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Fig. 3.  Estimated 

DOC fluxes in 

different parts of 

the Mississippi 

River system, April 

2005.  Values in 

color next to rivers 

are fluxes in 10
3 

metric tons C per 

day.  Values in 

boxes are fluxes 

and percentages of 

fluxes accounted 

for by mixing of 

waters from each 

confluence region. 
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Fig. 5.  Climatological annual discharges (lines) and 

standard deviations (shading) for the three major 

MR tributaries. 

Fig. 6.  Plant pigment biomarkers in POC 

collected at 13 stations in the MR (see Fig. 1.) in 

2004.  
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Fig. 4.  !13C and 

"
14C in DIC, POC 

and DOC pools 

through-out the 

Mississippi River 

system in 2004-

2005.  Green dots 

indicate values 

for Ohio River 

samples for each 

of the three 

corresponding 

pools. 
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Abstract

The intensification of agriculture in the central U.S. is commonly cited as the primary cause of the increase in
nitrogen (N) flux by the Mississippi River since the 1950s and the development of seasonal bottom-water hypoxia
in the northern Gulf of Mexico. Over the past two decades, however, agricultural land use and land cover have
remained relatively constant. With high N inputs each year, climate variability could now be controlling the
variability in N leaching from land and transport through the river system. In this study, we examine how
precipitation in specific regions of the central U.S. affects the nitrate–N flux by the Mississippi River and the
extent of hypoxia in the Gulf of Mexico. Precipitation amounts across the Corn Belt in the previous November–
December and in March–April–May are together a strong predictor (r2 5 0.68) of the spring nitrate flux by the
Mississippi. A hypoxia model shows that the year-to-year variability in central U.S. climate must be considered in
developing nutrient management policy. During a wet year, an N reduction of 50–60%—close to twice the
recommended target—is required to meet the goal of reducing the hypoxia zone to less than 5,000 km2 in size. A
higher reduction goal is particularly important considering the expected changes in climate in the coming decades.

Each summer, an area of hypoxic bottom water develops
on the continental shelf of the northern Gulf of Mexico,
near the outlet of the Mississippi River (Rabalais et al.
2002). This area of low oxygen concentration is a conse-
quence of water column stratification and high primary
production promoted by the input of freshwater and
nutrients from the Mississippi River basin. The creation
and expansion of this hypoxic zone was driven by the
increased flux of agriculturally derived nitrogen (N) from
the Mississippi Basin since the 1950s (Turner and Rabalais
1994; Goolsby and Battaglin 2001; Rabalais et al. 2002).
The increase in N flux between the 1960s and 1990s has
been specifically attributed to increased rates of fertilizer
application on corn in the central U.S., increased cultiva-
tion of N-fixing soybeans, and a climate-driven increase in
runoff (Donner et al. 2004a). The drainage of wetlands and
installation of artificial drainage systems likely exacerbated
N losses from central U.S. croplands in recent decades
(Zucker and Brown 1998; Mitsch et al. 2001).

The areas of the major crops like corn (Donner 2003),
the rates of fertilizer application (Donner et al. 2004a), and
the drainage of wetlands (Zucker and Brown 1998; Dahl
2000) have remained relatively stable since the 1980s, in
contrast to the changes of the previous decades. The factor

that has varied the most in the past 25 yr is climate. Annual
precipitation in the Mississippi River basin varied from
a low of 817 mm in 1988 to a high of 1,207 mm in 1993
(CRU TS2.1 data; Mitchell and Jones 2005). The timing
and amount of precipitation influences both the leaching of
N, largely in the form of highly soluble nitrate, from land
(Randall and Mulla 2001; Donner and Kucharik 2003) and
the fraction of leached N that is transported downstream
(Donner et al. 2004b). As a result, there is a strong
relationship between the interannual variability in Mis-
sissippi River discharge and nitrate flux (McIssac et al.
2001; Donner et al. 2002; Justic et al. 2003a).

The runoff-driven variability in N flux is a primary cause
of recent year-to-year variability in the size of the hypoxic
region (Fig. 1), although variability in oceanographic
conditions also plays an important role (Rabalais et al.
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Fig. 1. M–J nitrate flux by the Mississippi River (at St.
Francisville, Louisiana) and extent of seasonal hypoxia in the
Gulf of Mexico between 1985 and the present. The hypoxic zone
reached 40 km2 in 1988; no data is available for 1989.
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top). On 12 August, Tropical Storm Bonnie approached to within
about 250 km SE of the delta. The storm impacted the eastern edge of
the shelf, bringing significant winds (~10 m s−1) and surface waves.
These conditions likely led to the dissipation and movement of
hypoxic waters, although our results and those of Rabalais et al.
(1994) show that hypoxia can become re-established within 1–
2 weeks after storm events, such that by the time of our 19–27 August
cruise (Fig. 1; bottom) hypoxia was re-established in the region. Near-
bottom waters at all inshore (10–15 m) stations, however, were no
longer hypoxic (two stations near 92°W were low but not hypoxic)
and the near-bottom low oxygen water had moved further offshore
(15–30 m total water depth), particularly south and southwest of the
mouth of Atchafalaya Bay (91°W–93°W). We cannot ascertain
whether the lack of hypoxia in shallow waters (total depth less than
15 m) was solely because of erosion of the pycnocline due to shear
mixing or caused by offshore movement of the bottom water mass
due to downwelling advection, but likely it was a combination of both
processes.

The spatial pattern of near-bottom dissolved oxygen concentra-
tions (Fig. 1) clearly shows that the bottom hypoxia was broken into a
series of patches along the shelf. Most notable, however, was the
observation of a meander of the freshwater front along the inner shelf.
The meander is apparent as a wave-like structure seen in the vertical
sections taken along the 20-m isobath (Fig. 2) and in plan view from
satellite imagery (Fig. 3). The wavelength of this feature is
approximately 50 km and about four wavelengths are distinguishable
between 91°W and 93°W. The feature is also seen in the plan view of
surface salinity observations along the cruise track (Fig. 4). The
position of the meander in Fig. 3 coincides almost exactly with
changes in the 10-m bathymetry of the region, which marks the outer
boundary of shoals, the remains of relic subaqueous deltaic sedimen-
tary facies along the Louisiana coast (Neill and Allison, 2005). These
shoals, which have depths less than ~5 m, also have a spacing of about
50 km.

Themost striking characteristic of the vertical structure of properties
is that near-bottom dissolved oxygen concentrations vary with the
crests and troughs of the along shelf density structure. At the troughs,
the vertical gradient of density is strengthened, leading to high water-
column stability (i.e., large Brunt-Väisälä frequency, which is propor-
tional to the vertical gradient of density and is the frequency in which a
vertically displaced particle will oscillate in a stratified environment).
Mixing across the pycnocline is, therefore, inhibited and, as a result,
dissolved oxygen levels beneath the trough tend to be low. At the
wave crests, the isopycnals aremorewidely spaced, therebyweakening
thewater-column stability. Because stability isweak, downwardmixing
is promoted and oxygen-rich waters from the surface are injected
downward into the water column, reoxygenating the near-bottom
waters.

The crests of the wave are associated with onshore flow regimes
and relatively high salinity values, while troughs are associated with
seaward flow and low salinity as shown by shipboard measurements
of current velocity and ship flow through salinity observations (Fig. 4).
This is consistent with satellite imagery (Fig. 3), which shows
increased particulate matter (Fig. 3; top) and chlorophyll a concen-
trations (Fig. 3; bottom) associated with the offshore flow regime and
lower salinity water. Current velocities associated with the meander
are 30–40 cm s−1 at about 14 m depth, at or just below the mean
depth of the pycnocline (Fig. 2). The meander was also observed
repeatedly in cruises during 2005, 2007 and 2008 (a vertical section
along the 10-m isobath during a cruise in July 2008 is shown in Fig. 5)
and similar spatial features have been observed frequently in satellite
imagery of the region, for example, October 2005 (Fig. 6) and October
2002 (Fig. 7). Ship measurements with enough spatial resolution to
resolve the meander are rare and simultaneous satellite coverage is
even rarer, especially in summer when cloudy conditions prevail over
the Gulf.

We believe that the observed distribution of hypoxic waters during
this period was dependent on the current response to both wind stress

Fig. 2. Vertical section along the 20-m isobath off the Louisiana shelf during August 2004. The color denotes dissolved oxygen concentrations (ml l−1) while the contour lines denote
specific density (kg m3). Salinity is the main control on density in this region in summer. Station locations along this section are shown as white circles in Fig. 3.
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using a thermosalinograph with water intake located in the ship's
bow and at about 3 m depth. Water samples were collected using 10-
l Niskin bottles, typically near surface (1.5 m depth), near bottom
(0.5 m above bottom), and 5 m depth intervals. Discrete dissolved
oxygen concentration measurements were obtained by Winkler
titration of water samples; continuous dissolved oxygen concentra-
tion were obtained using a Seabird SBE 43 oxygen probe. Oxygen
probe observations were compared with discrete oxygen measure-
ments as part of the quality control procedure. Shipboard ADCP data
were collected using a RD Instruments 150-kHz narrowband ADCP.
Vertical bin size for the ADCP was 4 m; raw data were collected and
processed every 5 min. Satellite image processing was performed at
the LSU Earth Scan Laboratory, a satellite data receiving station for
Terra-1 and Aqua-1 MODIS, and Oceansat-1 OCM ocean color data.
Image processing (reception, calibration, geometric correction, visu-
alization) was performed mainly using the SeaSpace TerascanTM

system. SeaSpace provided the SeaDAS software for the atmospheric
correction of the Oceansat-1 OCM data.

3. Results

The development of hypoxia on the Louisiana shelf, as measured
during four research cruises during April, June, July, and August 2004,
followed the typical seasonal pattern (Rabalais et al., 1999). In April
2004, no hypoxia was found in water depths between 10 and 50 m
between the Mississippi River Delta at Southwest Pass and the Texas
border (approximately 450 km). Near-bottom dissolved oxygen con-
centrations ranged from 3.5 to 5.5 ml l−1, which are well below
saturation values but not hypoxic (less than 1.4 ml l−1).

Very different conditions were encountered during June 2004
when heavy rains over southern Louisiana and high river discharge
introduced large volumes of freshwater onto the eastern shelf prior to
the cruise and when the prevailing winds, which were primarily from
the south, likely increased stratification of the water column over
much of the inner shelf. Near-bottom oxygen concentrations were
hypoxic at virtually all of the stations in 10–15 m total water depth
from the Mississippi River Delta almost to the Texas border (Fig. 1;

Fig. 1. Distribution of dissolved oxygen concentrations (ml l−1) near bottom (<1 m above bottom) during cruises in late June (top) and mid-August (bottom) 2004. Isobaths shown
are 10, 20, 30, 40, and 50 m.
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Dimarco et al. (JMS, 2010)

loading (nitrate, phosphate, and river discharge) correlate with
decreasing subthermocline oxygen levels (Mee, 1992). However,
Yunev et al. (2007) found that since that time, several changes in the
physical conditions associated with variations of the regional climate
have significantly affected the physical stratification of the system and
thereby may have reversed the decreasing oxygen trend. The
conclusion that can be drawn from these examples is that physical
processes of the coastal ocean can have significant impact on water-
column stratification and, therefore, affect the efficiency of ventilation
of the lower water column. Coastal Louisiana is subject to many of the
same types of processes as these other large coastal systems and our
environmental observations above display distributions appropriate
to the spatial and temporal variabilities of those processes.

5. Conclusions

The results presented have important implications for coastal
management and monitoring. The dominant alongshore variability
wavelength of dissolved oxygen concentration is of the order 50 km or
less (Fig. 2). Therefore, to resolve this variability and avoid signal aliasing,
themeasurementsmust be taken at sampling intervals of at most 25 km
(and preferably shorter) spacing, i.e., the sampling should be performed
so that the Nyquist frequency is larger than one over the dominant
variability length (Emery and Thomson, 2001). At present, the extent of
hypoxia over the Louisiana and eastern Texas shelves is measured on an
annual basis during one cruise in July (Rabalais et al., 2002a,b, 2007).
Alongshore station spacing west of 90.5°W on these cruises is ~50 km.
Basedonourmoredetailed spatialmeasurements,we therefore conclude
that the currently used method of measuring hypoxia using 50 km
spacing of lines could exaggerate areal estimates on the Louisiana shelf.

While the yearly shelf-wide monitoring cruise may perhaps be
used as a “scorecard” to show whether hypoxia is increasing or

decreasing relative to the long-term mean, we believe that more
closely-spaced sampling is required if we are to assess the efficacy of
management strategies presently being formulated and implemented.
Further, the temporal system response to wind forcing can occur on
the order of hours and days, which also suggests the need for more
frequent sampling to adequately capture the temporal variability.
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freshwater front meanders across the 20 m isobath. Shading in vertical plane depicts dissolved oxygen concentration; darker shading corresponds to lower values. Subsurface shoals
are depicted as dashed lines in horizontal plane. Contours in vertical plane are isohalines (or equivalently isopycnals).

34 S.F. DiMarco et al. / Journal of Marine Systems 80 (2010) 25–35

Spatial length scales of bottom hypoxia 
are O(10 km), and associated with 
small-scale bathymetric features.
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Bogden et al.  (1996)

Increasing model complexity:
- increases variance
- decreases model skill



step that deviates from climatology. The standard deviation of uncorrelated noise in both the
model and observations are identical, so that r = rm = rd. The magnitude of the event in both
the model and observations is s = sm = sd. In the case with no step, s = 0, the skill is !1. A
non-zero step increases the skill, defined for this case as

skill ¼ 1! 2

a s
r

! "2 þ 1
: ð4Þ

Note that in the limit of infinite signal to noise, the skill is that of a perfect model. The skill is zero
when as2 = r2, requiring that the variance associated with the step, as2, be larger than the variance
of the background noise for positive skill values to be achieved. Note that the variance of the
event depends on both the magnitude of the step and the duration of the event. Thus, we have
the intuitive result that an increased signal-to-noise ratio increases model skill.

3.2. Differences in noise amplitude

Often, model variance is lower than measured variance. Consider again a perfectly modeled
step, but now with uncorrelated noise of different magnitudes in the model and observations.
The skill estimate in this case is

∆α

sd

sm

d(
t)

m
(t

)

c(t)

c(t)

t

t

αd

αm

∆cd

σd 

σm

∆cm

Fig. 1. An illustration of the variables in the idealized step model/data comparison. Variables are defined in the text.
Three time-series are indicated: m(t) is the model, d(t) the data, and c(t) the climatology. Subscripts d and m indicate
data and model time-series, respectively. Each time-series contains an event, with a step-like increase of s, the standard
deviation of the noise within each time-series is r. Dc is the differences in climatology between base state in the data and
in the model time-series. The fraction of the time-series covered by the event is a. The fraction of the time-series when an
event is erroneously predicted or erroneously absent is Da.
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skill = 1−
2
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2 + 1
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(σmσd )
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Hetland (Ocean Mod, 2006)
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Some kind of obvious statements
intended to be profound
Decorrelation space and time scales are quite small
Observations do not resolve these scales adequately
Differences between simulation and observations of 
these features must be considered measurement error
The observation error covariance needs to have spatial 
scales larger than the measurement separation
While the observation error covariance is ridged at the  
small scales, the model is not – how to assimilate?
How to evaluate the parts of the model that could be 
improved, but are not well represented in the model?



A modern scripting language, similar to Perl, Ruby, etc
a high level language, with functions and classes
many built in packages for text processing, networking

Python + numpy/matplotlib packages ≈ MATLABTM

Many other scientific packages (like MATLABTMʼs toolboxes)
Many other plotting packages (unlike MATLABTM)
NetCDF3 & NetCDF4 support, able to concatenate files.
Able to call compiled FORTRAN and C (like MEX files, but much easier)
Free, open source.

Everything you saw was created using Python
Model setup, analysis, figures, and animations (with ffmpeg)


