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ABSTRACT
A realistic hydrodynamic model of the Texas-Louisiana shelf is configured with various simple
oxygen respiration models to isolate the effects of stratification and circulation on the formation
and maintenance of hypoxia. Biological activity is parameterized through various forms of respira-
tion rather than using a complex biogeochemical model. The model domain covers the region that
has historically been observed to be affected by seasonal hypoxia, and is forced with observed fresh
water fluxes from the Mississippi and Atchafalaya Rivers and winds. Three simple parameteriza-
tions of biological respiration are compared. Results of the numerical simulations indicate that water
column respiration (dependent on the position of the two regional fresh water plumes) reproduces
observed temporal and spatial structures of seasonal hypoxia in Louisiana Bight, whereas bottom
respiration (dependent on local temperature and oxygen concentrations) reproduces the temporal
and spatial structure of hypoxia west of Terrebonne Bay. The differences in the structure of hy-
poxia are related to the differences in vertical stratification east and west of Terrebonne Bay, which
are controlled by the outflow characteristics from the two major river plumes. The model shows
two dynamically distinct plumes. The Mississippi River plume enters the shelf near the shelf edge,
forms a recirculating gyre in Louisiana Bight, and typically does not interact directly with topogra-
phy. Conversely, the Atchafalaya River plume enters a broad shelf at the coast, is more diffuse, and
interacts more with the shallow coastal topography. Both plumes are strongly affected by winds,
and tend offshore during the mean summer upwelling winds. The principle conclusion of this study
is that the biological processes responsible for producing hypoxia change from east to west, with
the shelf region south of Terrebone Bay being the approximate dividing line between water column
respiration predominantly causing hypoxia to the east and benthic respiration causing hypoxia to

the west.

1. Introduction

The Mississippi and Atchafalaya Rivers introduce large
amounts of fresh water and nutrients to the the Texas-Louis-
iana continental shelf. During summer when winds are gen-
erally upwelling favorable (i.e., from the west) and weak,
the fresh water introduced by the rivers causes the shelf to
be stratified. At the same time, the large nutrient flux may
cause locally elevated biological production in surface wa-
ters, which increases the supply of organic material to wa-
ters below the pycnocline relative to other shelf regions in
the Gulf of Mexico. These two effects combine to create a
subsurface layer where respiration is high, due to the high
biological production, and replenishment of oxygen through
contact with the atmosphere is low, due to the strong sta-
ble stratification. Respiration may be high enough to cre-
ate hypoxic conditions — conditions where the oxygen levels
are low enough to affect marine life — typically defined as
2.0 uM O, or approximately 40% of saturation (e.g., Ra-
balais et al., 1999). Oxygen concentrations on the Texas-

Louisiana continental shelf during summer show some re-
gions with only slightly depressed oxygen concentrations,
other locations may be anoxic or nearly so. Previous studies
have suggested that enhanced nitrogen loading from the Mis-
sissippi/Atchafalaya River system may be responsible for
summertime hypoxia (e.g., Mississippi River/Gulf of Mex-
ico Watershed Nutrient Task Force, 2004, and works cited
within).

Previous hindcasts and predictions of the magnitude of
hypoxia or hypoxic extent rely on statistical relationships
between fresh water flux to the shelf, nutrient loading, and
enhanced primary productivity (Justi¢ et al., 2002; Scavia
etal., 2003; Turner et al., 2005). Indeed, there is a strong cor-
relation between the areal extent of hypoxia and Mississippi
River discharge(R2 ~0.6 Wiseman et al., 1997)'. However,
stratification of shelf waters and the supply of organic ma-

I There is a typo in this paper regarding this correlation coefficient, given
as 0.934. Visual inspection suggests this value is too large. Recalculation
yields an R? of approximately 0.6.
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terial to the bottom waters are both enhanced by increased
fresh water flux from regional rivers. Thus, it is difficult to
separate the physical effect of stratification from the biolog-
ical effect of eutrophication.

Despite strong similarities in the methods used to link bi-
ological productivity to riverine flux, previous models of the
magnitude of hypoxia or hypoxic extent invoke a wide va-
riety of simple, conceptual models to represent the physi-
cal processes. Justi¢ et al. (2002) use a (vertical) two-layer
model, and ignore horizontal differences in water column
structure. Scavia et al. (2003) require a westward flow at
depth to transport organic material and low oxygen water
from the point sources of organic material supply near the
two river sources. Turner et al. (2005) do not explicitly ad-
dress the physical field, but rely on purely statistical relation-
ships between near-shore nitrogen concentrations (in turn
correlated to lagged fresh water discharge) and the areal ex-
tent of hypoxia. None of these models have predictive abil-
ities greater than the direct correlation between Mississippi
River discharge and areal hypoxia extent based on R? calcu-
lations given in Scavia et al. (2003) and Turner et al. (2005).
(Justi¢ et al. (2002) do not give an R? for their model, since
the data were used to train the model.)

We believe the inability of previous models to out-predict
a straightforward correlation between river discharge and
hypoxic area is because none of these models separate bi-
ological causes of hypoxia through eutrophication, the hy-
poxic potential, from physical limitations on hypoxic area,
the stratification envelope. The hypoxic potential represents
the amount of organic material that is available to be respired
— the fuel for the formation of hypoxia. The stratification
envelope represents the area of the shelf that is sufficiently
stratified to prevent the ventilation of the lower layer — the
region over which water mass and circulation patterns allow
hypoxia to develop. Since both stratification and organic ma-
terial are required for hypoxia to form on the shelf, it will
be the lesser of these two factors that limits the areal extent
of hypoxia. Without understanding which factors are limit-
ing hypoxic extent, it is impossible to improve our predictive
ability of summertime hypoxia on the Texas-Louisiana shelf.

The primary goal of this paper is to isolate the physical
effects that control hypoxic extent by applying simple, ideal-
ized models of biological respiration to a three-dimensional
hydrodynamic model of coastal circulation. Previous mod-
els of hypoxia make many simplifying assumptions about
the physical field in favor of a more complicated treatment of
biological processes; this paper takes the opposite approach,
in that simple parameterizations of biological processes are
embedded within a relatively complex physical model. Spa-
tial patterns of hypoxia caused by stratification are isolated
by decoupling the biological models from the fresh water
flux; that is, the parametrization of biological processes is
independent of the fresh water flux from the river. Thus, this
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paper studies only the limits of the stratification envelope.
Since there are no limits on the net amount of respiration
that can occur (although there are still reasonable limits set
on the rates of respiration) the hypoxic potential is infinite.
Our primary result is that different parameterizations of res-
piration result in different spatial patterns in the areal extent
of hypoxia. This suggests that different biological processes
are responsible for hypoxia in different physical regimes as
postulated by Rowe and Chapman (2002)

2. Numerical model configuration

a. Physical model

The Regional Ocean Modeling System (ROMS, Shchep-
etkin and McWilliams, 2005) was configured for the Mis-
sissippi/Atchafalaya outflow region. The domain and topog-
raphy are shown in Figure 1. The model is configured to use
fourth-order horizontal advection of tracers, third-order up-
wind advection of momentum, conservative splines to cal-
culate vertical gradients, and Mellor and Yamada (1974)
turbulence closure. The model is initialized on January 1,
1993 with an averaged climatological profile of tempera-
ture and salinity, horizontally uniform, based on historical
hydrographic surveys. The tracer boundary conditions use
an adaptive nudging technique (Marchesiello et al., 2003),
tracers are relaxed to the horizontally uniform monthly cli-
matology throughout the integration with a timescale of 10
days for outgoing information, 1 day for incoming informa-
tion. Radiation conditions are used for the three-dimensional
velocities, and a Flather (1976) condition with no mean
barotropic background flow is used for the two-dimensional
velocities and free surface.

The model is forced with spatially uniform but temporally
varying winds, measured every three hours at the BURL
1 C-MAN weather station (28°54°18”N 89°25°42”W, near
the mouth of Southwest Pass, the major pass of the Missis-
sippi Delta). Fresh water inputs from the Mississippi and
Atchafalaya rivers are specified using daily measurements
of Mississippi River Transport at Tarbert Landing by the
U.S. Army Corps of Engineers. Surface heat and fresh wa-
ter fluxes are specified using climatological measurements
(da Silva et al., 1994a,b). Tides were not included, but are
known to be small in the region (DiMarco and Reid, 1998).

Circulation over the Texas-Louisiana shelf has two dis-
tinct modes during summer (June, July, and August) and
non-summer periods Cochrane and Kelly (1986); Cho et al.
(1998). During the non-summer, mean winds are typi-
cally downwelling favorable, and the circulation is westward
(downcoast). During summer, the mean winds switch direc-
tion to upwelling favorable, and the circulation is generally
offshore over the Texas/Louisiana shelf. The physical model
reproduces the mean observed circulation patterns during
these two periods. Model/data comparisons (not shown) also
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Figure 1. The numerical simulations of the Mississippi/Atchafalaya fresh water outflow use a domain that covers much of the Texas-
Louisiana continental shelf. The upper panel the topography (with water column depth in meters) of the numerical domain, the lower panel

shows the numerical grid.

indicate that the model reproduces magnitude of weather
band variability in the simulated currents. Finally, compar-
isons between simulated surface salinity fields and salinity
measured from water intake during a recent cruise (unpub-
lished data, not shown) demonstrate that the model does a
reasonable job at reproducing the surface salinity fields over
the inner shelf. For the purposes of this study, we are inter-
ested only in the general effects of stratification on hypoxia
formation an maintenance, not in reproducing the flow field
for any given year. Thus, the physical portion of the model
is an adequate tool to examine how physical processes affect
hypoxia.

There is significant weather band variability (periods of
2-15 days) in the circulation patterns and stratification, par-
ticularly with regard to the positions of the two river plumes.
Winds cause the two river plumes to both mix (Lentz, 2004;
Hetland, 2005) and translate (Fong and Geyer, 2001; Garcia
Berdeal et al., 2002). For example, Figure 2 shows the sim-
ulated surface salinity at two times, just over a week apart,
at the beginning of the late summer season. The surface
salinity on Aug 5, 1993 shows the response of the two river
plumes to an upwelling favorable wind stress. This kind of
upwelling circulation is responsible for the mean summer-
time anticyclonic circulation pattern on the Texas-Louisiana
continental shelf (Cochrane and Kelly, 1986; Cho et al.,
1998). In this case, there is a net offshore flux of fresh wa-
ter, most notably in the Atchafalaya plume. The upwelling
circulation tends to press the Mississippi plume up against
the Delta, with a portion of the fresh water flowing seaward,

but with a significant portion of the fresh water remaining in
Louisiana Bight. Just over one week later, a shift to down-
welling favorable winds causes the Atchafalaya plume to be
pressed against the coast, with a net westward transport of
fresh water within the plume. The Mississippi River plume
has formed a recirculating bulge within Louisiana Bight, as
observed by Wiseman et al. (1997); Ichiye (1960)

b. Respiration formulations

Oxygen consumption in the model is parametrized using
three formulations of respiration of organic matter. This al-
lows us to ask the question: What is the temporal and spa-
tial structure of hypoxia, given a particular spatial structure
of respiration. Ideally, we would like to include a biogeo-
chemical model that would allow us to estimate the structure
based on nutrient inputs, productivity, and benthic chem-
istry. However, this sort of model has not yet been devel-
oped for the Northern Gulf region. However, by specifying
the structure of respiration directly, we can still gain much
insight into the physical controls over the structure of hy-
poxia for different types of respiration that we know occur
in the region.

We divide respiration into two broad categories: wa-
ter column respiration and benthic respiration. Both kinds
of respiration are well known to occur in all coastal re-
gions, and each has been studied by other investigators in
the Texas-Louisiana shelf region (discussed in more detail
below). Water column respiration is also divided into two
classes: respiration beneath the fresh plumes from the Mis-
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Figure 2. Surface salinity is shown for two days in the model simulation in a grayscale with a range from 0 to 35, with fresher waters being
darker. The two river plumes from the Mississippi and Atchafalaya Rivers are clearly seen as the two dark pools leaving the respective

source regions.

sissippi and Atchafalaya, and water column respiration near
the fresh water sources. Respiration is assumed to be ele-
vated beneath the plume because of the high primary produc-
tivity in the two river plumes (***citations Dagg, Lorenz,
Breed ***). The final case, high respiration near the two
fresh water sources, in included to investigate how much lo-
cally formed hypoxia may bleed out over the rest of the shelf.

These simple biological models are not intended to pre-
dict hypoxic conditions over the shelf, rather they are used
to illustrate the role of stratification in forming hypoxia for
different types of respiration. In particular, respiration does
not depend on environmental factors that would, for exam-
ple, modify local primary production. There is no global
stochiometric balance that either enhances or limits respira-
tion. Thus, these biological models are designed to test the
limits of the stratification envelope, since the hypoxic poten-
tial is determined solely by the respiration timescales; the
hypoxic potential has no spatial bound.

In order to include each of these respiration parameteri-
zation in the model, an additional passive tracer representing
oxygen was introduced. Oxygen in the model is initialized
at saturated values everywhere, based on temperature and
salinity (Weiss, 1970). Water from the rivers is also satu-

rated with respect to oxygen, the oxygen at the open bound-
aries is relaxed a to saturation in exactly the same way as
the dynamical tracers, and surface values of oxygen are set
identically equal to saturated values to represent exchange
with the atmosphere. The possible effects of photosynthesis
increasing water column oxygen above saturated values are
not considered. The mathematical structure used for each of
the three respiration parameterizations is described below.

(i). Benthic Respiration The benthic respiration bio-
logical model specifies benthic respiration based on bot-
tom temperature and oxygen concentrations. The functional
form is based on data collected by (Rowe et al., 2002), and
is given by

Bottom O flux = 6.0 27/10:0 {1 — exp (3320)] (D

This function is shown in Figure 4, along with the data from
Rowe et al. (2002) normalized to T' = 25°C that were used
to estimate the two fitted constants (6.0 and 30.0). The
bottom oxygen flux is applied at the sea floor, as a bottom
boundary condition in the model.

(ii). Plume-dependent respiration The plume-dependent

respiration model is used to place high respiration where the
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plume salinity is lowest. This respiration model is based
roughly on results by Dagg and Breed (2003). The assump-
tion here is that high biological production occuring in the
plume will tend to follow the spatial patterns of the plume
itself, and will be correlated with surface salinity (see Het-
land, 2005). The approximate from of the timescale of res-
piration is

30 days

o 5 < 25 psu
77 180 days

s > 25 psu. 2)

The respiration is also normalized to a temperature of 25°C,
with the respiration slowing by a factor of two every ten
degrees colder than 25°C, and vise verse. Thus, at surface
salinities fresher than the critical salinity, S..;; = 25 psu,
the shorter timescale is used, representing higher respiration
due to organic material supplied by the river plumes; the
longer respiration timescale is used for saltier surface wa-
ters. The actual equation used is a smooth, continuous form
of equation 2. Although the magnitude of respiration de-
pends on surface values of salinity, respiration is specified
to be uniform vertically throughout the water column. The
parameters used are based on a synopses of biological pro-
cesses near the Mississippi River plume by Dagg and Breed
(2003). This model tends to produce a very large hypoxic
area relative observations, so slightly lower values of res-
piration were favored. Based on measurements by (Dortch
et al., 1994), the timescale of respiration near the plume is
on the low end of observed values during summer in hypoxic
waters, whereas the respiration outside of the region influ-
enced by the plume is more characteristic of non-summer
respiration and non-hypoxic waters.

(iii). Near-source respiration The near-source respi-
ration biological model specifies uniform respiration through-
out the water column with a respiration timescale that in-
creases with distance from the mouths of the two fresh water
sources. Thus, respiration is higher near the locations where
the rivers enter the ocean, where organic materials derived
from eutrophication near the river mouths are abundant. This
model is motivated by the results of Scavia et al. (2003), who
model the extent of hypoxia through loading of organic ma-
terial near the two fresh water sources in the presence of a
mean westward flow. In the near-source respiration model,
oxygen respiration is specified as an exponential decay with
a timescale of 7, or

DO,
Dt

=7710,. 3)

where tau is determined by the distance away from a fixed
point in space,
2 2
T = 7—06—|X—X0\ /R 4)
Where x represents some horizontal position on the shelf,

and xg is the location of a fresh water source (so that |x—xg
is the distance from the point to the source). Peak respiration
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Figure 3. Regions of high respiration in the near-source respi-
ration model are shaded. High respiration, applied throughout the
water column, is localized to these two shaded regions around the
fresh water sources. Reparation is zero outside of the shaded re-
gions.
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Figure 4. The bottom oxygen flux used in the model (solid line)
is shown in comparison to measurements (gray points) of bottom
oxygen flux made by Rowe et al (2002). Both the data and measure-
ments are normalized to bottom oxygen flux at 25.0°C using a Q10
normalization (i.e., measurements are multiplied by 2(25:0-1)/10.0,
where T is the local temperature).

is specified with a decay scale of 79 = 1 day, exponentially
reducing to an infinitely large timescale (i.e., no respiration)
away from the fresh water sources. The characteristic radius
of these regions of high respiration, R, is chosen to be 50 km
for the Mississippi Delta and 75 km for the Atchafalaya. The
spatial pattern of high respiration is shown in Figure 3.

3. Results

The model was integrated for three years, however, this
section focuses on the results from 1993, the first year of
simulation. The structure of hypoxia was very similar in
the other two years, and the general results discussed below
are true for the entire simulated record. An snapshot of the
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model results on September 6, 1993 is shown in Figure 5.
The simulated transects can be compared with actual cross-
sections of oxygen and salinity across the shelf, shown in
Figure 6.

The extent and timing of hypoxia on the Louisiana shelf
is examined by calculating the area of low oxygen on the
shelf, defined as the region where bottom oxygen concentra-
tions are lower than 60 M, similar to the classic definition
of hypoxia (approximately 2 mg L~1!). Timeseries of the
shelf area affected by hypoxic conditions, shown in Figure 7,
indicate that all of the oxygen respiration parameterizations
create a region of hypoxia in late summer, however, all three
parameterizations differ in the timing and extent of hypoxia.
The areas of the shelf affected by hypoxic conditions are
shown in Figure 8.

Near-source respiration produces only a slightly elevated
hypoxic area, remaining below 2000 km?2. In this case, low
oxygen waters formed in the vicinity of the two fresh water
sources do not extend out into the rest of the shelf. Currents
do indeed carry low oxygen water westward, as in the con-
ceptual model of Scavia et al. (2003). However, this water is
mixed with ambient, higher oxygen shelf water as it enters
the mid-shelf and does not remain hypoxic.

The plume-dependent respiration model produces the largest

hypoxic area. Hypoxia caused by plume-dependent respira-
tion is most persistent near the Mississippi Delta, with very
persistent hypoxia forming to the west of the Delta in Louisi-
ana Bight. A portion of the hypoxic area in this case is near
the shelf break. In the ocean, even if processes exist to form
this pool of low oxygen water, energetic offshore currents,
not present in the current model because of the uniform lat-
eral boundary conditions, may enhance mixing and destroy
this low oxygen pool. Because of this, the persistence of hy-
poxia into the winter caused by plume-dependent respiration
may be overstated in the model.

The bottom respiration model does not produce hypoxic
conditions near the Mississippi Delta, but does east of Ter-
rebonne Bay past the Louisiana/Texas border. Hypoxic con-
ditions caused by bottom respiration are only found well in-
shore of the 50 m isobath. Near-shore, hypoxic conditions
are ephemeral, with the most persistent hypoxia centered
along the 20 m isobath.

Both plume-dependent and bottom respiration show a
marked increase in the area affected by hypoxia beginning
in July, and extending through the late summer, as observed.
Plume-dependent respiration, however, persists well into the
winter months contrary to observations. The the region
of low oxygen caused by bottom respiration is generally
confined to the mid-shelf (between 10 and 70 m, see Fig-
ure 5). The extent of this low-oxygen region is largest in
late summer; it is greatly diminished by mid-October and
is destroyed completely by winter because increased wind
mixing homogenizes the water over the shelf. The area of
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Figure 6. These panels show cross-sections of oxygen (grayscale,
with a range of 0 to 223M) and salinity (colored contours, iden-
tical to those in Figure 5, with contour interval of 5 psu) at two
transects across the shelf.
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Figure 7. These three timeseries show the area within the model
domain with bottom hypoxia, defined as oxygen concentrations
less than 60 uM O, for the three parameterizations of respiration.
The solid lines show the mean area in August and September of
the 1993 simulation year. The solid gray line represents the esti-
mated areal extent of hypoxia during the summer of 1993 of ap-
proximately 17,000 km? (Rabalais et al., 1999), the lateral extent
of this line indicates the time period over which the data were col-
lected.

the shelf affected by hypoxic conditions during late summer
(August and September) is about half the observed area for
both the plume-dependent and bottom respiration.

The vertical structure of oxygen depletion was calcu-
lated for each of the respiration parameterizations and hy-
drographic profiles by calculating the mean profile of oxy-
gen deficit above the sea floor. The oxygen deficit is de-
fined as the simulated or observed oxygen concentration
subtracted from the saturation oxygen based on the local
temperature and salinity. Only profiles where the bottom
oxygen was significantly depleted (bottom oxygen concen-
trations less than 100 M O3) were included in the average



HETLAND & DIMARCO

I||| 100 m r
l 100 m r
I 100 m r

SPATIAL STRUCTURE OF HYPOXIA

30°Nr-

29°N

28°N

Near-field

30°N

29°N

28°N

L ! i ! ! !
94°W 93°W 92°W 91°W 90°W 89°W 88°W
T T T :

Plume dep.

30°N

29°N

28°N

Bottom

! ! ! ! ! !
94°W 93°W 92°W 91°W 90°W 89°W 88°W
T T T

! ! ! ! ! L
94°W 93°W 92°W 91°W 90°W 89°W 88°W

Figure 5. These panels show plan views of bottom oxygen and cross-sections for all three parameterizations of bottom respiration. Oxygen
is presented as a grayscale, with a range of Oz from 0 to 500 ;1M darker shades representing lower oxygen concentrations. Salinity contours
(with a 5 psu contour interval — blue is 5 psu, red is 30 psu) are superimposed; like colors represent identical isohalines in all panels.

profiles. The results of this calculation are shown in Fig-
ure 9. Simulated near-source and plume-dependent respi-
ration both show a gradually decaying oxygen profile with
depth. Simulated bottom respiration and observed oxygen
deficit profiles both show a break in the oxygen profile at
approximately 15 mab (meters above bottom), with uniform
oxygen above this point, and a linear decrease in oxygen be-
low this point. The observations were primarily taken west
of Terrebonne Bay, in the region the model suggests that hy-
poxia formation is dominated by bottom respiration. Other
studies (e.g., Dortch et al., 1994) have shown that water col-
umn respiration may be locally strong, so it is probable that
water column respiration is more important near the Missis-
sippi Delta, as the model suggests.

4. Discussion

One of the primary results of this study is that hypoxia
formation is primarily a vertical, rather than horizontal, pro-

cess. Low oxygen conditions do not advect laterally, but are
rather formed by local respiration processes and destroyed
by vertical mixing. In particular, the results of the near-
source respiration model suggest that hypoxic waters do
not spread from locations of high respiration near the river
mouths to other parts of the shelf. The simple model de-
scribed by Scavia et al. (2003) uses a weak westward cur-
rent to advect both organic material and low oxygen waters
westward. Their model requires westward currents of about
0.005 m s~!. A simple scaling analysis demonstrates that
coherent water parcels are considerably diffused by even
modest horizontal mixing given this modest westward ad-
vection. For example, assume there is a patch of low oxy-
gen water with an initial diameter of 20 km, advected by a
westward flow of 0.005 m s—!, and a horizontal turbulent
diffusion rate of 20.0 m? s~! typical for coastal flows. This
parcel will be diluted by a factor of approximately four after
it has been advected 50 km, essentially destroying the patch
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Figure 9. Each panel shows the oxygen deficit, defined as the difference between the simulated or observed oxygen minus the saturation
value defined as a function of local temperature and salinity. Only the lower 30 m is shown in each case, data from deeper stations are also
included. The red line in each case represents an average profile of oxygen. The figures are normalized such that the zero represents the sea
floor, so the profiles are show in terms of height above bottom. The observations shown in the rightmost panel are taken from the LATEX

program Nowlin et al. (1998), 1993-1995.

through diffusion just as smoke from a smokestack disperses
away from the source.

However, even though respiration and mixing may be
predominately vertical processes, the supply of organic ma-
terial to fuel biological respiration (which this study does not
explicitly address) must be a horizontal process. Organic
material is most likely carried laterally across the shelf by
wind-driven motions of the two surface river plumes.

Model results also show two separate regions, divided at
approximately 90.5°W, where the shelf bends at Terrebonne
Bay. The eastern regime is influenced primarily by discharge
from the Mississippi River Delta, the flow from Southwest
Pass supplying the majority of the fresh water. Water col-
umn respiration is the primary cause of hypoxia in the east-
ern regime. The western regime is influenced by both the
discharge from the Atchafalaya and shelf-wide wind-driven
currents, with bottom respiration being the primary cause of
hypoxia. Although these two regimes have very similar forc-
ing, the geometry of the shelf and the locations of the fresh
water sources create two very distinct physical regimes. The
fresh water flux is similar in magnitude since half of the
Mississippi River Delta discharge is advected eastward (Din-
nel and Wiseman, 1986; Etter et al., 2004), and atmospheric
scales are large enough that the wind stress and heat fluxes
over the shelf are quite similar (Wang et al., 1998).

The westward-flowing portion of the Mississippi River
Delta discharge empties out near the shelf break, and trav-
els over the relatively deep water at the head of Mississippi
Canyon. The exact location of the plume depends on the ori-
entation of the outflow jet and the local wind stress, which

shifts the plume water approximately as a surface Ekman
layer (see, e.g., Hetland, 2005). The plume from South-
west Pass, the most distinct individual plume from any of
the many Mississippi Delta passes, may often be identified in
true color satellite images. This jet often flows over the head
of Mississippi Canyon (> 50 m deep) and contributes to a
recirculating anticyclonic gyre in Louisiana Bight described
by Ichiye (1960) and Wiseman et al. (1997) (also seen in
Figure 2). The recirculating gyre is most prominent during
downwelling conditions. This recirculating gyre is similar
to the surface trapped plume described by Yankovsky and
Chapman (1997); it is influenced strongly by both advection
and the earth’s rotation, and does not interact directly with
the bottom. The Mississippi River plume maintains some
stratification within Louisiana Bight even under upwelling
conditions, as evident in Figure 2. The geographical config-
uration of the extended delta mid-shelf also presents a phys-
ical barrier for shelf waters east of the delta to be advected
west onto the Texas-Louisiana shelf.

The Atchafalaya empties out into the very shallow coastal
region of a broad, gently-sloping shelf. Thus, although the
fresh water contributions are similar, the fresh water from
the Atchafalaya will tend to have a longer residence time on
the shelf since it must traverse the entire shelf before cross-
ing the shelf break and entering the deep Gulf. Relatively
fresh water is forced out onto the shelf such that the bot-
tom waters shoreward of the point where the river plume
front intersects the bottom, near the mouth of Atchafalaya
Bay, are ventilated. This process creates a near-shore re-
gion around the mouth of the Bay that is unaffected by sea-
sonal hypoxia, as seen in the seaward extent of hypoxia un-
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Figure 8. The three panels show the areas of the shelf affected by
bottom hypoxia (less than 60 M O at the bottom). The color scale
represents a percentage of the time, during August and September,
that that point on the shelf was hypoxic. Darker shades in the color
scale indicate that hypoxic conditions occur often at that location,
so that black means hypoxia is always present (during August and
September), and white means there were never hypoxic conditions
at that location. The upper three panels represent results from the
three parameterizations of respiration. The bottom panel shows the
extent of hypoxia based on a hydrographic survey (figure adapted
from Justic. et al., 2002)

der bottom respiration (Figure 8, third panel). Therefore,
the Atchafalaya River plume is not as persistent as the Mis-
sissippi River plume over the region of the shelf where hy-
poxia is found. However, both rivers contribute to the gen-
eral salinity stratification observed over the entire shelf. This
salinity stratification is caused by the upwelled plumes mix-
ing into the background waters, thereby creating a freshened
upper mixed layer not as distinct as the river plumes them-
selves, but still strongly stratified by the presence of fresh,
warm water at the surface.
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This study only considers very basic changes to biolog-
ical processes due to changes in the physical environment,
in terms of temperature dependence and plume-dependent
respiration. Despite this, the physical environment favors
different biological processes in the formation of hypoxia.
The model results indicate that water column respiration is
most likely the dominant cause of hypoxia in the region af-
fected by the Mississippi River plume, east of Terrebonne
Bay, whereas west of Terrebonne Bay hypoxia is linked to
bottom respiration. If the effects of plume-dependent and
bottom respiration are combined, results shown in Figure 8
suggest the structure of observed hypoxia may be caused by
the sum of plume dependent respiration and bottom respira-
tion. Bottom respiration best reproduces the observed verti-
cal structure of oxygen in the water column west of Terre-
bonne Bay. However, observations show that although the
mean oxygen profile above 15 mab is approximately uni-
form, it is not saturated, indicating that water column respi-
ration (and the mitigating effect of oxygen production due
to photosynthesis) might be significant even if it is not what
ultimately creates hypoxia. Note that water column respi-
ration is not the dominant factor in creating hypoxia in the
Atchafalaya region despite the presence of a clearly defined
buoyant plume there. This may be because the position of
the plume changes considerably under different wind condi-
tions, while the Mississippi plume is shifted by the wind, but
remains in approximately the same general location.

Biological processes are affected by the physical envi-
ronment in which they occur; timescales of plume motion,
stratification, and water column mixing will all influence in
situ biological processes. As discussed above, the oxygen
structure caused by bottom respiration will be affected by
the magnitude of local stratification, which is in turn influ-
enced by buoyancy inputs, wind stress, internal and shelf
waves. Wind stress changes on seasonal timescales, but
there is also considerable variability in the weather band,
with timescales of a few days to weeks. Figure 2 gives an
example of how quickly the two river plumes may change
position, and alter the stratification on the shelf. It appears
that the seasonal timescale of the creation of stratification
by weak, upwelling-favorable winds is the most important
when hypoxia is forming, but weather-band variability is im-
portant in the fall when hypoxia is destroyed. Model results
show that hypoxia is destroyed by strong wind events in the
late fall, in agreement with our understanding of the tem-
poral changes in hypoxic structure. The wind events mix
near-shore water first, and progressively erodes stratification
from shallow to deep waters in bursts as atmospheric fronts
pass over the region. Thus, although the timescales that cre-
ate the stratification envelope and allow hypoxia to form are
relatively long, associated with the seasonal shift in the mean
winds, the timescales of the destruction of hypoxia are rela-
tively short.
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Correlations between satellite derived ocean color and ei-
ther wind stress or river discharge show two distinct regions
of correlation Salisbury et al. (2004). Ocean color over the
shelf region south of the Atchafalaya River is strongly corre-
lated with the wind, where ocean color is stronly correlated
with Mississippi River discharge in the region around the
Mississippi River Delta. Wind forcing is important in re-
suspending sediments over the broad, shallow shelf west of
Terrebonne Bay, where advective plume processes are im-
portant in the Mississippi River Delta region east of Terre-
bonne Bay. The exact physical mechanisms are most likely
different than those that differentiate the two regions in the
present study, however, the underlying differences in the
physical regimes of each region are responsible for creating
two distinct regions both in terms of ocean color and domi-
nant mode of respiration.

5. Conclusions

The model results suggest that the extent and timing of
hypoxia along the shelf is controlled by the interactions be-
tween both physical and respiration processes. Ultimately,
either physical processes or biological processes must be the
limiting factor in the creation and maintenance of hypoxia.
The supply of organic material and the rate at which this
organic material is respired creates a hypoxic potential: a bi-
ological bound on the extent and magnitude of hypoxia. For
this potential to be realized, the physical environment must
be favorable; in particular, the water column must be strat-
ified. The extent of physical stratification creates a stratifi-
cation envelope: a physical bound on region where hypoxia
may occur.

This study isolates the physical influences that help to
create hypoxia by examining very simple parameterizations
of respiration. We do not believe that these simple param-
eterizations are appropriate for realistic simulations of hy-
poxia. Regions near the shelf edge that are often hypoxic in
this study are most likely limited by the supply of organic
material. To investigate the combined limits of the stratifica-
tion envelope and the hypoxic potential, a biological model
that at least contains a nitrogen budget must be used. How-
ever, we believe the simulations shown in this paper do re-
produce the essence of the different types of biological pro-
cesses acting to draw down oxygen in the water column, and
highlight the differences between the eastern and western
portions of the shelf. These differences are caused by the
geometry of the shelf: region east of Terrebonne Bay is char-
acterized by a steep, narrow shelf, while the region west of
Terrebonne Bay is characterized by a broad, gently-sloping
shelf.

Different physical environments may select different types
of respiration. Thus, the physical environment may not only
select for the regions of the shelf where respiration may cre-
ate hypoxia, but may also select the dominant type of res-

SPATIAL STRUCTURE OF HYPOXIA 10

piration. The Mississippi River plume most strongly affects
the region between the Mississippi River Delta and Terre-
bonne Bay. This region hypoxia is controlled by water col-
umn respiration. West of Terrebonne Bay, stratification is
controlled by fresh water leaving Louisiana Bight as well as
local runoff from the Atchafalaya River. In this region, the
pycnocline is not as sharp, and the buoyancy driven flow in-
teracts directly with the bottom topography. Hypoxia west
of Terrebonne Bay is controlled by bottom respiration. Be-
cause of these differences in the structure of respiration caus-
ing hypoxia, extrapolating measurements of stratification,
respiration, and mixing at a single point will not adequately
describe the processes influencing hypoxia over the entire
shelf.

Although the biological respiration is not limited by a fi-
nite source of organic material, these simple forms of res-
piration result in an areal extent of hypoxia over the shelf
similar to observations. Thus, it is possible that the areal
extent of hypoxia over the Texas-Louisiana shelf is deter-
mined by the stratification envelope rather than nutrient sup-
ply from the river systems. This may be particularly true for
the along-shelf extent of hypoxia. Scavia et al. (2003) note
that the areal extent of hypoxia is highly correlated with the
along-shore extent of the hypoxic area, thus variations in the
stratification envelope are almost certainly important in de-
termining the inter-annual variations in the size of the hy-
poxic region.
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