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Abstract

Surface property distributions were mapped in the Mississippi River plume during May and August, 1993 while
following surface drifters. Prevailing winds were the primary factor controlling the orientation of the plume. In May, under
typical southeasterly winds, the plume turned anticyclonically towards the coast, while in August, under anomalous westerly
winds, the plume turned east. Remote imagery of sea surface temperature and suspended sediments confirmed the direction
of the plume. Optimally interpolated maps of surface salinity, temperature, chlorophyll a fluorescence, and transmissivity
from underway sampling, and periodic nutrient samples, reveal the plume structure. In May concentrations of nitrate,
silicate, and phosphate decreased linearly with increasing salinity. Chlorophyll g increased to peak concentrations of 10 pg
17! in the plume, although higher pigment biomass was observed near the coast. In August nitrate and silicate concentrations
decreased conservatively near the mouth of SW Pass, except where pigment biomass was enhanced in a convergent surface
front. Surface nutrient concentrations in the plume also decreased with increasing salinity. The observations provide the first
Lagrangian view of surface property distributions in the Mississippi River plume, and indicate that significant temporal
variability exists in physical and biological properties within a day after waters are discharged from the river delta. © 1997
Elsevier Science B.V.

1. Introduction trients are delivered to the Gulf by the river. Fresh-

water from the Mississippi enters the Gulf through

The Gulf of Mexico receives more than half of its
freshwater input from the Mississippi River (Deegan
et al., 1986). The Mississippi watershed drains >
40% of the contiguous United States, including the
heavily fertilized farmlands of the Midwest, and
significant quantities of sediments and dissolved nu-
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Atchafalaya Bay to the west and the birdsfoot (Be-
lize) delta to the east. Seventy per cent of the total
river discharge flows from the delta. The freshwater
enters the Gulf through three large passes, the largest
of which is Southwest Pass (SW Pass), and through
several small channels and numerous crevasses.
Nearly twenty years ago Wiseman et al. (1976)
described the freshwater plume that originates at SW
Pass in a Liege Colloquium. Subsequent field studies
have examined the influence of bottom topography,
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the Coriolis force, and prevailing winds on the struc-
ture of the plume and the circulation on the Louisiana
shelf. The plume of the Mississippi River is similar
to the effluent plumes of the Po and Nile rivers,
since all three discharge into semi-enclosed seas with
minimal tidal range (Wiseman and Garvine, 1995).
In comparison to the Chesapeake, St. Lawrence and
Columbia rivers, however, the plume at SW Pass has
a small Kelvin number, so the Coriolis force has
little influence on the direction of the plume at its
origin (O’Donnell, 1993).

The orientation of the plume, and consequently
the direction of freshwater discharge on the shelf, is
regulated by winds and currents. In surface imagery
the plume frequently turns northwest towards the
coast (Rouse and Coleman, 1976; Walker and Rouse,
1993). Throughout much of the year the prevailing
winds in the northern Gulf of Mexico are from the
southeast (Cochrane and Kelly, 1986). The diurnal
tides about the delta are relatively weak, with ampli-
tudes of 30 cm, and they have less influence on the
plume (see Wright and Coleman, 1971). Thus the
combined effects of volume discharge, winds, and
the Coriolis force are the principal factors that regu-
late the direction of the freshwater discharge on the
Louisiana shelf (Dinnell and Wiseman, 1986).

The freshwater discharge from the Mississippi
River delivers a large flux of dissolved nutrients to
the shelf (Walsh et al., 1981; Turner and Rabalais,
1991). An estimate of the magnitude of the riverine
nitrogen flux delivered to the shelf is on the order of
3000 and 4000 tonnes of nitrate and total dissolved
nitrogen per day, respectively (Table 1). Since nitrate
contributes, on average, nearly 56% of the total
dissolved nitrogen in the river (Dinnel, 1995), the
two estimates agree well. The value for nitrate flux is
50% of that estimated by Dagg and Whitledge (1991),
who calculated that a nitrogen flux of this magnitude
is capable of sustaining rates of ‘‘new’’ primary
production at 30 g m™? yr~' of C on the western
Louisiana shelf. The impact of riverine nitrogen on
shelf productivity is confirmed by rates of produc-
tion that exceed 1 g m ™2 day ! of C (Lohrenz et al.,
1990; Redalje et al., 1994). In summer, the high
productivity rates in the stratified water column of
the western Louisiana shelf contribute organic matter
which fuels the development of hypoxic conditions
in the nearshore waters (Rabalais et al., 1991). Low

Table 1
Estimates of the daily nitrogen flux, in metric tonnes (t), delivered
to the Louisiana shelf through the Mississippi River delta

1. Nitrate-N daily flux

Average daily nitrate-N * 22mgl™!
Average discharge rate ° 14.0x10° m? s !
Conversion factors 10° s d™!
10°Im~?
Nitrate-N flux 3080 td™!

2. Total daily nitrogen flux derived from Dinnel (1995)
Annual total-N flux 115% 10 mol yr™!

Molar equivalent 14 g mol ™!

Daily equivalent 365 days yr ™!
100 ge!

Total nitrogen flux 4410td™!

The nitrate-nitrogen estimate is derived from long-term, mean
concentrations and river discharge rates.

The estimate for total inorganic nitrogen is calculated from total
dissolved nitrogen measurements from 1979 to 1992. A mean of
59% of the total nitrogen was found as nitrate nitrogen in Dinnel
(1995), equivalent to a nitrate flux of 2602 t d~', or 84% that
derived from Turner et al. (1987) and Walker et al. (1994).

* Turner et al. (1987).

® Walker et al. (1994).

oxygen concentrations in near-bottom waters alter
the distribution of benthic organisms and the com-
mercially fisheries on the western Louisiana shelf.

The Lagrangian-based observations described be-
low were one component of a research program
which sought to determine the influence of the Mis-
sissippi River on the coastal ecosystem of the west-
ern Louisiana shelf. This multi-investigator study,
the Nutrient Enhanced Coastal Ocean Productivity
(NECOP) program, was sponsored by the National
Oceanic and Atmospheric Administration (Atwood
et al., 1994). One of the objectives of our component
was to determine the rate at which surface properties
change as river water enters the shelf. In general,
previous studies have described the ‘‘plume’” in a
regional sense by mapping the distribution of surface
salinities. Salinity has been frequently employed as a
tracer for circulation and as an index to the propor-
tion of river water in the surface layer, although
salinity distributions do not indicate time-since-dis-
charge. In our study the time dependent change in
surface properties within the plume were observed
while following surface drifters.
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A series of surface drifter deployments were con-
ducted in the effluent plume of SW Pass in spring
and summer, 1993. The main objective of the study
was to describe the kinematics of the flow field and
document the time course of water parcels as they
transit onto the shelf. The second objective, the focus
of this paper, was to determine the temporal and
spatial variability of surface properties in the plume.
As the ship tracked the drifters, the surface salinity,
temperature, chlorophyll a fluorescence, and trans-
missivity were continuously mapped. Samples col-
lected at 30 to 60 min intervals for dissolved nutri-
ents and pigments (chlorophyll a). Rapid changes
were observed in the physical, chemical and biologi-
cal fields, with the highest gradients observed within
a day after water parcels exit SW Pass. Furthermore,
the Lagrangian observations revealed that nutrient
concentrations within the plume are regulated by
conservative mixing.

2. Methods

In May, 1993 a series of drifter deployments were
made during the annual maximum in river flow,
when discharge from the Mississippi River exceeded
30 X 10> m?® s~!. This volume discharge was twice
that of the 63 year mean for the month of May
(14 X 10* m® s™'). The May, 1993 discharge rate
also exceeds the long-term mean discharge in the
spring by almost 50% (Walker et al., 1994). As is
typical in the spring, winds were light and predomi-
nantly from the southeast. A second series of drifter
deployments took place in August, 1993. In June and
July strong thunderstorms persisted in the upper
Mississippi drainage basin. The high rainfall con-
tributed to a record flow in the Mississippi River and
extensive flooding occurred throughout the upper
half of the drainage basin (Dowgiallo, 1994). Dis-
charge rates for the Mississippi River in August,
1993 were the highest summer rate in the 64 year
history of records, exceeding 20 X 10° m s~'. The
river flow was nearly double the long-term, mean
discharge for the month of August (Walker et al.,
1994). Additionally, the winds along the coast in
summer, 1993 had a strong westerly component.
Thus the drifters were deployed during a strong
spring runoff in May, and during an exceptionally
strong summer discharge period in August.

Each drifter deployment was preceded by a sur-
vey of the surface properties near the delta. Salinity,
temperature, chlorophyll a fluorescence and trans-
missivity were measured on water pumped from 2 m
by the Multiple Interface Data Acquisition System
(MIDAS) on the R /V Pelican (Walser et al., 1993).
Observations were recorded at S s intervals. After the
fresh water plume was mapped, the surface drifters
were deployed near SW Pass along a line perpendic-
ular to the axis of the plume. Eight vhf-tracked
Coastal Ocean Dynamics Experiment (CODE)
drifters (Davis, 1985) were deployed in May and
followed for a maximum of 36 h. Drifter positions
were determined by moving the ship and triangulat-
ing the vhf transmissions. After 24 h the trajectories
of the drifters began to diverge as they entered the
Louisiana Coastal Current south of Barataria Bay, so
only the observations from the first 24 h are dis-
cussed here.

The positioning of the surface drifters required
that the ship be continually moved to remain ahead
of, and within a few km of, the drifters. Thus the
property fields derived from the MIDAS system
mapped the surface distributions in the plume before
the passage of the drifters. The shiptrack and drifter
trajectories are superimposed on remote imagery of
the suspended sediment field and sea surface temper-
ature (SST) in Fig. 1.

In the August study three modified CODE drifters
were deployed with Global Positioning System (GPS)
receivers to record positions. The positions and cor-
responding times were relayed to the ship at 30 min
intervals through a vhf signal at 154 MHz. This
tracking system permitted the ship to closely follow
the drifters and conduct a series of CTD casts in the
center of the drifter triad. After the first deployment
was completed on August 23, year day (YD) 235, a
second deployment was begun on August 24. The
drifter trajectories and property distributions in both
deployments were very similar, so only observations
from the first deployment are presented here.

The seawater from the MIDAS system was sam-
pled for chlorophyll a and nutrients at 30 to 60 min
intervals. The fluorometer reading.on the MIDAS
system was recorded as fifty ml samples were col-
lected for chlorophyll a analyses. Duplicate aliquots
were filtered onto GF /F filters and extracted in 90%
acetone (Parsons et al., 1984). Fluorescence was read
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Fig. 2. Fluorescence values (in V) from the MIDAS system as a function of chlorophyll @ as g 1! during the drifter deployments in (a)

May and (b) August.

before and after acidification on a Turner Designs
10-001 fluorometer to estimate chlorophyll a and
phaeopigment concentrations. The instrument was
calibrated with pure chlorophyll @ from Sigma
Chemical Company. A linear correlation existed be-
tween fluorescence and chlorophyll a in May, al-
though there was considerably more scatter in Au-
gust (Fig. 2). Surface maps of fluorescence are in
relative units (V), with the chlorophyll a and
phaeopigment a concentrations in various regions of
the plume discussed in the text.

In May nutrient samples were stored in acid-
cleaned polyethylene bottles in a refrigerator. Nutri-
ent analyses were done onboard the ship on an
Alpkem automated nutrient analyzer with analyses
for nitrate, silicate and phosphate as described in
Whitledge et al. (1988). Although nutrients were
analyzed and quality controlled by an experienced
technician, the silicate values increased three-fold
halfway through the deployment. There was no obvi-
ous indication why the apparent ‘‘step function’’
occurred in the silicate analysis, and we have been
unable to identify high-silicate (> 80 pwmol kg™ '),
saline (salinity > 25%0) waters in the historical, or
contemporary, data from the Louisiana shelf. On the
shelf surface waters with salinity = 25%¢ originate
from a mixture of higher-salinity Gulf waters and
fresher Mississippi River water (Wiseman et al.,
1982). It was very unlikely that in sequential samples
taken only 30 min apart the concentration of one
nutrient (Si) would suddenly increase 3-fold in the

plume. We therefore conclude that an error occurred
in the silicate analyses due to a three-fold dilution in
the last half of the analyses. The silicate values for
these samples have been corrected by a factor of
0.33. In August the nutrient samples were filtered
and stored at —20°C until automated analyses were
completed ashore. No inconsistencies were found in
the August dataset.

Objectively analyzed maps of surface salinity,
temperature, fluorescence, and transmissivity were
constructed from the surface MIDAS system data
with the parameter matrix technique (Mariano and
Brown, 1992). The method decomposes a set of
observations into a series at three scales of variabil-
ity. The largest scale is first estimated by fitting a
least-squares, two-dimensional bicubic spline to the
data. Residuals about this large-scale trend surface
are then smoothed by objective analysis (OA). The
final field estimate is the sum of the spline surface
and the OA map of the residuals. This method is
well-suited for describing time-varying properties in
dynamic regions such as the coastal waters of the
Louisiana shelf. Maps of surface fields correspond to
the mid-point of the drifter deployments.

3. Results
3.1. May, 1993

Remote images of suspended sediment and SST
show that during the drifter deployment the plume
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exhibited an anticyclonic turn towards the coast (Fig.
1). This image was taken on May 22 at 21:25 GMT,
16 h after the drifters were deployed, with the corre-
sponding position of the ship at the time of the
image indicated in Fig. la. The anticyclonic turn of
the plume to the northwest is consistent with the
prevailing SE winds (Walker and Rouse, 1993).
Surface distributions of particulate matter derived
from the visible and near-infrared channels of the
AVHRR show highest concentrations near the mouth
of SW Pass (Fig. 1a). The suspended sediment distri-
bution suggests that the plume bifurcated west of the
delta at 89.6° W. The SST image reveals warmer
surface waters along the southern edge of the plume
that extended into the Louisiana Bight (Fig. 1b). The
filament of warm surface waters appeared to origi-
nate near the Loop Current at 28° N, 89° W. The
warm surface feature was not present in an SST
image from 10:06 GMT, 11 h before Fig. 1b.

Trajectories of the eight CODE drifters are in-
cluded on the SST image (Fig. 1b). Four drifters
were in the cooler surface waters along the shore-
ward edge of the feature, while the remainder were
in the warmer surface waters to the south. All of the
drifters remained within the plume, for the salinity
distribution across the width of the plume was rela-
tively uniform at any time, and there was no evi-
dence of a horizontal surface front (Fig. 3). None of
the drifters stalled in the surface property front at the
western edge of the plume untii the following day,
when all drifters were south of Barataria Bay. The
trajectories indicate that the width of the plume
rapidly increased, and that there was considerable
horizontal shear across the feature (Boicourt et al., in
preparation).

The objectively interpolated (OA) maps of surface
properties from the MIDAS data confirmed the plume
structure seen in the remote imagery. Surface waters
along the northern edge of the plume were at 24°C,
about 3°C cooler than the surrounding shelf waters at
27°C (Fig. 3a). As in the SST image, the OA map of
surface temperature indicated that surface tempera-
tures along the seaward edge of the feature were
26°C. Surface salinity, in contrast, was relatively
uniform across the width of the plume at any given
time. Near the mouth of SW Pass the surface salinity
was < 10%e, while surface salinity along the north-
ern edge of the feature was 15%o. There was consid-

erable variability in the surface salinity at scales of
km at 89.9° W, near the mid-point of the deploy-
ment. South of Barataria Bay the surface waters were
warmer (> 30°C) and more saline (> 24%o) than in
the plume.

The spatial distribution of fluorescence in the
plume was complex (Fig. 3c). Near the mouth of SW
Pass, and in the coastal waters south of Barataria
Bay, chlorophyll a and phaeopigment a concentra-
tions were low, typically <2 pg 1~'. Correspond-
ing fluorescence values from the OA map (Fig. 3c)
are consistent with the chlorophyll-fluorescence re-
lationship (Fig. 2), suggesting that the surface pig-
ment field was as heterogenous as the fluorescence
distribution. Chlorophyll a biomass increased with
time along the axis of the plume, with surface con-
centrations increasing from 2 to > 10 pg 17! in 12
h. The maximum chlorophyll concentrations in the
plume coincide with the maximum fluorescence val-
ues (red) in the surface OA map. Phaeopigment
concentrations, in contrast, remained at <2 pg 1!
throughout the deployment. Surveys of surface pig-
ment distributions in the Louisiana Bight before the
deployment found chlorophyll @ concentrations of
25 ug 17!, with phaeopigment a concentrations of 5
pg 17! shoreward of the plume. Thus the low-salin-
ity waters of the plume did not correspond to the
region of maximum chlorophyll biomass.

The objectively analyzed map of transmissivity in
the plume indicates that riverine particulate material
settled rapidly. As indicated in the remote imagery,
highest concentrations of suspended material were
found near the mouth of SW Pass (Fig. 3d). The
western extent of the highly turbid waters in the
AVHRR image coincided with the strong gradient in
transmissivity at 90° W. Both the remote imagery
and MIDAS data reveal that suspended sediments
decreased to levels typically found on the western
Louisiana shelf within a day after river waters are
discharged from SW Pass.

Transects of surface salinity and transmissivity
across the plume axis show variability in the plume
structure on spatial scales of kilometers. Transect 1
corresponds to the deployment line west of SW Pass
(see Fig. 1a). A 1 km wide filament existed at the
northern edge of the plume, while within the broad
axis of the plume the minimum salinity was 12%.
(Fig. 4a). Narrow, low-salinity filaments were fre-
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2 and {(¢) 3 in Fig. la.

quently found along the edge of the plume near SW
Pass. Considerable structure was also apparent in the
particulate matter distribution as transmissivity de-
creased from > 50% to < 40% at the plume axis

(Fig. 4a). At the time of deployment the surface
distributions of salinity and transmissivity suggest
the width of the plume was about 6 km. Fluores-
cence values near the delta were low and quite
variable, and displayed no consistent relationship
with salinity or transmissivity (data not shown).

A second transect was completed across the plume
2 h later at 89.6° W (Transect 2, Fig. l1a). In the
second transect the minimum surface salinity of 8%
was found at 6 and 12 km (Fig. 4b). The two minima
were each about two km wide, and both were bor-
dered by sharp horizontal gradients in salinity and
transmissivity. Minimum transmittance in Transect 2
was 60%, so the suspended particulate load had
decreased within 2 h. In general, variations in salin-
ity coincided with those in transmissivity, and the
low-salinity waters contained the highest sediment
loads. The third transect was completed at 89.8° W,
about 9.5 h after the drifters were deployed along
Transect 1 (Fig. 4c¢). In contrast to the well-defined
salinity minima seen in the first two transects, the
surface salinity decreased across the width of the
plume from 19.5 to 18%.. Minimum salinities in
Transect 3 were at the northern end, where cooler,
turbid waters were evident in the remote image. It is
likely that the transect did not extend across the
entire plume, for there was no evidence of higher-
salinity shelf waters at the northern end of the tran-
sect. The suspended particulate load in the plume
continued to decrease during the deployment, and the
minimum transmissivity in Transect 3 was > 70%
(Fig. 4¢). Turbid “‘patches’” were embedded within
the plume, each a few hundred meters wide. In
general, as time increased there was less correspon-
dence between salinity and transmissivity, and the
surface structure of the plume evolved towards in-
creased variability at smaller spatial scales.

Nitrate, silicate, and phosphate concentrations in
the plume surface waters decreased linearly with
salinity (Fig. 5). Nutrient—salinity relationships indi-
cate that conservative mixing regulated the nutrient
distributions within the plume, with intercepts sug-
gesting source waters of salinity = 25%. (Fig. 5).
Subsurface waters of salinity = 25%c were observed
at the base of the plume, in the pycnocline (see
Section 3.2). Biogenic uptake of nutrients was rela-
tively low. The magnitude of phytoplankton nutrient
uptake can be estimated from the observed chloro-
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phyll a increase of 10 pg 17! (Fig. 5). The biomass
maxima occurred within a salinity range of 12 to
17%o, with highest chlorophyll concentrations devel-
oping after transmissivity had increased to maximum
values (Figs. 4 and 5). Phytoplankton composition in
regions where diatoms predominate, such as up-
welling zones, is typically 1 mmol N per mg chloro-
phyll a (Dugdale et al., 1989), and the utilization of
nitrate: silicate is often 1: 1 in coastal diatom popula-
tions (e.g. Dortch and Whitledge, 1992). Thus an
increase of 10 wg 17" chlorophyll a could poten-
tially account for nitrate-N and silicate reductions on
the order of 10 wmol 17!, assuming that all nitrate-N
and silicate-Si was converted to phytoplankton
biomass. Within the salinity range of 17 to 20%o
nitrate decreased from 50 to 40 pmol 17!, and
silicate declined from 40 to 30 wmol 17!, while

125
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Fig. 5. Concentrations of (a) nitrate, (b) silicate, (c) phosphate, in pmol kg™
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phosphate fell from 0.5 to < 0.2 wmol 17" (Fig. 5).
The 10 wmol 1! reduction in silicate and nitrate is
consistent with an increase in pigment concentrations
of 10 wg 17!, However, the major process which
regulated nutrient concentrations in the plume was
the conservative mixing of plume waters with the
low-nutrient, saline waters from the pycnocline.

3.2. August, 1993

In summer the surface winds along the northern
Louisiana coast are generally light and from the
southeast (Wiseman et al., 1982). During July and
August, 1993, in contrast, the surface winds had a
strong westerly component (Walker et al., 1994). In
late August the Loop Current also made a deep
intrusion into the eastern Gulf of Mexico. These two
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!, and (d) chlorophyll a in pwg 1™' as a function of salinity.

Corresponding station positions from the May deployment are shown in Fig. la.
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factors contributed to an easterly flow along the
Louisiana shelf. The plume orientation is apparent in
a surface image of suspended sediments taken about
6 h before a drifter deployment off SW Pass on
August 22, 1993 (Fig. 6). The image contains the
trajectories of the three GPS-tracked surface drifters
all embedded in the eastward flow of turbid, low
salinity surface waters.

suspendad Se
{mg/ 1)

Surface distributions of salinity and turbidity from
transects taken about the mouth of SW Pass describe
the turn to the east within 10 km of the river mouth
(Fig. 7a). Salinity increased from 6%o in the channel
of SW Pass to > 15%c in the plume axis with the
strongest salinity gradients along the western plume
front. Surface salinity decreased from > 20 to <
6%¢, and transmissivity decreased from > 90% to
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Fig. 6. Surface suspended sediments from NOAA AVHRR satellite data about the Mississippi River delta on August 23, 1993. Drifter

trajectories are superimposed for three GPS-tracked surface drifters.
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< 30%, within a horizontal distance of 5 km across
the plume front. The convergent nature of the front
was confirmed by a series of drifter deployments.
Drifters released at the mouth of SW Pass converged
in the surface front within a few hours of their
release. Thus the drifters were deployed in the plume
axis downstream of the turn.

Fluorescence patterns about the mouth of SW
Pass confirmed that maximum pigment biomass was
at the plume front (Fig. 7b). Relatively high fluores-
cence values in SW Pass were likely attributed to
high phaeopigment concentrations, and possibly dis-
solved organic matter, rather than chlorophyll a.
Within the channel of SW Pass chlorophyll a con-
centrations were relatively low, <2 pg 17!, and
phaeopigment concentrations exceeded 3 p.g 17!, yet
fluorescence values were relatively high. Along the
western edge of the plume chlorophyll a concentra-
tions ranged from 4 to 6 wg 17" (hatched region in
Fig. 7b) while phaeopigment concentrations were
relatively low at <2 pg1~'. On August 23 a repeat
survey found surface chlorophyll a concentrations in
the plume front exceeding 40 p.g 1", with phaeopig-
ments concentrations < 10 wg 17! (data not shown).
The convergent front along the seaward edge of the
plume therefore appears to have contained the maxi-
mum surface pigment biomass in August.

Nutrient samples collected during the survey on
August 23 suggest that mixing processes and bio-
genic uptake regulate nutrient distributions near the
mouth of SW Pass. In samples collected along the
plume axis nitrate and silicate decreased linearly
with salinity, indicating conservative mixing within
the interior of the plume. In the plume axis maxi-
mum chlorophyll a concentrations were 2 pug 17!
(solid symbols, Fig. 8). Samples collected in the
convergent front contained nitrate and silicate con-
centrations that did not display any consistent rela-
tionship with salinity (open symbols, Fig. 8ab).
Chlorophyll a concentrations in the front were higher
than in the plume, ranging from 3 to 9 pg1~' (Fig.
8d). This pattern suggests that the reduced nutrient
concentrations in the front were due to biogenic
uptake. Phosphate exhibited less of a consistent rela-
tionship with salinity, although concentrations were
generally lower in the front than in the plume (Fig.
8c). Thus the entrainment of low-nutrient, saline
water appeared to be the major factor regulating

nutrient concentrations in the plume interior, while
phytoplankton uptake clearly influenced nitrate and
silicate distributions at the surface front.
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and (¢) % transmittance near the mouth of SW Pass on August 22,
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chlorophyll @ concentrations (extracted samples).
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Following the survey of SW Pass, three surface
drifters were deployed at 28.83° N, 89.38° W, ap-
proximately 5 km south of the river mouth. The
drifters were launched at 00:00 GMT on August 23
(YD 235) and were retrieved 18 h later at 88.8° W.
The eastward velocity of the plume was therefore
about 1 m s~ !. Surface distributions of temperature,
salinity, fluorescence, and transmissivity for the ob-
jective analysis included observations from the initial
survey at SW Pass, the drifter deployment, a return
transect along 28.9°, and a second survey about the
river mouth on the next day. Surface temperatures
clearly shows that freshwater from the river was
cooler (28.5°C) than the surrounding shelf waters of
30°C (Fig. 92). The temperature of the effluent plume
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increased to 30°C within a day after exiting the river
mouth. The pattern of surface salinities near the
mouth of SW Pass was complex. Low-salinity waters
from the delta remain on the shoal areas between the
passes, where surface temperatures exceed 31°C. As
filaments of this warm, fresh water flow seaward
from the shoals, they generate large gradients in the
surface property fields (Fig. 9a,b).

During a survey on YD 236 the ship crossed one
filament of this fresh (salinity < 5%o), warm (>
31°C) surface water at 89.5°W (purple region in Fig.
9b). Similar features were found during the return
transect to the river mouth along 28.9°N. The fila-
ments were observed most frequently to the east of
SW Pass, near 89.4°W (Fig. 9b). Within the plume
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Fig. 8. Concentrations of (a) nitrate, (b) silicate, (c) phosphate and (d) chlorophyll @ as a function of salinity from surface samples collected
about the mouth of SW Pass. Units as in Fig. 5. Open symbols correspond to samples from the convergent front along the western edge of

the plume.
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the surface salinity field was less patchy. During the
drifter deployment salinity values in the plume in-
creased from 15 to 24%o within 12 h. The surface
fluorescence distribution also contained the most het-
erogenous distributions near SW Pass (Fig. 9c).
Maximum fluorescence values, corresponding to
chlorophyll a concentrations > 10 pg 17!, were
observed on the western side of the plume, as in Fig.
8. Pigment concentrations in the warm, low-salinity
filament crossed on YD 236 exceeded 20 g 17!
(red area in Fig. 9¢). Within the plume, surface
chlorophyll a concentrations were relatively uni-
form, with surface chlorophyll a concentrations
ranging from 2 to 6 wg 17!, The transmissivity data
indicated that the highest suspended sediment con-
centrations were limited to the surface waters near
the mouth of SW Pass with little variability in the
effluent plume (Fig. 9d). During the 18 h deploy-
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ment per cent transmittance increased from 70% to
> 90%.

Surface nutrients were linearly related to salinity,
suggesting that conservative mixing regulated sur-
face nitrate, silicate, and phosphate concentrations in
the effluent plume. With the exception of one sample
(open symbol in Fig. 10a), nitrate concentrations in
the plume decreased from 50 pmol 17! to nearly
undetectable concentrations within 18 h. Silicate de-
creased from nearly 80 to 20 pwmol 1-! within the
same interval (Fig. 10b), while phosphate declined
from >1 wmol 17! to nearly undetectable levels
(Fig. 10c). Linear relationships of nitrate, silicate,
phosphate and salinity suggest that the source waters
of salinity =24 to 26%o. In contrast to nitrate and
phosphate, silicate concentrations at the end of the
deployment were still relatively high, at 15 pmol
11,
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Fig. 10. Concentrations of (a) nitrate, (b) silicate, (c) phosphate and (d) chlorophyll a as a function of salinity from samples collected while

following surface drifters on August 23, 1993. Units as in Fig. 5.
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A series of CTD casts in the plume found salinity
of 25%o in the pycnocline at depths of 2 to 5 m.
Nitrate concentrations in the pycnocline were vari-
able, ranging from undetectable to >5 pmol 171,
with silicate varying from 14 to 17 wmol 17", Phos-
phate concentrations within the pycnocline were gen-
erally between 0.05 and 0.1 wmol 1. The pycno-
cline at the base of the plume corresponds to a large
gradient in nutrient concentrations, and is the source
of the low-nutrient waters mixed into the surface
layer (see Wright and Coleman, 1971).

During the drifter deployment pigment concentra-
tions decreased from initial values of 4 to 6 pg 17!
to minimum concentrations of 2 pg 17" within 10 h
(Fig. 10d). At the conclusion of the deployment
pigment concentrations had nearly doubled to 4 pg
17!, This variability may be a consequence of a diel
cycle. The drifters were launched at local sunset,
when chlorophyll a concentrations were highest.
Pigment concentrations decreased throughout the
night with minimum chlorophyll a biomass at dawn,
followed by an increase during the next day. The
periodicity may therefore reflect the growth of phy-
toplankton community during the day, followed by
grazing throughout the night.

4. Discussion

The effluent plume originating at the Mississippi
delta exerts a strong influence on the surface waters
of the Louisiana Shelf. Low-salinity water is present
on the western Louisiana shelf throughout the year
(Wiseman et al., 1982), and in satellite imagery the
effluent plume often turns anticyclonically towards
the coast (Walker and Rouse, 1993). Retrospective
analyses show that spatial distributions of sediments
reflect the productivity of the overlying surface wa-
ters. Sediment distributions reveal a west-to-north-
west orientation in organic carbon (Nelsen et al.,
1995), pigments, and biogenic silica (Turner and
Rabalais, 1994) from SW Pass to the coast. Thus the
property distributions in sediments reinforce the con-
clusion that the direction of the effluent plume is
most often to the northwest.

Drifter trajectories show that at high discharge
rates freshwater parcels transit through the effluent
plume within a day. In May the drifters entered the

coastal current south of Barataria Bay after 24 h. As
the drifter trajectories crossed the 20 m isobath
several slowed and stalled in the density front which
bordered the western edge of the plume. In August
the drifters entered shelf waters with salinities >
24%o in less than a day. Additional drifter deploy-
ments during a period of relatively low discharge in
September, 1992 also gave an estimate of transit
time through the plume of one-to-two days (Boicourt
and Wiseman, unpublished data). Previous estimates
of the residence time for water parcels in the effluent
plume of the Mississippi River have been calculated
from freshwater discharge rates and the plume vol-
ume. Lohrenz et al. (1990) calculated a residence
time of two days for freshwater to effectively “‘fill”’
the effluent plume during the spring runoff in April,
1988 with a river discharge rate of 5.8 X 10° m?
s”'. The mean plume salinity was estimated at
26.2%o. This discharge rate is < 50% that in spring
or summer, 1993, and corroborates the observations
that the average residence time for water parcels in
the plume are one-to-two days. The agreement be-
tween the two estimates lends support to a hypothe-
sis that water parcels discharged into the plume
retain their salinity signature for periods of a few
days. Lohrenz et al. (1990) stress that this time is
equivalent to the biogenic processes that modify
surface properties. The nutrient—salinity relation-
ships suggest that biogenic uptake has little influence
on nutrient concentrations within the plume, where
conservative mixing dominates the nutrient dynam-
ics. Maximum plankton biomass occurs at the plume
front where nutrient—salinity relationships indicate
non-conservative processes; here nutrient uptake has
a large influence on surface nutrient distributions.
Surveys of nutrients distributions in the surface
waters of the western Louisiana shelf typically dis-
play considerable scatter at intermediate salinities of
10-25%e,. Prior studies have examined the plume as
a regional feature, surveying a large area of the
Louisiana shelf and relied upon surface salinity as an
indicator of the presence of freshwater (Lohrenz et
al., 1990; Dagg and Whitledge, 1991; Dortch and
Whitledge, 1992; Smith and Hitchcock, 1994). In
these four studies nitrate, silicate and phosphate con-
centrations in spring and summer have consistently
shown high concentrations within the riverine source
waters, and near-undetectable concentrations in the
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saline oceanic waters. /Non-linear relationships ob-
served between inorgar{ic nutrient concentrations and
salinity have been attributed to temporal variability
in nutrients within the Mississippi River (Dortch and
Whitledge, 1992), as well as mixing and biogenic
nutrient uptake. We hypothesize that the nonlinear
relationships also arise from sampling the plume
front (e.g. Fig. 8).

Evidence of phytoplankton uptake in the nutrient
distributions is illustrated by the observation that
photoautotrophic biomass, as measured by chloro-
phyll a, is typically at maximum levels at salinities
of 15 to 30%o (i.e. Smith and Hitchcock, 1994). At
these intermediate salinities the concentration of sus-
pended particulate matter has declined from high
levels typically found in river water (Dortch and
Whitledge, 1992). The increased transparency results
in a relaxation of light limitation of photosynthesis,
and nutrient utilization is enhanced. Nutrient—salin-
ity relationships from the Lagrangian-based observa-
tions suggest, however, that nutrient uptake by phy-
toplankton primarily occurs at the effluent plume
front.

Previous surveys of nutrient distributions at the
mouth of the Mississippi River have shown that
nutrient concentrations are linearly related to salinity
(Fanning and Pilson, 1973; Fox et al., 1987). These
studies were completed by shipboard surveys, and
did not follow Lagrangian tracers. The observations
are similar to those seen in August, 1993 (Fig. 8),
and confirm that within the Passes of the delta the
surface nutrient concentrations are regulated by con-
servative mixing. In the surface waters of SW Pass
biogenic nutrient uptake is reduced since high partic-
ulate matter loads contribute to high turbidity. At the
mouth of the Passes the plume rapidly expands as
saltier water is entrained through the pycnocline
(Wright and Coleman, 1971). Thus in the Passes of
the delta, and at the mouth of SW Pass, conservative
mixing regulates nutrient dynamics in the surface
layer as biogenic uptake is constrained by limiting
light conditions. Mixing diagrams for nitrate and
silicate suggest that seaward of the river mouth,
nutrient concentrations within the plume are also
regulated by conservative mixing. The pycnocline is
the source of the low-nutrient saline waters, gener-
ally from depths of 2 to 4 m. Studies of the effluent
plume at South Pass show that saline waters of

intermediate salinity are entrained by breaking inter-
nal waves on the density interface (Wright and Cole-
man, 1971).

The Lagrangian-based sampling scheme revealed
that surface concentrations of nitrate and silicate, and
to a lesser extent phosphate, within the plume are
consistent with conservative mixing. As water parcels
transit the shelf, the drifters provided a mechanism
by which the temporal history of surface properties
were observed. Conservative mixing within the inte-
rior of the Mississippi River plume is consistent with
that observed in the river plumes of the Amazon
(Edmond et al., 1981), Zaire and Magdalena (Fan-
ning and Maynard, 1978), and Savannah (Fanning
and Pilson, 1973) rivers. Discharge rates of large
rivers such as the Amazon and Zaire create effluent
plumes that expand over many square kilometers, so
surveys can casily map the plume interior. In studies
of the Magdalena and Savannah rivers the observa-
tions were limited to the river mouth. In the effluent
plume at SW Pass, where the plume orientation
rapidly changes in response to winds, drifters pro-
vide a mechanism by which the plume axis can be
readily identified. Thus the Lagrangian sampling
scheme permits the ship to follow history of proper-
ties within the tagged water parcels. A Lagrangian-
based sampling program could also prove useful in
large estuarine plumes where multiple sources and
sinks contribute to temporal and spatial variability in
nutrient distributions (e.g. Morris et al., 1995).

Since nutrient concentrations in the plume interior
are regulated by conservative mixing, we hypothe-
size that the highest rates of phytoplankton nutrient
utilization occur at the plume front. In support of this
hypothesis, Lohrenz et al. (1990) found that the
maximum chlorophyll a biomass within the low-
salinity waters of the Louisiana Bight is less than
that predicted from a model of light-limited phyto-
plankton growth. Reduced phytoplankton biomass in
the turbid waters of the plume was attributed to
several possible factors, including: (1) limitation of
phytoplankton growth by nutrients other than N, Si
or P, (2) toxic materials in the river water, such as
pesticides, (3) zooplankton grazing and sinking, and
(4) the inability of phytoplankton populations to
achieve steady-state conditions in the plume.

The short residence time for water parcels in the
plume lends support to the hypothesis that phyto-
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plankton populations have insufficient time to achieve
steady-state, and therefore establish high growth
rates, in response to changing environmental condi-
tions. Water parcels and the resident plankton popu-
lations transit through large gradients of turbidity,
light, nutrient concentrations, and salinity within a
day after exiting from the mouth of SW Pass. La-
grangian-based observations of the time required to
alter nutrient uptake rates and photosynthetic pro-
cesses indicate that time scales for phytoplankton to
adapt to rapidly changing conditions are on the order
of days in coastal waters (Dugdale et al., 1990).
Thus the resident phytoplankton populations in the
plume, or those entrained from the underlying pycn-
ocline, may have insufficient time to adapt to the
prevailing light and nutrient regime while in the
plume interior.

Maximum plankton biomass develops at the plume
front. The pigment maxima observed at the plume
front in August, 1993 agree with the finescale distri-
butions of chlorophyll a observed by Grimes and
Finucane (1991) in earlier surveys. Surveys of pig-
ment, macrozooplankton, and ichthyoplankton
biomass indicate that maximum concentrations are
typically found at the plume front, rather than in the
interior of the plume or the contiguous shelf waters
(Govoni et al., 1989; Grimes and Finucane, 1991).
Fronts are frequently identified as regions of maxi-
mum plankton biomass due to enhanced growth and
horizontal convergence (Franks, 1992). The structure
of the Mississippi River plume front contains inter-
mittent, turbulent features that span distances of 10
to 100 m. These patches form and dissipate on time
scales of several hours (Govoni and Grimes, 1992),
and are driven by density differences across the
interface of plume and shelf waters. We recommend
that future studies of nutrient uptake and plankton
distributions in the Mississippi River plume concen-
trate observations in the plume front. Lagrangian
tracers may serve as one mechanism by which the
plankton populations can be followed in these dy-
namic regions.
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