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A Preliminary Mass Balance Model of
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Oxygen in the Mississippi River Plume/
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ABSTRACT: A deterministic, mass balance model for phytoplankton, nutrients, and dissolved oxygen was applied to
the Mississippi River Plume/Inner Gulf Shelf (MRP/IGS) region. Thec model was calibrated to a comprehensive set of
field data collected during July 1990 at over 200 sampling stations in the northern Gulf of Mexico. The spatial domain
of the model is represented by a three-dimensional, 21-segment water-column grid extending from the Mississippi River
Delta west to the Louisiana-Texas border, and from the shoreline seaward to the 3060 m bathymetric contours. Diag-
nostic analyses and numerical experiments were conducted with the calibrated model to better understand the environ-
mental processes controlling primary productivity and dissolved oxygen dynamics in the MRP/IGS region. Underwater
light attenuation appears relatively more important than nutrient limitation in controlling rates of primary productivity.
Chemical-biological processes appear relatively more important than advective-dispersive transport processes in control-
ling bottom-water dissolved oxygen dynamics. Oxidation of carbonaceous material in the water column, phytoplankton
respiration, and sediment oxygen demand all appear to contribute significantly to total oxygen depletion rates in bottom
waters. The estimated contribution of sediment oxygen demand to total oxygen-depletion rates in bottom waters ranges
from 22% to 30%. Primary productivity appears to be an important source of dissolved oxygen to bottom waters in the
region of the Atchafalaya River discharge and further west along the Louisiana Inner Shelf. Dissolved oxygen concen-
trations appear very sensitive to changes in underwater light attenuation due to strong coupling between dissolved oxygen
and primary productivity in bottom waters. The Louisiana Inner Shelf in the area of the Atchafalaya River discharge and
further west to the Texas border appears to be characterized by significantly different light attenuation-depth-primary
productivity relationships than the area immediately west of the Mississippi Delta. Nutrient remineralization in the water
column appears to contribute significantly to maintaining chlorophyll concentrations on the Louisiana Inner Shelf.

Introduction States. An extensive and persistent zone of seasonal
hypoxia (dissolved oxygen = 2 mg 1!} has heen
documented in the nearshore bottom waters of the
Louisiana-Texas continental shelf (Rabalais et al.
1991, 1992). Turner and Rabalais (1991) speculat-
ed that increased nutrient inputs from the MAR
! Corresponding author. system may have affected the extent and severity

The Mississippi-Atchafalaya River (MAR) system
is the largest single source of freshwater and nu-
trient inputs to the coastal waters of the United
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of hypoxia in this region by supporting enhanced
levels of primary productivity. Justic et al. (1993)
strengthened the evidence for this hypothesis
through cross correlation analysis of MAR nutrient
inputs, net productivity, and hypoxia in the north-
crn Gulf of Mexico.

The occurrence of hypoxia also depends on cer-
tain physical and hydrometeorological factors. Ver-
tical stratification in the water column is generally
regarded as a necessary condition for hypoxia
(c.g., Swanson and Sindermann 1979; Officer et al.
1984; Turner et al. 1987). Stanley and Nixon
(1992) demonstrated that stratification events and
bottom-water dissolved-oxygen levels in the Pamli-
co River Estuary were tightly coupled to variations
in freshwater discharge and wind stress. Rabalais ct
al. (1992) reported that dissipation of summer
near-bottom hypoxia on the Louisiana Shelf was
event-dominated.

Deterministic mass balance models can be useful
tools for synthesizing environmental data and for
providing a better understanding of causc-cffect
mechanisms that lic behind experimental obser-
vations. O’Connor (1981) reviewed and cvaluated
nutricnt-phytoplankton models that have been
used in water-quality management studies of five
different estuaries. Kremer and Nixon (1978) de-
veloped a model of phytoplankton, zooplankton,
and nutrient dynamics to synthesize a large body
of existing information on Narragansett Bay and
on marine ecosystems in general. Hoffman (1988)
developed a coupled physical-biological model to
investigate horizontal fluxes of phytoplankton, car-
bon, and nitrogen on the southeastern United
States continental shelf as a function of upwelling
featurcs. Fasham et al. (1990) developed a model
for plankton-nitrogen dynamics in the oceanic sur-
face mixed layer and applied it to time scries data
at a location near Bermuda.

Several of the mass balance modeling studies in-
volving dissolved oxygen in marine systems have
been conducted in the New York Bight and in
Chesapeake Bay. O’Conner ct al. (1981) attempted
to disaggregate dissolved oxygen dynamics in the
New York Bight 1976 anoxic cvent (Swanson and
Sindermann 1979). Their attempts to investigate
the influence of nitrogen loadings from New York
Harbor were confounded by lack of information
on seaward boundary conditions. Stoddard and
Walsh (1988) demonstrated that increased loading
of organic carbon could lead to the onset of anoxia
within the Bight Apex; however, their analysis did
not discriminate between riverine discharges and
primary productivity sources. Cerco and Cole
(1993) developed and applied a coupled hydro-
dynamic-water quality model for Chesapeake Bay
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Fig. 1. Map of study area.

that included phytoplankton, nutrients, and dis-
solved oxygen.

As part of the Nutrient Enhanced Coastal Ocean
Productivity (NECOP) program, a study was initi-
ated to synthesize information on physical, chem-
ical, and biological processes in the Mississippi Riv-
er Plume/Inner Gulf Shelf (MRP/IGS) region
within a mass balance modeling framework. This
paper contains results from the application of a
coarse grid, deterministic model for phytoplank-
ton, nutrients, and dissolved oxygen to the Loui-
siana Inner Shelf portion of the MRP/IGS region
(Fig. 1). The model was calibrated to a compre-
hensive set of field data collected during July 1990
at over 200 sampling stations in the northern Gulf
of Mexico. Diagnostic analyses and numcrical ex-
periments were conducted with the calibrated
model to better understand the environmental
processes controlling primary productivity and dis-
solved oxygen dynamics in the study area.

The results presented herein are preliminary be-
cause the model has not yet been validated to an
independent set of ficld data. Although a previous
application of the model was conducted using his-
torical field data for July 1985 (Bierman et al.
1992), these data were not sufficiently comprehen-
sive to adequately constrain model parameters for
primary productivity and dissolved oxygen. At the
time of this study, ficld data for July 1990 repre-
scnted the best available dataset for model calibra-
tion. It is anticipated that future NECOP datasets
will permit independent validation of the model
and determination of internally consistent sets of
model parameters across different years.

Modeling Approach

The conceptual framework for the modeling ap-
proach is shown in Fig. 2. State variables in the
model include salinity, phytoplankton carbon, phos-
phorus (dissolved phosphate and unavailable forms),
nitrogen (ammonia, nitrate plus nitrite, and un-
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Fig. 2. Schematic diagram of principal model state variables and processes.

available forms), dissolved oxygen, and carbona-
ccous biochemical oxygen demand. User-specified
external forcing functions include constituent mass
loadings, advective-dispersive transport, boundary
conditions, sediment fluxes, water temperature, in-
cident solar radiation, and underwater light atten-
uation. Sediment interactions are represented by
user-specificd values for net settling rates for
particulate phase constituents, sediment-water dif-
fusive fluxes for dissolved nutrients and sediment
oxygen demand. Although this model contains
only a moderate degrec of chemical-biological
complexity it requires a considerable amount of
field data for specification of external forcing func-
tions, as well as for comparison with model output.

This model is based on the principle of conser-
vation of mass. For cach state variable a partial dif-
ferential equation is written in which changes in
mass arc cxpressed as a function of space and time.
Operationally, these equations are solved in the
form of a finite difference approximation in which

cach partial differential equation is transformed to
a coupled system of ordinary differential equa-
tions, which are a function only of time. The spa-
tial dimension is then represented as a systcm of
coupled scgments, or control volumes, within
which spatial gradients are assumed to be insignif-
icant. Thomann and Mueller (1987) contains a
complete discussion of this control volume ap-
proach.

This conceptual model was implemented for the
MRP/IGS region using a modified version of the
WASP4 computer coding framework. Ambrose ct
al. (1988) contains a complete description of
WASP4 model theory, governing equations, and a
user manual. There were two principal modifica-
tions to WASP4 for this application: first, use of a
saturation kinetics mechanism for watercolumn
nutrient mineralization proposed by DiToro and
Matystik (1979); and second, use of a saturation
kinetics mechanism for phytoplankton decompo-
sition proposed by Rodgers and Salisbury (1981).



Fig. 3. Model spatial segmentation grid for Mississippi River
Plume/Inner Gulf Shelf region. Top panel contains surface seg-
ments (segments 1-7 nearshore; scgments 8-14 offshore) and
bottom panel contains bottom segments (segments 15-21).

Model Application
SPATIAL AND TEMPORAL SCALES

The spatial domain of the model is represented
by a 21-segment water-column grid extending from
the Mississippi River Delta west to the louisiana-
Texas border, and from the shoreline secaward to
the 30-60 m bathymctric contours (Fig. 3). The
spatial segmentation grid includes one vertical lay-
er nearshore and two vertical layers offshore. Con-
sistent with the control volume approach described
above, all of the spatial segments are completely
mixed. The nearshore segments have an average
depth of 5.6 m. The surface offshore segments are
completely mixed in the vertical to a fixed pycno-
cline depth of 10 m. The bottom offshore seg-
ments are completely mixed from 10 m to the sca-
bed. The dcpths of these bottom offshore
segments range between 6.1 m and 20.3 m (scc
Fig. 10 later in this paper).

The temporal domain of this application repre-
sents only steady-state conditions for July 1990. The
reason is that time-scries data are not available at
the shelfwide spatial scale. Typically, a single shelf-
wide monitoring effort is conducted during the
July-August period to characterize the spatial ex-
tent of hypoxic conditions in the study area.
Operationally, model forcing functions were as-
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Fig. 4. Locations of field sampling stations used in model
calibration for July 1990. River = USGS tributary loading sta-
tions, NURC = NURC90 cruise stations, GYRE = GYRE90 cruise
stations, NECOP = NECOPY0 shelfwide cruise stations.

signed constant values that represented summer
average conditions during 1990. The time-variable
model was then run to steady-state, and modcl out-
put was compared with a combined field datasct
from three different sampling cruises conducted
during mid-July. It was assumed that these com-
bined data werc synoptic and that they were in
temporal equilibrium with the specified model
forcing functions.

The combined ficld dataset used for model cal-
ibration included the following four groups of sam-
pling stadons (Fig. 4): NECOP—NECOP90 shelf-
wide cruisc that occupied 64 stations located
primarily inside the model segmentation grid;
GYRE—GYREY0 cruise conducted by Texas A&M
University that occupicd 113 stations located both
inside and outside the model segmentation grid;
NURC—NURCY0 cruise conducted by Louisiana
Universities Marine Consortium, Texas A&M Uni-
versity at Galveston, and Texas Institute of Ocean-
ography that occupied 38 stations located immec-
diately west of the Mississippi Delta in the primary
hypoxic region; and River—United States Gceolog-
ical Survey stations in the Mississippi and Atchafa-
laya rivers. The field data from all of these sam-
pling stations (cxcept river stations) reside in the
NECOP database management system and are sub-
ject to NECOP policies on quality control, archiv-
ing, and distribution (Hendce 1994).

MODEIL FORCING FUNCTIONS

Because the model balances mass and not mo-
mentum, magnitudes and directions for advective
flows must be externally specified by the user. Wa-
ter circulation on the lLouisiana-Texas Shelf is
strongly influenced by wind stress (Cochrane and
Kelly 1986) and freshwater discharges from the
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Fig. 5. Schematic diagram of freshwater advective flow fields
used in model calibration for July 1990.

Mississippi and Atchafalaya rivers (Wiseman et al.
1982; Dinncl and Wiscman 1986). It is believed
that summer average conditions in the spatial do-
main of the model are typically represented by the
Louisiana Coastal Current, which has a net west-
ward drift along the shelf bathymetry. This repre-
sentation is supported by current meter measure-
ments from a long-tecrm mooring maintained by
one of the co-authors (W. J. Wiseman, Jr.) at a lo-
cation off Cocodrie (segment 10) in 20 m of water.
Typical suminer average current spceds arc ap-
proximately 10 cm s7! and 3 c¢cm s !, respectively,
in the surface and bottom layers.

Summer 1990 conditions were anomalous in
that net eastward drift was observed in both sur-
face and bottom waters at speeds of approximately
2 cm s7! and 0.8 cm s !, respectively. The fresh-
water advective flow fields in Fig. 5 represent our
best judgment in synthesizing available data for riv-
crine discharges and observed current specds and
directions during July 1990. Values for discharges
from the Southwest Pass of the Mississippi River
into segments 1 and 8 and from the Atchafalaya
River into model segment 5 were based on mea-
surements at Tarbert Landing and Simmesport
(Fig. 4), respectively (United States Army Corps of
Engincers, New Orleans District Office, personal
communication). No freshwater flow from other
Mississippi River passages was represented in this
application because of the observed net castward
drift in the coastal current. In addition to these
freshwater flows, net castward flow fields of Gulf of
Mexico water through the nearshore, surface off-
shore, and bottom offshore model segments were
also represented (not shown). Values for these
Gulf of Mexico flows were constrained so that total
flow through segment 10 was consistent with cur-
rent meter observations. The water circulation pat-

tern in Fig. 5 is qualitatively consistent with a
NOAA-11 AVHRR sca surface temperaturc map for
July 25, 1990 (N. D. Walker, Coastal Studies Insti-
tute, L.ouisiana State University, personal commu-
nication).

Mississippi and Atchafalaya river mass loadings
for all model state variables were determined using
the above riverine discharge values and constituent
concentration mcasurements for June and July
1990 (United States Geological Survey 1991). The
principal stations used were the NASQAN stations
al Belle Chasse and St. Francisville for the Missis-
sippi River, and at Morgan City and Melville for
the Atchafalaya River (Fig. 4). External boundary
concentrations for all modecl state variables were
estimated using field data from the above three
sampling cruises.

Sediment boundary conditions were specified
for nutrient regeneration fluxes and total sediment
oxygen demand. Net inorganic nitrogen and phos-
phate fluxes were taken, respectively, from Rowe et
al. (1992) and from other measurements by G. T.
Rowe (Hendee 1994). The boundary condition for
total sediment oxygen demand included aerobic
benthic respiration measured using in situ cham-
bers (Rowe ct al. 1992) plus an estimate of anaer-
obic metabolism by G. T. Rowe (Hendec 1994)
based on independent measurements of dissolved
inorganic carbon fluxes. The anacrobic metabo-
lism component is believed to be mostly sulfate re-
duction, with subscquent oxidation of the resulting
sulfide molecule by dissolved oxygen. There is
some question as to whether oxygen consumption
mecasurements in the in situ chambers adequately
account for this sulfate reduction component.

Incident solar radiation was taken from direct
mcasurcments of photosynthetically active radia-
tion by G. L. Fahnenstiel (Hendee 1994). Under
water light attenuation was specified using a mul-
tiple regression submodel for light extinction
coefficient as a function of background attenua-
tion, phytoplankton concentration (as chlorophyll
a), and concentration of suspended particulate
material (SPM) developed by S. E. Lohrenz (Hen-
dee 1994). SPM concentrations werce cxternally
specified using available field data from llendee
(1994). Phytoplankton concentrations were com-
puted internally by the mass balance model, thus
explicitly accounting for variations in underwater
light attenuation due to phytoplankton “self-shad-
ing”’. Water temperatures were specified using di-
rect field observations from the sampling cruises.

MODEL CALIBRATION

The calibration approach was to fix the valucs
of as many model coefficients as possible based on
direct measurements. Subsequently, values for the
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Fig. 6. Relationship between model output and field data
for salinity (top panel), chlorophyll ¢ concentration (middle
panel), and dissolved oxygen concentration (bottom panel) in
model calibration for July 1990.

remaining cocfficients were adjusted within ranges
from the scientific literature to produce the best
fit between model output and ficld observations.
Model coefficicnts were not allowed to assume ar-
bitrary values in order to obtain the best possible
curve fits in a strictly mathematical sense. In par-
ticular, a unified sct of model process rates and
stoichiometric coefficients was assigned across all
21 spatial segments. The principal literature
sources and data compendia used to guide the cal-
ibration effort werc Bowie et al. (1985), Thomann
and Mueller (1987), Ambrose et al. (1988), and
Jorgensen et al. (1991).

Model calibration results for salinity, chloro-
phyll, dissolved oxygen, and nutrients are shown in
Figs. 6 and 7. All field data are represented as the
spatial segment mean * 1 SE of the mcan. Model
output is represcnted as a solid line. With the cx-
ception of dissolved oxygen, results are presented
in terms of three vertical panels: left panel—near-
shore segments (1-7); middle panel—surface off-
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for July 1990.

shore segments (8-14); and right panel—bottom
offshore segments (15-21). Model results for dis-
solved oxygen are presented only for bottom off-
shore segments (15-21) because results for surface
scgments (1-14) are all close to saturation values,
as expected and observed.

The first step in model calibration was to deter-
mine dispersive mixing coefficients across all hor-
izontal and vertical interfaces. This was accom-
plished by conducting a mass balance for salinity,
a conscrvative tracer. Results indicate reasonably
good agreement between model output and field
observations (Fig. 6, top panel). Model calibration
for segments 1-7 was confounded by the fact that
sampling vesscls could not occupy locations with
water depths less than 5 m. In particular, the po-
tential influence of Atchafalaya River discharge on
segments 4-6 was not well-captured by the sam-
pling program (Fig. 4). Consequently, field obser-
vations for these scgments do not necessarily rep-
rescnt true segment-average conditions. For this
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reason, greater emphasis should be placed on off-
shore segments (8-21) than on nearshore seg-
ments (1-7) in evaluating model calibration re-
sults. It should be understood that although model
results cannot be compared with representative
field data in all model spatial segments, the model
equations are inherently mass-conserving and they
constrain external inputs with constituent trans-
port, transformation and fate simultancously
among all spatial secgments.

Model calibration results for phytoplankton are
displayed in terms of chlorophyll @ concentration
(Fig. 6, middle panel). Internally the model com-
putes phytoplankton biomass in terms of organic
carbon. A carbon:chlorophyll ratio is then as-
signed solely for the purpose of comparing model
output with field observations. A complication is
that this ratio varies by an order of magnitude (12—
125) within the study area (Lohrenz et al. 1992).
Observations by D. G. Redalje (Hendee 1994) in-
dicate that values lic at the low end of this range
at plume stations and at higher values at inner
shelf stations. A carbon : chlorophyll ratio of 50 was
used in the model calibration.

There is rcasonable agreement betwecen model
output and field observations for chlorophyll con-
centration except for segments 1, 5, and 8 in which
observations are much larger than model output.
A confounding factor in segments 1, 5, and 8 is
that water quality in these secgments closely resem-
bles plume conditions due to direct discharges
from the Mississippi and Atchafalaya rivers. Model
output for chlorophyll concentration in these seg-
ments deviates from field observations both in the
expected direction and by approximately the ex-
pected magnitude, given the extremely low values
for carbon:chlorophyll ratio under plume condi-
tions. Although a carbon : chlorophyll ratio of less
than 50 would have improved chlorophyll calibra-
tion results in scgments 1, 5, and 8, results in most
of the other segments would have been poorer.
Consistent with the objective of assigning an inter-
nally consistent sct of modcl coefficients across all
21 spatial segments, a carbon : chlorophyll ratio of
50 was judged to produce the best overall calibra-
tion results.

Model output for dissolved oxygen in bottom
offshore segments (Fig. 6, bottom panel) agrces
reasonably well with field observations. Oxygen
concentrations range from 3 mg I'' to 5 mg 1 !
below saturation values at ambient temperatures
and salinitics. Model output for nutrient concen-
trations (Fig. 7) agrecs reasonably well with field
observations, espccially for surface and bottom off-
shore segments. The most serious discrepancies oc-
cur for nitrate plus nitritc concentrations in some
nearshore and plume-dominated segments. In ad-

TABLE 1. Comparison between model calibration results and
observations in primary hypoxic region (model segments 10
and 17) for July 1990.

Observed Model
Mecan (SE) Resule

Primary Productivity, mg C 171 d ! 0.31 (0.08)* 0.30
Integrated Primary Prod, mg Cm=2d ' 3734 (213)> 3943
POC Seuding Flux, g Cm~2d ! 0.18 (0.007)¢ 0.16
PON Settding Flux, g N m 2 d-! 0.03 (0.002)< 0.03
Algal Biomass, mg C 17! 0.48 (0.10)*  0.25
DOC, mg 1! 2.03 (0.24)¢ 222
DON, mg I-! 0.37 (0.05)c  0.30

* Lohrenz et al. 1992

> Lohrenz et al. 1992; G. L.. Fahnenstiel (in Hendee 1994)
< Redalje et al. 1992

4 Benner et al. 1992

¢ Lopez-Veneroni et al. 1992

Parameter

dition to the ncarshorc sampling problem dis-
cussed above, other possible causes for these dis-
crepancies might be unaccounted localized
sources or temporal varijability not represented by
this steady-state application.

Although comparisons between computed and
observed values for model state variables are nec-
essary for establishing model credibility, consider-
able uncertainties may remain because it is usually
not possible to determine unique sets of model cal-
ibration coefficients. Comparisons between com-
puted and observed values for model process rates
and mass fluxes can greatly narrow these uncer-
tainties and enhance the scientific credibility of the
model. Table 1 contains such comparisons for var-
ious process rates and mass fluxes, and for phyto-
plankton carbon, dissolved organic carbon, and
dissolved organic nitrogen from specialized mea-
surements conducted in the primary hypoxic re-
gion (segments 10 and 17).

Model output for volumetric and integrated pri-
mary productivity agree extremely well with field
observations. This confirms that the model is ac-
curately representing production of new organic
carbon in the water column. Model output for
POC and PON settling fluxes also agrees very well
with ficld observations. This confirms that the
model is accurately representing the proportions
of newly produced organic material that remain in
the surface mixed layer or settle to the bottom wa-
ters. Although observations for dissolved oxygen
depletion rates in the water column are not avail-
able for July 1990, the value from the model cali-
bration (0.22 mg O, 1 ! d7! agrees well with rates
reported in the literature from a large number of
marine systems (Table 2, Dortch et al. 1992b).

Model output for DON concentration agrees
well with field observations. In conjunction with
calibration results for ammonia and nitrate plus
nitritc concentrations in segment 10 (Fig. 7, top
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Fig. 8. Component analysis of phytoplankton growth rates
in the calibrated model as a function of temperature, light, and
nutrient limitations of sclected surface offshore segments. Sp
Gr Rate = resultant specific growth rate, Nut Effect = reduction
due to nutrient limitation, Light Effect = reduction due to light
limitation.

and middle panels), this confirms that the model
accurately represents total nitrogen in the water
column. Good agreement is also obtained between
computed and observed dissolved organic carbon
concentrations. Finally, model output for phyto-
plankton biomass in terms of carbon concentra-
tion is lower than ficld observations. It is important
to note that model output for phytoplankton bio-
mass in terms of chlorophyll concentration is high-
er than field observations in this same region (scg-
ment 10) (Fig. 6, middle pancl). These offsetting
discrepancies reflect the difficulties caused by us-
ing two different parameters as indicators of phy-
toplankton biomass, and the uncertainties in spec-
ification of a carbon: chlorophyll ratio.

Diagnostic-and Sensitivity Analyses
P1iyrOPLANKTON GROWTH RATE COMPONENTS

An important question in the NECOP program
concerns the relative importance of environmental
factors controlling primary productivity. Under
conditions of optimal temperature, light, and nu-
trients, phytoplankton growth rates are limited
solely by physiology. Under ambient conditions wa-
ter temperature gencrally determines upper
bound maximum growth rates. Specific growth
rates actually realized depend on potential limiting
effects due to underwater light attenuation and
nutrient limitation.

The components of phytoplankton growth rates
in the calibrated model due to temperature, light,
and nutrient effects are shown in Fig. 8 for four
representative surface offshore model segments.
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All rates shown represent vertical averages in the
10-m decp surface mixed layer. Maximum growth
rates at ambicnt temperatures are high (approxi-
mately 3.0 d”') duc to high summer water tem-
peraturces in the Gulf of Mexico. Growth rate lim-
itation due to underwater light attenuation is
substantially greater than growth rate limitation
duc to nonoptimal nutrient concentrations. Actual
spccific growth rates decrease and the degree of
nutricnt limitation increases with increasing dis-
tance from the Mississippi Delta. Specific growth
rates remain relatively high in all segments, rang-
ing between 1.0 d™! and 1.2 d~*. Thesc values are
consistent with taxon-specific growth rates estimat-
ed from "C-autoradiography experiments con-
ducted in the plume and primary hypoxic regions
(segments 8, 9, and 10) (Fahnenstiel ct al. 1992).

ANALYSIS OF DISSOLVED OXYGEN DYNAMICS

Another important question in the NECOP pro-
gram concerns the principal factors controlling
dissolved oxygen and seasonal hypoxia on the Lou-
isiana Inner Shelf. The total mass balance com-
ponents of dissolved oxygen are shown in Fig. 9
(top panel) for four representative bottom offshore
model segments. The magnitudes of chemical-bi-
ological processes (photosynthesis and depletion)
are greater than those of advective-dispersive trans-
port processes in all four segments. Photosynthesis
is the largest source of dissolved oxygen, and dc-
pletion (water column plus sediment demand) is
the largest sink of dissolved oxygen in all four seg-
ments. Furthermore, the magnitudes of these two
processes increasc with increasing distance from
the Mississippi Delta.

Individual components of total oxygen depletion
rates for these samec four model segments arc
shown in the bottom pancl of Fig. 9. Oxidation of
carbonaccous material in the water column
(CBOD), phytoplankton respiration, and sediment
oxygen demand (SOD) all contribute significantly
to total oxygen depletion rates. CBOD is the larg-
est component in each of the four scgments, and
its relative contribution increases with increasing
distance from the delta. Nitrification is a relatively
small component in all four segments. The com-
puted contribution of sediment oxygen demand o
total oxygen depletion rates ranges from 22% to
30%.

It is not intuitively clear why photosynthesis
should be a source of dissolved oxygen in bottom
offshore waters, nor is it clear why this source
should become progressively larger with increasing
distance from the delta (Fig. 9, top panel). A com-
ponents analysis of phytoplankton growth rates in
these bottom segments (Fig. 10) indicates that
changes in water-column depth are partly respon-
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Fig. 9. Component analysis of dissolved oxygen sources and
sinks in the calibrated model for selected bottom (offshore)
segments. Total mass balance components (top panel): Phot =
photosynthesis, Depl = depletion due to water column process-
es plus sediment oxygen demand, Adv = net advective ex-
change, HDis = nct horizontal dispersive exchange, VDis = net
vertical dispersive exchange. Depletion rate components (bot-
tom panel): CBOD = carbonaceous biochemical oxygen de-
mand in the water column, Ph Res = phytoplankton respira-
tion, Niwrif = nitrification, SO = sediment oxygen demand
(areal rate expressed as a volumetric demand).

sible for this phenomenon. Maximum growth rates
incrcase with increasing distance from the dclta
due to higher water temperatures. More impor-
tantly, growth rate limitation due to underwater
light attenuation becomes relatively less important
with increasing distance from the delta duc to a
decrease in water-column depth from 20.3 m (seg-
ment 15) to 6.1 m (segment 21). In spite of a small
increase in the degree of nutrient limitation, actual
specific growth rates increase from 0.44 d ! in scg-
ment 15 to 0.99 d ! in segment 21.

The importance of light attenuation-depth rela-
tionships in the calibrated model is illustrated in
Fig. 11. The indicated light saturation depth is the
balance point between phytoplankton growth rate
limitation by photoinhibition (above saturation
depth) and growth rate limitation by suboptimal

Louisiana Inner Shelf
Phyto Growth Rate Components - July 1990
5 25

Max Gr Rate at Ambient Temp
Segment Depth, meters

Model! Spatial Segment
o spc Bl vy Light —&— Dapth

Fig. 10. Component analysis of phytoplankton growth rates
in the calibrated model as a function of temperature, light, and
nutrient limitations, and model segment depth. Sclected bot-
tom (offshore) segments; Sp Gr Rate = resultant specific growth
rate, Nutr = reduction due to nutrient limitation, Light = re-
duction due to light limitation, Depth = model segment depth.

light intensity (below saturation depth). Phyto-
plankton growth rate in the model increases as a
function of increasing light intensity up to a satu-
rating level and then decreases (photoinhibition)
with further increases in light intensity (Thomann
and Mucller 1987). The values for incident solar
radiation and saturating light intensity in the cali-
brated model are 400 ly d ! (891 pE m=2s 1) and
1251y d ! (278 nE m~2 s7!), respectively. The the-
oretical 1% depth, as estimated from light extinc-
tion coefficients in the calibrated model, is the

Louisiana Inner Shelf
Light Attenuation - July 1990
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and theoretical 1% lightattenuation depth (1% Depth) as es-
timated from light extinction coefficients in the calibrated mod-
el.
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Fig. 12. Responses of dissolved oxygen concentration, rela-
tive to base calibration values, to imposition of zero values tor
sediment oxygen demand (SOD), oxidation of carbonaceous
material in the water column (BOD), and primary productivity
(PPR) in bottom (offshore) segments.

compensation depth at which photosynthetic oxy-
gen production approximately balances oxygen
consumption due to endogenous respiration.
Below segments 11-14, west of the primary hyp-
oxic region, the theoretical 1% depth is greater
than the total depth of the water column. This im-
plies that phytoplankton are a nct source of dis-
solved oxygen in this region. This model result is
consistent with independent observations confirm-
ing that considerable primary production occurs
on the sediment surface in the model spatial do-
main, especially further west along the inner shelf.
For 12 locations at which measurements were con-
ducted, G. T. Rowe (Flendee 1994) has reported
that bottom productivity rates averaged approxi-
mately 30% of water-column productivity rates.
To further illustrate the relative importance of
factors controlling dissolved oxygen concentra-
tions, three numerical experiments were conduct-
ed with the calibrated model. Zero values were im-
posed, in turn, on SOD, CBOD, and primary
productivity. Figurc 12 contains results from these
experiments relative to base calibration values.
Consistent with results in the bottom panel of Fig.
9, increases in dissolved oxygen concentration arc
greater in response to “turning off” CBOD than
to “turning off” SOD. Consistent with the above
analysis, dissolved oxygen concentrations in seg-
ments 18-21 decrease sharply in response 1o “turn-
ing off” primary productivity. There is no signifi-
cant change in dissolved oxygen concentrations in
segments 15 and 16 near the delta because pho-
tosynthesis in these segments is relatively small.

Productivity-Oxygen Model for Louisiana Shelf 895

Louisiana Inner Shelf
Chlorophyll Sensitivity - July 1990

§ 0:0:-.‘:.: c/vo\o_o
3 4t /‘\ O~o.,_ \:‘ / ,./.

: Vs o-o—o " —e
éE _/\x oo |28 2

o s
2 oA \h/® —a—B
AN, f:f“/

-1 2345867 -

ek,

B 91011121314 - 151617181920 21 -
Model Spatial Segment
—®— Base —4a— Ke +20% —0= Ke-20%
Louisiana Inner Shelf
Dissolved Oxygen Sensitivity - July 1990

L \\o\_\

o

(=]

Dissolved Oxygen, mg/l
[- ]

~— ']
-
2 Lo WS T——— ._._-—-—-0———-—'/ |
e &
. — s |
15 16 17 18 19 20 21

Model Spatial Segment

—®— Base —4— Ke +20% —0- Ke-20%

Fig. 13. Response of chlorophyll a concentration (top panel,
all segments) and dissolved oxygen concentration (bottom pan-
el, bottom offshore segments) to + 20% changes in underwater
light attenuation coefficient (Ke).

SYSTEM RESPONSES TO CHANGES IN

UNDERWATER LIGHT ATTENUATION
To illustrate the strong coupling between the un-
derwater light field and chlorophyll and dissolved
oxygen concentrations, a numerical cxperiment
was conducted with the calibrated model in which
the underwater light attenuation coefficient (Ke)
was varicd by *20%. This experiment is more re-
alistic than simply “‘turning off” individual pro-
cesses because there is considerable experimental
uncertainty in determining values for underwater
light attenuation cocfficients. The responses of
chlorophyll concentrations (Fig. 13, top panel) are
completely consistent with the light attenuation-
depth relationships in Fig. 11. In the bottom waters
(segments 15-21), chlorophyll concentrations in-
crease in response to decrcased light attenuation
(Ke minus 20%) and decrease in response to in-

creased light attenuation (Ke plus 20%).
The chlorophyll concentration responses in the
surface waters (segments 1-14) are the complete
inversc of responses in the bottom waters and
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thesc responses appear to be counterintuitive.
From Fig. 11, however, it can be seen that the light
saturation depth is approximately 5—7 m. This im-
plies that phytoplankton growth rates are limited
by photoinhibition in nearshore waters (segments
1-7) and in major portions of the surface offshore
waters (scgments 8-14). Consequently, chlorophyll
concentrations increase in response to increased
light attenuation (Ke plus 20%), especially in the
ncarshore waters, and decrease in response to de-
creased light attenuation (Ke minus 20%).

The responses of dissolved oxygen concentra-
tions in bottom waters (segments 15-21) (Fig. 13,
bottom panel) are consistent with the correspond-
ing responses of chlorophyll concentrations. Because
dissolved oxygen concentrations in thesc scgments
are strongly coupled to primary productivity, oxy-
gen concentrations increase substantially in re-
sponse to increased chlorophyll concentrations,
and decrease sharply in response to decreases in
chlorophyll concentrations. Consistent with results
in Fig. 12, oxygen concentrations decrease more
sharply in segments 18-21, west of the primary
hypoxic region (segments 10 and 17).

SYSTEM RESPONSES TO CHANGES IN
NUTRIENT REMINERALIZATION

Another important question in the NECOP pro-
gram concerns the relative importance of “new”
versus “‘regenerated” nutrients in driving primary
productivity. In this context *new” nutrients refers
to external loadings from riverine sources and “‘re-
generated” nutrients refers to nutrients that are
recycled within the water column. To address this
question a numerical experiment was conducted
with the calibrated model in which zero values
were imposed on water-column remineralization of
both nitrogen and phosphorus. A sccond cxperi-
ment was conducted in which zero values were im-
posed on nitrogen and phosphorus fluxes from
the sediments.

In response to “turning off” water-column nu-
trient remineralization, chlorophyll concentrations
dccrcase substantially in almost all model scgments
(Fig. 14, top pancl). The smallest chlorophyll re-
sponses occur in segments 15 and 16 because these
are the deepest and most light-limited of all the
model segments (Fig. 11). Responses to “turning
off”” sediment nutrient fluxes are insignificant be-
causc these loading sources are small relative to
MAR mass loadings. Furthermore, sediment nutri-
ent loadings are prevented from impacting surface
offshore segments during the summer stratified
period.

Consistent with results in Fig. 13, dissolved oxy-
gen concentrations in bottom waters (segments
15-21) are responsive to decreases in chlorophyll
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Fig. 14. Responses of chlorophyll a concentration (top pan-
el, all segments) and dissolved oxygen concentration (bottom
panel, bottom offshore segments) to imposition of zero values
for nitrogen and phosphorus mincralization ratcs (NPMin = 0)
and sediment fluxes (NPSed = ().

concentrations. In contrast to the results in Fig. 13,
however, the present decreases in dissolved oxygen
concentration in segments 18-21 west of the pri-
mary hypoxic region are smaller. In addition, dis-
solved oxygen concentrations now increasc some-
what in segments 15 and 16 near the delta. The
reason is that in the present experiments, “‘turning
off” nutrient remineralization not only decreases
chlorophyll concentrations, but also decrcases am-
monia nitrogen concentrations. In turn, oxygen
depletion rates decrease because of decreased ni-
trification. In segments 15 and 16, gains in oxygen
due to decreased nitrification are somewhat great-
cr than losses in oxygen due to the relatively small
changes in chlorophyll concentrations. These re-
sults illustrate the complex interactions among
phytoplankton, nutrient, and dissolved oxygen dy-
namics in the study region.

Discussion

In assessing the significance of results from the
component analyses of phytoplankton growth rates



(Figs. 8 and 10), a distinction should be made be-
tween rate limitation and stoichiometric limitation.
The former refers to limitation of specific growth
rates, while the latter refers to limitation of the
amount of phytoplankton biomass that can be pro-
duced. The results in Figs. 8 and 10 indicate that
light effects are more important than nutrient ef-
fects in controlling phytoplankton growth rates. It
does not follow, however, that reductions in river-
ine nutrient loadings and/or nutrient boundary
conditions will not significantly affect phytoplank-
ton concentrations. The reason is that phytoplank-
ton growth rates can only be maintained if there
are adequate nutrient supply rates.

Although model responses to changes in exter-
nal nutrient loadings and/or nutrient boundary
conditions were not investigated in this study, re-
sponses to changes in nutrient supply rates can be
seen in results from the remineralization cxperi-
ment. For example, when internal nutrient supply
rates were ‘‘turned off”, chlorophyll concentra-
tions decreased substantially (Fig. 14, top panel).
This implics that primary productivity, and possibly
dissolved oxygen, in the MRP/IGS region may be
responsive to changes in external nutrient inputs.

The result that chemical-biological processes arc
relatively more important than advective-dispersive
transport processes in controlling dissolved oxygen
(Fig. 9, top panel) should be interpreted within
the spatial-temporal scales of this model applica-
tion. All results in this paper represent the coarse
spatial scale of the model scgmentation grid and
summer average steady-state conditions. Potential
responses of dissolved oxygen concentrations to
meteorological events, shelf-edge upwellings, and
mesoscale shelf circulation are not represented.

The result that sediment oxygen demand ac-
counts for 22% to 30% of total oxygen demand is
remarkably consistent with results for Chesapeake
Bay and Lake Erie. Kemp et al. (1992) measured
benthic and planktonic oxygen consumption,
planktonic oxygen production, and changes in sur-
face and bottom dissolved oxygen pools at two me-
sohaline sites in Chesapeake Bay that cxpcericnce
seasonal hypoxia. The water column depths at
these two stations were 9 m and 18 m. They found
that benthic processes accounted for approximate-
ly one-third of the total oxygen demand. DiToro et
al. (1987) conducted a long-term mass balance
modeling study of phytoplankton, nutrients, and
dissolved oxygen in Lake Erie, which experiences
scasonal hypoxia in the Central Basin (mean depth
24 m). They concluded that sediment oxygen de-
mand accounts for approximately 30% to 40% of
the total oxygen demand, depending on the an-
nual climatic conditions and scasonal thermocline
structure.
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Results presented in Figs. 10, 11, and 12 suggest
that the Louisiana Inner Shelf in the area of the
Atchafalaya River discharge and further west to the
Texas border is characterized by significantly dif-
ferent light attenuation-depth-primary productivity
relationships than the arca immediately west of the
Mississippi Delta. In particular, dissolved oxygen
dynamics appear much more strongly coupled to
primary productivity with increasing distance from
the delta. This phenomenon does not appear to
be mediated by along-shelf transport of Mississippi
River discharge, at least under the present model
calibration conditions, because net advective flows
are in the castward direction (Fig. 5). It should be
noted again that the typical behavior of the Loui-
siana Coastal Current is believed to be represented
by nct westward flows, and that summer conditions
during 1990 are considered to be anomalous.

The sensitivity of both chlorophyll and dissolved
oxygen concentrations to relatively small changes
in the underwater light field (Fig. 13) emphasizes
the importance of adequate measurements of at-
tenuation cocfficients for downwelling irradiance
and correlated parameters. These correlated pa-
rameters should include chlorophyll and SPM con-
centrations, Secchi disk depth, beam attenuation
coefficient, and salinity. It is not sufficient to mea-
surc underwater light attenuation cocfficients and
specify these values directly to the mass balance
model. If this were done, the model would only be
valid for the particular conditions under which the
attenuation coefficients were measured. Such a
model would not be valid for conducting any sen-
sitivity or predictive analyses that involved changes
in chlorophyll concentration or any other param-
eters that co-vary with light attenuation coefficient.
A credible and uscful mass balance model requires
an independent submodel for underwater light at-
tenuation as a function of chlorophyll concentra-
tion and any other significantly correlated param-
eters.

Dortch et al. (1992a) have hypothesized that the
high productivity observed on the Louisiana Shelf
is maintained by nitrogen recycling within the wa-
ter column, thus greatly amplifying the effect of
high riverine nitrate inputs. Although results in
Fig. 14 represent a numerical experiment in which
both nitrogen and phosphorus remineralization
rates were ‘“turned off”’, the substantial decrease
in chlorophyll concentration is consistent with this
hypothesis. This hypothesis is further supported by
the result (not shown) that primary productivity in
the calibrated modet is relatively more controlled
by nitrogen than by phosphorus in the primary
hypoxic region (scgments 10 and 17) and further
west along the Louisiana Shelf. It should be noted,
however, that primary productivity in the model is
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more controlled by phosphorous than by nitrogen
in the region immediately west of the Mississippi
Delta (scgments 8 and 9), consistent with experi-
mental observations by Ammerman (1992).

Conclusions

The following conclusions are drawn from this
preliminary modeling study of primary productiv-
ity and dissolved oxygen in the MRP/IGS region.
A reasonable model calibration has been obtained
for summer average conditions as rcpresented by
available shelfwide ficld data for July 1990. Under-
water light attenuation appears rclatively more im-
pertant than nutrient limitation in controlling
rates of primary productivity in the study arca.
Chemical-biological processes appear relatively
more important than advective-dispersive transport
processes in controlling bottom-water dissolved ox-
ygen dynamics. Oxidation of carbonaceous mate-
rial in the water column, phytoplankton respira-
tion, and sediment oxygen demand all appear to
contribute significantly to total oxygen depletion
rates in bottom waters. The estimated contribution
of sediment oxygen demand to total oxygen deple-
tion rates in bottom waters ranges from 22% to
30%. Primary productivity appecars to be an im-
portant source of dissolved oxygen to bottom wa-
ters in the region of the Atchafalaya River dis-
charge and further west along the l.ouisiana Inner
Shelf. Dissolved oxygen concentrations appear
very sensitive to changes in underwater light atten-
uation due to strong coupling between dissolved
oxygen and primary productivity in bottom waters.
The Louisiana Inner Shelf in the area of the At-
chafalaya River discharge and further west to the
Texas border appecars to be characterized by sig-
nificantly different light attenuation-depth-primary
productivity relationships than the arca immediate-
ly west of the Mississippi Delta, and Nutrient
remineralization in the water column appears to
contribute significantly to maintaining chlorophyll
concentrations on the Louisiana Inner Shelf.

These conclusions should be considered prelim-
inary because the model has not yet been validated
to an independent set of field data. It should also
be noted that the typical behavior of the Louisiana
Coastal Current is believed to be represented by
net westward flows, and that flow conditions for
the present model application are considered to
be anomalous. Future work in this NECOP mod-
eling study will include application of the stcady-
statc model to summer average conditions for dif-
ferent years, and application of a time-variable
version of the model to field data from six differ-
ent surveys representing spring and summer con-
ditions in 1993.
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