 seaward of Atchafalaya Bay.

The first wind scenario to be investigated is the southeasterly wind, that is, the
wind blowing from southeast to northwest. Winds from this direction occur more
frequently than any other single direction along the Louisiana coast and are most prevalent
in spring and early summer. On April 21, 1990, under conditions of moderate
southeasterly wind forcing (Figure 112a), the main body of the Atchafalaya sediment
plume was observed to extend out of the bay towards the west in a mud-stream type
morphology, as reported by Roberts et al. (1987). An "average" plume for southeasterly
wind forcing was constructed using seven clear-sky images (Figure 112b). The suspended
sediment distributions again show increased concentrations towards the west with a tongue
of very turbid water (> 80 mg/l) extending westward from Atchafalaya Bay. The
Mississippi River plume exhibited a morphology that suggested the existence of a
clockwise gyre within the Louisiana Bight, west of the Mississippi delta (Figure 112a), a
circulation pattern that has been reported previously (Wiseman et al., 1976; Rouse and
Coleman, 1976). The imagery suggests substantial east to west transport of water
emanating from South Pass and Southwest Pass; however, turbid waters discharged on the
northeast side of the delta extended northwards and northwestwards into
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Figure 111. The seaward limit of the average composite Atchafalaya sediment plume
(outlined by the 10 mg/1 contour) for the relatively low discharge spring of
1992 and the relatively high discharge spring of 1993. The 10 mg/l contour
was used to define the seaward extent of the plumes.
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Figure 112. (a) Satellite reflectance data on April 21, 1990 under conditions of moderate
southeasterly wind forcing; and (b) average suspended sediment
concentrations (mg/1) for southeasterly winds derived from seven clear-sky
images.
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Chandeleur-Breton Sound. The average plume of 3742 km?2 (Figure 112b) shows that
under southeasterly wind conditions the most turbid water is found in close proximity to
the delta or extending northwards or southwestwards from Southwest Pass. The
maximum surface sediment concentrations in the Mississippi plume were found to be
substantially lower than those within the Atchafalaya plume. The reduction in wind-wave
resuspension in the Mississippi plume case may explain this difference in sediment
concentration. :

The northeasterly wind case (blowing from the northeast to the southwest) is the
next most frequent wind direction, mainly in autumn and spring, in the wake of cold-front
passages. The January 20, 1992 image (Figure 113a) was preceded by 40 hours of strong
(10 to 18 m/s) north-northeasterly winds during a period of average spring river discharge
(19,000-20,000 m3/s). Both of the turbid river plumes were observed to cover an
expansive area of the shelf (Figure 113a), in both the along-shelf and across-shelf
directions. Although the plumes are longer and broader than the plumes under
southeasterly wind conditions (Figure 112a), plume orientation again suggests a
predominant surface flow towards the west, with an additional off-shelf component. The
turbid water of the Mississippi plume was observed as a broad water mass just west of
Southwest Pass where it measured 40 km in width. It curved northwestward and then to
the west upon encountering the coast between Barrataria and Terrebonne Bays. It was
trackable in the imagery until it encountered the turbid waters associated with the extensive
Atchafalaya plume. There was no clear indication of a clockwise gyre west of the
Mississippi delta. Perhaps under very strong northeasterly winds the primary flow is
westward and in an off-shelf direction. However, ADCP measurements collected in the
Mississippi River plume region during the LATEX-B Cruise 5 (Rouse, personal
communication, 1995) showed the existence of a well-defined clockwise gyre west of the
delta under moderate (5 to 10 m/s) northeasterly wind conditions in addition to a strong
westward flow along the coast. On January 20, after the sustained strong northeasterly
wind forcing, the Atchafalaya plume was observed to cover 9060 km? of the continental
shelf and extended as much as 72 km from the coast! It is hypothesized that the sediment
plume had three main sources. One source was the discharge from the Atchafalaya River,
which was about average for spring during time of image acquisition. The second source
would have been sediments resuspended in the bay and flushed onto the shelf. The third
source would have been unconsolidated sediments on the inner shelf that were resuspended
over a large area by the wind-generated waves.

The average plume for northeasterly wind conditions was compiled using seven
clear-sky images (Figure 113b). The plume morphologies during northeasterly wind
conditions were quite similar to those during southeasterly wind conditions. The
Atchafalaya plume during northeasterly winds was larger than under southeasterly winds
(4507 km?2 compared with 3742 km?2) and extended somewhat farther offshore. However,
the suspended sediment concentrations in the bay and in close proximity to the coast were
higher with winds from the southeast, perhaps as a result of concentration of the sediment
near the coast or the larger waves at the coast that would result from the longer fetch
onshore winds. The Mississippi plume exhibited a similar morphology during
southeasterly and northeasterly wind conditions. Detailed analyses of satellite imagery
during northeasterly wind conditions has shown that the predominant circulation is a north-
to-south flow of water on the east side of the Mississippi Delta, including southward flow
out of Chandeleur-Breton Sound (Walker et al., 1996).

During autumn and winter, the frequency of west winds increases because of the

passage of winter storms. Before frontal passage, the winds usually veer from southeast to
southwest for a relatively short time. The image of March 14, 1989 (Figure 114a)
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Figure 113. (a) Satellite reflectance data on January 20, 1992 under conditions of strong
and sustained northeasterly wind forcing; and (b) average suspended
sediment concentration (mg/1) for northeasterly winds derived from nine
clear-sky images.
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Figure 114. (a) Satellite reflectance data on March 14, 1989 under conditions of
moderate to strong southwesterly wind forcing; and (b) average suspended
sediment concentrations (mg/1) for southwesterly winds derived from seven
clear-sky images.
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depicts the Louisiana sediment plumes under conditions of moderate to strong south-
southwesterly winds and high river discharge. This image reveals that the Atchafalaya
plume was pushed landward on the southwest side where a region of high suspended
sediments (> 100 mg/l) was confined to the bay and to the inner shelf just seaward and
southeast of the bay. As a result of the strong onshore winds, sharp gradients in
suspended sediment concentrations were detected on the south and southwest margins of
the Atchafalaya sediment plume. The southwest winds efficiently reversed the westward
flowing mud-stream often observed in the Atchafalaya region and forced the plume
southeastward. The morphology of the Mississippi plume on March 14 suggests that a
major reversal in surface flow accompanied the switch to southwesterly winds. The
Southwest Pass plume was deflected southwards in comparison to its southwestward
extension under southeasterly wind conditions (Figure 112a). It is obvious from the
imagery that the surface waters east of the Mississippi delta had moved northeastward and
even northward into Chandeleur-Breton Sound. Average plumes for southwesterly winds
were compiled using eight clear-sky images (Figure 114b). This analysis revealed that the

Atchafalaya plume covered the smallest area (3583 km?) under southwesterly winds. This
compilation demonstrates an obvious reversal in flow within both river plumes. The
highest concentrations of suspended sediments within Atchafalaya Bay were observed to
extend eastward under these wind conditions. The Mississippi plume was confined close
to the coast on the west side and extended farther from the coast on the east side.

The last major wind direction to be investigated is the northwesterly wind case.
Winds from this direction accompany the passage of cold fronts. The image of February 7,
1992 (Figure 115a) was obtained after 48 hours of strong (10 to 15 m/s) northwesterly
wind forcing. The sediment plume (> 10 mg/l) measured 9630 km? and extended a
maximum of 85 km towards the southeast. As was discussed previously, much of this
plume probably resulted from resuspension of sediments in the bay and on the inner shelf.
These resuspended sediments were then transported seaward by the wind-generated
currents. This northwesterly wind event was preceded by strong southerly winds. Tide
gauge measurements at Luke’s Landing (Corps of Engineers, personal communication,
1996) revealed a one-foot setup before the frontal passage and a four-foot set-down after
the frontal passage. Thus, a considerable volume of water was flushed onto the shelf prior
to image acquisition. Results of Chuang and Wiseman (1983) showed that water level
fluctuations within Atchafalaya Bay respond most strongly to onshore-offshore winds
rather than alongshore winds. The Mississippi River plume’s surface morphology was
substantially altered by the strong northwesterly winds as the turbid river water extended
southward on all sides of the delta. There was no indication of the existence of a clockwise
gyre in the Louisiana Bight under these strong northwesterly wind conditions. The average
plume for northwesterly wind conditions was constructed using seven clear-sky images.
Although this average Atchafalaya plume did not extend as far seaward as that of February
7, 1992 (Figure 115b), it showed the same general morphology and distribution of
sediments. The average plume exhibited a two-lobed structure that conforms to the bottom
topography. The Atchafalaya plume extended further offshore and reached a maximum
size (of 6337 km?2) under these wind conditions. The Mississippi River plume did not
show such pronounced changes in morphology, except that the turbid waters did extend
farther south than usual.
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Figure 115. (a) Satellite reflectance data on February 7, 1992 under conditions of strong
and sustained northwesterly wind forcing; and (b) average suspended
sediment concentrations (mg/1) for northwesterly winds derived from six
clear-sky images.
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b. LATEX-B Plume Structure and Relationships with Other
Measurements

(1) Cruise I: April 22-29, 1992 Imagery obtained at the outset of Cruise I, April
1992, demonstrates how rapidly plume morphology can change with major wind direction

changes. The suspended sediment information obtained from the afternoon passes (2000
UT) of April 21 and April 22 are displayed in Figure 116. The wind was strong
northwesterly for the 24 hours before the cruise, and substantial flushing of Atchafalaya
Bay occurred with a set-down of 3.7 feet (measured at Luke’s Landing). The Atchafalaya
suspended sediment plume covered an expansive area of the inner shelf on April 21 (Figure

116). Its surface area was 5493 km?2, larger than any of the spring plume averages
discussed previously. The Atchafalaya plume again exhibited a two-lobed morphology,
which corresponded with the bathymetry, and the sediment plume lay roughly along the 10
m isobath. Resuspension of sediment on the inner shelf and offshore transport resulted in
the extensive Atchafalaya plume. Early on the 22nd (first day of the cruise) the wind
switched to east-southeast and moderated in strength. Comparison of the plume outlines
from the two images reveals that over the 24 hours between images, the plume retreated 20
to 25 km shoreward. The largest changes occurred seaward and east of the bay entrance.
The plume of April 22 measured 2930 km?, which was a 2563 km? reduction in area over
24 hours.

Cruise I occupied the inshore side of line S1 during acquisition of the April 22
image (Figure 116a). Note that on April 21 there was a conspicuous discharge plume
extending seaward from Terrebonne Bay; however, by the afternoon of April 22 it was no
longer detectable. At the inshore station along S1 (on April 22) a minimum light
transmission of 76% was measured (Figure 117a), which equated to about 10 mg/l
according to the satellite image data. The light transmission section confirms that the
surface plume did not extend onto the inner shelf past the first station. However, below the
surface (from mid-depth to the bottom) a region of lowered transmission (higher
concentration of sediment and biological material) was encountered at the inner three
stations. This sub-surface region of high turbidity corresponded closely with the offshore
extent of the surface plume 24 hours earlier. It is hypothesized that at least part of the
reduced transmission resulted from the sinking of sediments from the Terrebonne Bay
discharge plume after it was discharged onto the inner shelf. Another large region of low
transmission was identified starting 35 km offshore in a water depth of 18 m. The imagery
does not indicate any direct relationship between this region and past surface plumes. The
data on light transmission was obtained with a SeaTech, Inc. 5-cm transmissometer (LED
670 nm).

The S2 line occupation started at the offshore station six hours after acquisition of
the April 22 image. By this time, only the innermost station was in the Atchafalaya plume.
The minimum light transmission value measured at the nearshore station was 80% (Figure
117b). Notice that the S2 line transected the region where the eastern lobe of the
Atchafalaya plume was observed on April 21 (Figure 116). Although the surface plume
had retreated substantially landward over the 30 hours, a region of low transmission was
encountered below the surface six stations from the coast (Figure 117b). The surface plume
on April 21 extended to the fifth station. As along S1, the occurrence of relatively high
turbidity water subsurface was found to correspond closely with the region occupied
previously by the surface plume. The lowest transmission value (36%) of the three lines
was detected at the inshore station on S3 (not shown), a region often affected by
Atchafalaya plume water in its westward movement along the coast. In contrast to the other
two lines, the waters at the four innermost stations were well-mixed from surface to
bottom. This vertical homogeneity may have resulted from an increase in southeastern wind
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Figure 116. Spatial plots of the estimated 10 mg/1 suspended sediment contours derived

from satellite image analyses of April 21 (2000 UT; outer contour) and April
22 (2000 UT; inner contour). The S1, S2, and S3 lines of the LATEX-B
cruise are overlain. The 10 m isobath is plotted as a bolder solid black line.
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Figure 117. Light transmission during LATEX-B cruise 1 along (a) S1; (b) S2; and (c)
S3. Stations have been renumbered starting with “1” at the coast. Values are
in percent.
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speed early on April 23, which may have increased vertical mixing and resuspension of
bottom sediments.

In Figure 118, the surface salinity contours are overlain on the April 22, 1992 map
of suspended sediment concentrations. A bulge of low salinity water (22-25 psu) was
encountered on the inner shelf that corresponded spatially to the surface suspended
sediment plume (Figure 118a). Downstream from the Atchafalaya plume a shoreward
intrusion of higher salinity water was indicated (Figure 118a, See "A"), separating the
Atchafalaya River discharge region from relatively freshwater (< 25 psu) west of
Calcasieu. This cruise was preceded by a period of anomalously high rainfall along much
of the northern Texas coast, possibly explaining the relatively low salinities. An interesting
region of higher suspended sediments was observed in the imagery extending
southwestward from the Calcasieu area (Figure 118a, See "B"). This feature may depict a
convergence zone between freshwater runoff along the Texas coast and the intrusion of
Gulf water from the south.

Surface concentrations of total chlorophyll (personal communication, N. Rabalais,
1996) are overlain on the image data in Figure 118b. A large region of elevated chlorophyll
values was observed on the inner shelf seaward of the Atchafalaya delta as a result of the
enhancement of nutrients from the river discharge. This region of elevated chlorophyll
extended towards the southeast, conforming better to the plume of April 21 than that of
April 22. This chlorophyll "plume" indicates how effective northwesterly wind events are
in flushing nutrients out of the bay onto the shelf where they fuel phytoplankton blooms.
Chlorophyll values showed a secondary maximum south and west of Sabine and a distinct
minimum in the high salinity intrusion of Gulf water.

The distribution of cyanobacteria abundance (personal communication, Q. Dortch,
1996) in surface waters is shown in Figure 118c. The surface contours corresponded in a
general way to those of total pigments (Figure 118b) as they showed elevated values
southwest of the Atchafalaya plume and in the nearshore region between Calcasieu and
Galveston Bay. Strong gradients in cyanobacteria abundance were associated with the
southwestward-extending turbid water mass (Figure 118c, "B"). Almost no cyanobacteria
was found in the low reflectance, high salinity Gulf water intruding northwards between
Atchafalaya Bay and Sabine (Figure 118c, "A").

The surface contours of the herbicides metolachlor and atrazine are shown in Figure
119 superimposed on the satellite image data of April 22. These plots indicate two main
source regions for these herbicides, namely the Atchafalaya Bay region and the bays and
lakes from Calcasieu to Galveston. The patterns revealed in the two contour plots are very
similar; however, they differ more than would be expected from the contour plots of
salinity, chlorophyll, and cyanobacteria. The herbacide data exhibited large ranges in
values over small areas, which made contouring difficult. It is noteworthy that the
maximum values off Sabine Lake were an order of magnitude higher than those within the
Atchafalaya plume region.

(2)_Cruise IIT: April 13-19, 1993 River discharge was fairly constant during the
April 1993 cruise at about 34,000 m3/s, the highest of any of the LATEX-B cruises. A
clear-sky satellite image was obtained on April 12, 1993 (2106 UT, 1606 CDT)
approximately eight hours before the cruise started (Figure 120). The next good image was
obtained on April 16 (1300 UT, 0800 CDT), after sampling of the Atchafalaya outflow
region was completed. The April 12 image shows that the Atchafalaya plume covered a
relatively small area, considering how high the river discharge was at this time. The
surface waters of the plume had been pushed shoreward (particularly on the west side) by
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Figure 118. (a) Satellite image of reflectance on April 22, 1992 with the estimated seston
contour of 5 mg/l (solid line) shown. Lightest shades of grey are indicative
of highest concentration of sediments. The LATEX-B salinity contours
(heavy solid lines) are superimposed on the image data. (b) Same as (a) with
pigment values (in pg/l) superimposed. (c) Same as (a) with cyanobacteria
abundance (in cells/liter * 106) superimposed.
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Figure 119. Satellite image of reflectance on April 22, 1992 with the estimated seston
contour of 5 mg/l (solid line) shown. The surface contours of the herbicides
(a) metolachlor and (b) atrazine (in parts per trillion) are superimposed on
the image data.

NOAA-11 AVHRR Reflectance
April 12, 1993 2106 UT
10,20, and 80 mg/l contours

Figure 120. Satellite image of reflectance on April 12, 1993 (2106 UT) with the
estimated 10, 20, and 80 mg/1 seston contours shown. The LATEX-B cruise
track and stations are superimposed on the image.
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the moderate southerly and south-southwesterly winds of the previous two days. The
suspended sediment distributions suggested a flow of water along the coast and out of the
bay towards the southeast (Figure 120). The plume morphology on April 12 closely
resembled the average composite plume for southwesterly winds, discussed earlier (Figure
114b). Although the surface plume was compressed against the coast, the suspended
sediment concentrations within and just outside Atchafalaya Bay were rclatively high (> 80
mg/l) as a result of the strong river outflow.

The winds shifted from south-southwest to south-southeast after image acquisition
and remained fairly consistent until April 15 when they switched to northwest. Thus, lines
S1 and S2 were occupied under similar wind conditions to that of April 12, and, as a
result, the plume probably did not change dramatically over this time period. As during
Cruise I, only the inshore stations intersected the high turbidity region of the Terrebonne
and Atchafalaya plumes. The transmission sections along S1, S2, and S3 are shown in
Figure 121. The patterns shown are similar to the Cruise I patterns (compare Figures 121
and 117) except that the transmission values were much lower in April 1993, particularly
below the surface (low values=high concentrations of sediment and biological material).
The lowest transmission values along each line were found close to the coast at the surface
or along the bottom. Along S1, inshore transmission values near the bottom were about
50% compared with Cruise I (Figure 121a) when minimum bottom values of 80% were
measured. The volume of low transmission water was much greater than during Cruise I
(compare Figures 117a and 121a). Moving west towards the Atchafalaya Bay entrance, the
transmission values decreased further and the area of low transmission water increased
tremendously. Along S2 in April 1993, the zone of reduced transmission was much more
continuous and extended about 68 km seaward. Transmissions below 50% were observed
near the bottom 62 km from shore in April 1993, whereas the lowest transmissions in April
1992 were 72% up to 50 km from shore. The transmission values were lower along S3
than any of the other lines. Transmission values as low as 20% were measured in the
surface plume at the nearshore station and 32 km from the coast (Figure 121c¢). The lower
transmission values in April 1993 along the bottom may be attributable to the greater
discharge of freshwater and sediments in 1993 as compared with 1992.

In Figure 122, surface salinities, surface pigments and surface cyanobacteria
distributions are shown superimposed on the April 12 satellite image of suspended
sediment distributions (a,b,c, respectively). Comparison of the salinity contours for Cruise
I and Cruise III reveal that the freshwater plume was larger and fresher in 1993 (compare
Figures 122a and 118a). The surface waters between Galveston and Sabine, however,
were actually fresher in 1992, caused by local flooding. In both years, higher salinity shelf
water intruded landward between Atchafalaya and Galveston Bays. The intrusion was
further west in 1992. The surface pigment data (N. Rabalais, personal communication,
1996) exhibited maximum concentrations southeast of the entrance to Atchafalaya Bay
(Figure 15b), confirming a previous southeastward discharge of river water onto the inner
shelf. The maximum surface values were not quite as high as those observed during
Cruise I. This is somewhat surprising in light of the high 1993 river discharge. However,
the onshore winds had recently confined the nutrient-rich river waters to the nearshore area,
particularly on the west side of the Atchafalaya plume where the high concentrations of
suspended sediment may have inhibited rather than enhanced phytoplankton growth. It is
interesting to note that during Cruise III, the near-bottom pigment concentrations were
actually higher than the surface values (Rabalais in Murray and Donley, 1995). The
cyanobacteria abundances at the surface off the Atchafalaya delta were also much lower
during Cruise III than during Cruise I (Ccompare Figures 122¢ and 118c). Order of
magnitude changes were noted in this comparison. These observations suggest that wind
direction may play an important role in controlling productivity on the LATEX shelf.
Northwesterly winds that flush the bay (Cruise I) appear to enhance surface phytoplankton

164



Cruise 3,

April 1993 St Transmissivity

L L X X . L "
kL 30 25 20 15 LY 5

Cruise 3, Agril 1993 S$2 Transmissivity

Deplh (m)

80 78 70 8s 8Q 55 50 45 40 35
Cruise 3, Aprit 1993

" L L A L L : s 5
70 13 a0 53 50 45 40 s 30

28 20
Distance Offshore (km)

Figure 121. Light transmission during LATEX-B Cruise III along (a) S1, (b) S2, and (c)

S3. Stations have been renumbered starting with “1” at the coast. Values are
in percent.
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Figure 122. (a) Satellite image of reflectance on April 12, 1993 with the estimated seston
contour of 6 mg/l (solid line) shown. The LATEX-B salinity contours
(heavy solid lines) are superimposed on the image data. (b) Same as a) with

pigment values (in pg/l) superimposed. (c) Same as (a) with cyanobacteria
abundance (in cells/liter * 106) superimposed.
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concentrations on the inner shelf, whereas southwest onshore winds (Cruise III) appear to
inhibit near-surface phytoplankton concentrations.

The surface distributions of atrazine and metolachlor are shown in Figure 123
superimposed on the April 12 satellite image. Each herbicide shows elevated values near
the Atchafalaya outflow and also along the Texas coast between Galveston and Port
Aransas. Maximum values were observed off the Atchafalaya delta in 1993, but off the
Texas coast in 1992 (compare Figures 123 and 119) . This observation is explained by the
volume of water discharged into the coastal ocean at these sites in the different time
periods. It is interesting to note that the area of highest concentration along the Texas coast
was further south in 1993.

r 6-13. 1992 Circulation along the inner shelf during the
October cruise was primarily westward and fairly typical of autumn/winter circulation on
the LATEX shelf, except that the cruise was preceded by an abnormally strong
northeasterly wind event. The exceptionally strong winds from the northeast were caused
by a tropical depresssion that moved north from the Yucatan region. The intense and long-
lived wind forcing event generated a Mississippi River squirt and dipole eddy, which
extended 200 km towards the southwest from the Mississippi delta on October 4, 36 hours
prior to the cruise. Its surface morphology was revealed in the SST image of October 4,
1992 (Figure 124a). The LATEX-B Cruise II crossed the northern margin of the dipole
eddy that had formed on the leading edge of the squirt on October 6, revealing the squirt to
be a cool, low-salinity, low-density feature well-mixed to about 16 m water depth (Figure
124a). Detailed analysis of LATEX-A time-series data of temperature, salinity, and current
components enabled further investigation of the sub-surface characteristics of the squirt and
associated dipole eddy. For a complete description of the evolution and structure of this
squirt and its impacts, the reader is referred to Walker et al. (1996). A preliminary analysis
of the satellite and in-situ datasets was described in Walker et al. in Murray (1996).

During this cruise, the satellite information on SST was useful in identifying water
mass types. Because of the passage of a few winter storms prior to the cruise, differential
cooling of shelf and coastal water masses had occurred. In Figure 124a, the 26.5° C SST
contour is used to delineate waters emanating from coastal embayments and river
discharge. The cool low-salinity water of the Atchafalaya plume extended a considerable
distance offshore at the time of image acquisition and, in fact, in some places extended
beyond the cruise track. The distribution of suspended sediments is shown in Figure
124b. The 10, 20, and 80 mg/l contours are displayed in relationship to the ship track.
The sediment plume was observed to be rather disorganized although suspended sediment
concentrations were relatively high for a great distance seaward of the Atchafalaya Bay.
Without having a sequence of clear-sky imagery, it is difficult to know how much of the
surface suspended sediment was transported offshore and how much was resuspended
from the bottom. It is hypothesized that the very high turbidities southeast of the
Atchafalaya resulted primarily from resuspension rather than from sediment advection
since the north-northeasterly winds would have driven a westward flow out of Atchafalaya
Bay. The transmission measurements on lines S1, S2, and S3 (Figure 125 a,b,c) were
even lower (thus, more suspended material) than those obtained during the high discharge
spring of April 1993. In contrast to the April 1993 cruise, the transmission data revealed
the water column to be more well-mixed in the vertical, which is attributed to the extremely
strong winds before the outset of the cruise. The lowest light transmission was observed
along line S2 (Figure 125b), southeast of Atchafalaya Bay, an observation which agrees
with the satellite imagery (Figure 124b), even though the imagery was obtained about 2
days earlier.
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Figure 123. Satellite image of reflectance on April 12, 1993 with the estimated seston
contour of 6 mg/1 (solid line) shown. The surface contours of the herbicides
(a) metolachlor and (b) atrazine (both in parts per trillion) are superimposed
on the image data.
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Figure 124. (a) NOAA AVHRR SST image on October 4, 1992 with 24.5 and 26.5° C
contours drawn. The 26.5" C contour delineates the Mississippi squirt and
dipole eddy, crossed by S1 of the cruise track. The 26.5° contour also
delineates cool waters of the Atchafalaya outflow and the coastal current
extending westward along the coast. The 24.5° C contour delineates the
coolest waters which are within the Mississippi plume and northof the
Mississippi delta. b) NOAA AVHRR image showing the distribution of
suspended sediment on October 1992. The 10, 20, and 80 mg/1 contours are
shown.
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Figure 125. Sections of percent light transmission obtained during LATEX-B cruise 2
along (a) S1; (b) S2; and (c) S3. Stations have been renumbered starting
with “1” at the coast.
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Figure 126. (a) NOAA-11 SST image of October 6, 1992 depicting cool water with
lightest shades of grey. The 23.5 C contour is used to delineate the major
SST front of the Atchafalaya outflow and the coastal current region to the
west. Note the second Atchafalaya SST front seaward of the 23.5 contour,
which is only reached on line S2. (b) Same background image as in (a) with
total pigments in micrograms/liter superimposed. (c) Same background
image as in (a) with contours of atrazine concentration (in parts per trillion)
superimposed. (d) Same background image as in (a) with metolachlor
concentrations (in parts per trillion) superimposed.
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Figure 126 cont'd.
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A clear-sky SST image was obtained on October 6, 1992 at 1300 UT, during
occupation of the S1 line (Figure 126). The 23.5 SST contour is depicted on the imagery
as it delineated the major offshore surface front of the Atchafalaya plume, as well as the
extended plume towards the west. As is often observed in satellite imagery, the main
coastal SST front was closer to the coast downstream from the Atchafalaya region (Figure
126a). A comparison of the near-surface ADCP with the location of SST fronts reveals
that there is a close correlation between the strongest surface currents and the position of
the main surface thermal front.

In Figure 126b, the total pigment values have been superimposed on the SST image
of October 6, 1992. Again, the highest values were associated with the Atchafalaya plume,
and the elevated values extended primarily southwest from the bay (Figure 126b). The
values were relatively low compared with those of the two spring cruises, discussed
previously. The cyanobacteria abundance plots resemble those of total pigments and, thus,
are not shown.

The herbicides atrazine and metolachlor are superimposed on the October 6, 1992
satellite image in Figure 126¢ and 126d. These contour plots indicate a strong relationship
between the outflow of the Atchafalaya River and the highest concentrations of these
herbicides. Itis interesting to note that the herbicide concentrations associated with the
Atchafalaya River discharge were highest during the October 1992 cruise.

ruises IV and VI July 13-20. 1993 and July 12-17, 1994 The circulation
during these two summer cruises was primarily eastward (upcoast), a situation that
contrasted markedly with the October 1992 cruise, when autumn/winter conditions of
downcoast flow were observed. In July 1993 and July 1994 the prevailing direction of
surface flow was eastward as a result of the strong southerly winds along the south Texas
shelf and southwest winds along the Louisiana coast. Before each of the summer cruises,
the process of coastal upwelling was in evidence along the southern Texas shelf (Figure
127). The July 1993 cruise stopped before Matagorda Bay and, thus, may not have
encountered coastally upwelled water. However, in July 1994, coastal upwelling extended
unusually far north as is shown in the image of June 28, 1994 (Figure 127b) and Cruise
VI did encounter previous<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>