
Chapter 3
Interannual Variation in Stratification over
the Texas–Louisiana Continental Shelf
and Effects on Seasonal Hypoxia

Robert D. Hetland and Xiaoqian Zhang

Abstract A numerical dye is used to track freshwater released in May and June from

the Mississippi and Atchafalaya rivers using a hydrodynamic model. These months

are chosen because discharge and nutrient load in May and June is significantly cor-

related with an area of the Texas–Louisiana continental shelf affected by seasonal

bottom low dissolved oxygen. Results show that the two different river sources influ-

ence different parts of the region affected by hypoxia, so that both rivers appear to

contribute to forming the hypoxic region. Analysis shows that both nutrient loading

and stratification caused by freshwater fluxes from the rivers are consistent with the

distribution of dyed freshwater in late July.

Keywords Freshwater discharge ⋅ Stratification ⋅ Hypoxia ⋅ Modeling ⋅ Missis-

sippi River ⋅ Texas–Louisiana shelf ⋅ Gulf of Mexico

3.1 Introduction

The Mississippi–Atchafalaya river system drains 41% of the continental USA, sup-

plying the northern Gulf of Mexico annually with 530 km
3

of freshwater, 210 mil-

lion tons of sediments, and 1.5 million tons of nitrogen (Milliman and Meade 1983;

Goolsby et al. 2001). This large flux of carbon and nitrogen, combined with the strat-

ifying effects of the freshwater, create a large region of near-bottom hypoxia south

of the Louisiana coast. This layer is typically a few meters thick, with the lowest

oxygen concentrations most commonly observed in the benthic nepheloid layer. The

affected area is generally confined between the 10 and 50 m isobaths and may extend

into Texas waters during years with a very large hypoxic area. In years with a small

hypoxic area, low oxygen conditions are typically found in the vicinity of the two

large river mouths, west of the Mississippi Delta and south of Atchafalaya Bay.

Many previous studies have found significant statistical relationships between

either the freshwater discharge from the Mississippi and Atchafalaya rivers (Wise-
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man et al. 1997; Bianchi et al. 2010) or the nitrogen load carried by these rivers

(Scavia et al. 2003; Turner et al. 2005; Greene et al. 2009; Forrest et al. 2011). The

highest correlations are found between the May–June average nitrogen load and the

hypoxic area in late July. However, questions remain about the processes that drive

these correlations.

Nutrient loads and freshwater discharge are significantly correlated (r2 = 0.71,

p = 2.2 × 10−7); that is, the concentration of riverine nitrogen is roughly constant

between years and is uncorrelated to the larger relative variations in freshwater dis-

charge and load. Because of this, the causal relationships between both nutrient load

and freshwater flux that create interannual variations in hypoxic area are confounded.

It is not clear if observed interannual changes in hypoxic area are caused by the strat-

ifying effects of the freshwater, or the eutrofying effects of the increased nitrogen

load.

The goal of this paper is to trace the river water released onto the shelf during

May and June in a number of different years, to examine the relationships between

the fate of this water on the shelf and hypoxic area. May and June are chosen because

of the significant statistical relationship between freshwater flux and nutrient load in

these months with the subsequent extent of hypoxia in July. The numerical simu-

lations are accomplished by adding a numerical dye to each large river source dur-

ing each month. This results in four separate dyes, one for both the Mississippi and

Atchafalaya rivers during both May and June. Distributions of these dyes are then

compared to the extent of hypoxia in late summer.

3.2 Model Setup

We use the Regional Ocean Modeling System (ROMS, Shchepetkin and McWilliams

2005; Haidvogel et al. 2008) configured for the Texas–Louisiana shelf for this study.

This model has been described in previous studies of circulation and freshwater bud-

gets by Zhang et al. (2012a, b). Briefly, the model extends roughly from Laguna

Madre in Mexico to Mobile Bay in Alabama. The model has 30 vertical layers, and

∼1 km horizontal resolution over the Louisiana shelf. The model domain is shown

in Fig. 3.1. The model is forced with inputs from the six major rivers in Louisiana

and Texas, with the Mississippi and Atchafalaya rivers contributing the most to the

riverine freshwater inputs. The model is nudged to results from the GOM-HYCOM

operational model to include the effects of deep ocean currents on shelf circula-

tion. The North American Regional Reanalysis (NARR) model is used for surface

momentum, heat, and freshwater fluxes; heat fluxes are calculated through a bulk

formulation with a Q-correction of 50 W m
2
.

The primary addition to the present set of simulations is that the freshwater from

the Atchafalaya and Mississippi rivers is dyed for each river in both May and June of

each simulation year. Freshwater entering the domain from the rivers is tagged with a

concentration of 1 m
−3

, so that the dye concentration represents the fraction of dyed

freshwater at a particular point in the domain. The manner in which the dyes are
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Fig. 3.1 The model domain and grid are shown in the two maps. The model domain covers the

entire Texas and Louisiana shelves from the coast past the shelf break. The grid resolution in the

region just west of the Mississippi River delta is less than 1 km

added to the freshwater inputs is similar to the method used in Zhang et al. (2012b),

the primary difference being that only water released in either May or June is dyed.

3.3 Results

The year 2008 is presented here as an example of the distribution of the dye from the

Mississippi and Atchafalaya rivers in the months of May and June. The year 2008 is

chosen as an example because it had a very high discharge, relatively typical sum-

mertime winds, and was the second largest hypoxic area recorded during the late July

annual survey (see http://gulfhypoxia.net). Figure 3.2 shows the surface concentra-

tion of dye from each river, released during each of May and June over the summer.

As the dye is introduced at a concentration of one, the dye may be considered as a

proxy for dilution of freshwater over the shelf. Thus, the dye represents the fraction

of river water in a given model cell and is thus unitless. The dye is plotted on a log-

arithmic scale, so that each gradation indicates an order of magnitude dilution. For

this year, where the discharge was above average, by the end of summer essentially

the entire Louisiana shelf is covered with fresh river water that has been diluted less

http://gulfhypoxia.net
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than one thousand times, with significant regions near the source that have dilution

factors of less than ten.

As the undiluted dyed freshwater has a concentration of one, the dye may be

considered as a proxy for volume of freshwater per unit volume ocean water. Thus,

the integral

hf = ∫
𝜂

−H
di dz (3.1)

represents the freshwater thickness, hf , associated with a particular dye, di. The

freshwater thickness is the thickness of the dyed freshwater, if the water column

“unmixed” into purely dyed freshwater with a dye concentration of one and com-

pletely undyed water. The remaining undyed water may contain some freshwater, but

this freshwater was introduced at times when dye was not included in the discharge of

freshwater to the ocean. Distributions of vertically integrated dye show similar pat-

terns (Fig. 3.3); the highest concentrations of integrated dye show that some regions

of the shelf have over three meters of riverine freshwater mixed though the water

column.

Figure 3.4 shows vertical profiles of dye centered about the 20 m isobath in loca-

tions where surface concentrations are high, diluted by less than a factor of 100. Pro-

files indicate that the dye is typically concentrated at the surface and has the strongest

concentrations in the upper half of the water column. The dye released in June has

a particularly strong surface signature that persists throughout the month. However,

all the dye profiles indicate that by the end of July, all of the dye has been signif-

icantly diluted, with concentrations in the upper water column about double those

in the lower water column. Thus, while surface dye concentrations are stronger in

the upper half of the water column through the entire summer, there is a relatively

significant fraction of the dye that penetrates into the lower layer.

The differences in the character of each source can be found by examining the

relationship between the dye and other oceanic tracers. The relationship between dye

and salinity, shown in Fig. 3.5, shows that the highest dye concentrations are found at

intermediate salinity ranges, between fresh riverine water (S = 0.0) and ambient Gulf

water (S ≃ 36.0). The relationship between dye and salinity is controlled primarily by

the dye source; the two river sources appear distinct, regardless of the month in which

the dye was released. There are some common patterns in each dye release. Initially,

a mixing line is formed between the freshwater in which the dye is introduced into

the domain, and the ambient Gulf water that initially contains no dye. Points below

this line are filled in as the dye mixes with freshwater that was introduced earlier,

and that contains no dye. Since the freshwater released from the Mississippi Delta

mixes quickly, dye concentrations are not found at salinities much fresher than about

10 g kg
−1

. As this dye interacts with the Atchafalaya plume, dye is found at even

lower salinities. The Atchafalaya discharge, on the other hand, is released at the edge

of a broad, shallow shelf. As such, there is a pool of freshwater that separates the

Atchafalaya plume water at the beginning of each dye release from the ambient Gulf

water. Because this dye is present at very freshwaters, even early in the Atchafalaya
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dye releases, the mixing line at dye concentrations higher than about 0.2 indicates

mixing with waters that have a salinity fresher than 30 g kg
−1

.

3.4 Discussion

In both the surface dye concentrations (Fig. 3.2) and the dyed freshwater thickness

(Fig. 3.3), the Mississippi and Atchafalaya plumes cover distinct regions on the shelf.

The Atchafalaya plume is generally westward and inshore of the Mississippi plume

water. However, it is clear from the overlays of hypoxic area that the region of the

shelf that is affected by hypoxia is associated with neither plume in particular. In

Table 3.1, the cubic kilometers of dyed freshwater is integrated in the regions of the

shelf that are affected by hypoxia in a given year. Generally, it is clear from this

table, as well as from Figs. 3.2 and 3.3, that no one, particularly freshwater source—

Mississippi or Atchafalaya—or month of dye release—May or June—is the primary

contributor to stratification or nutrients in the regions associated with low dissolved

bottom oxygen.

Figure 3.6 shows the dye thickness from years 2003 to 2011, with the observed

hypoxic area overlaid. On average, there is about 1 m of freshwater over the hypoxic

zone in each year, ranging from about 0.7 m in years with smaller areas (2003 and

2009), and about 1.2 in years with large areas (2007, 2008, and 2010). A stoichio-

metric analysis suggests that 1 m of freshwater could supply enough organic material

to fuel hypoxia in these regions. Assuming that the nitrogen to oxygen ratio is 1:130,

Table 3.1 Integrated freshwater (km
3
) in the regions associated with bottom hypoxia on July 28

of each year. The final column shows the observed hypoxic area for each year. The correlations

between each integrated dye and associated p-values are found in the bottom rows. The correlation

between the sum of all the integrated dyes is r = 0.90, p = 0.0011
Year May Miss

(km
3
)

May Atch

(km
3
)

June Miss

(km
3
)

June Atch

(km
3
)

Hypoxic area

(km
3
)

2003 1.34 0.91 1.90 1.76 8,560

2004 1.94 3.09 2.31 4.75 15,040

2005 1.90 1.40 2.74 2.62 11,840

2006 2.59 3.90 4.17 3.08 17,280

2007 10.24 4.37 3.69 4.64 20,500

2008 8.18 8.20 3.95 6.30 20,720

2009 1.23 2.16 0.38 2.33 8,000

2010 5.43 6.88 5.95 7.71 20,000

2011 7.05 10.39 2.85 7.99 17,520

r = 0.83 r = 0.73 r = 0.83 r = 0.77
p = 0.0061 p = 0.024 p = 0.0059 p = 0.015
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Fig. 3.6 Dye thickness, summing together all four dyes associated with the two sources and months

are shown in late July for nine different years, corresponding to the period when the annual hypoxia

survey occurs. The observed area of hypoxia is shown as a red shaded region

that the nitrogen concentration of river water is 120 µM, that the apparent oxygen

utilization in hypoxic waters is 250 µM, and that the efficiency of converting nitro-

gen into oxygen utilization is 0.2, 1 m of freshwater would convert roughly to 6 m

of hypoxic water. This is of course assuming (1) that there are no other mechanisms

that reduce efficiency such as lags in oxygen utilization, (2) that the organic matter

is delivered roughly evenly over the hypoxic area, and (3) that there is no ventila-

tion of the bottom waters. Also, it is not clear what the timescales and processes of

organic matter creation and conversion are using this simple conceptual model. For

this, one would need to use a full model of biological processes, such as the NPZD

model described by Fennel et al. (2011). Even so, this model suggests that it is plau-

sible that a significant fraction of organic matter required to form hypoxia may be

delivered by the two river systems during May and June.

However, each dye is not spread evenly over the hypoxic area, rather different

rivers contribute differently to different regions. For example, the Mississippi is con-

centrated more to the east, the Atchafalaya more to the west. This may have important

consequences for the formation of hypoxia in different region of the shelf, because

the character of the water introduced to the shelf is very different between the Mis-

sissippi and Atchafalaya. For example, The Atchafalaya River Basin may be a small

source for inorganic nitrogen, but a sink for organic nitrogen (for a total 14% reduc-

tion in total nitrogen) (Xu 2006; Scaroni et al. 2010). Other properties, such as sed-

iments, phosphorous, and organic carbon, may be similarly altered as river water
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passes through the swampy region that defines the Atchafalaya River Basin. Thus,

the Mississippi and Atchafalaya form water masses with very different properties,

and freshwater distributions over the shelf (Hetland and DiMarco 2008).

The dye experiments also suggest that the freshwater delivered to the shelf dur-

ing May and June from both river sources may create stratification in the regions

affected by hypoxia. The vertical structure of the dye in August suggests that the dye

is stratified (see Fig. 3.4). The dye is associated with freshwater, and freshwater is the

primary determinant of density over the Texas–Louisiana shelf. Also, the horizon-

tal distribution of freshwater is roughly co-located with the westward termination of

the hypoxic zone. This implies that it is indeed freshwater in the months of May and

June that are primarily associated with determining the areal extent of hypoxia.

3.5 Conclusions

The water released from the Mississippi and Atchafalaya rivers during May and June

appears to roughly correlate with the regions of the Texas–Louisiana shelf affected

by seasonal bottom hypoxia. Different regions of the area affected by hypoxia are

influenced by different rivers and different release times; the sum total of water

released during May and June from the two sources extends roughly across the entire

hypoxic area, and the along-shore extent of this water appears to be roughly corre-

lated with the along-shore extent of hypoxia.

However, this analysis is not able to differentiate between the organic material

flux to the benthos due to nitrogen inputs from the river, and the stratifying effects

of the fresh river water. Both interpretations are consistent with the model results.
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