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Abstract

While much is known about the physics of coastal currents, much less is known about
the biogeochemical effects of surface currents on shelf carbon dioxide (CO2) and oxy-
gen distribution and dynamics. The Mississippi and Atchafalaya River plume is usually
observed along the Louisiana shelf with easterly winds. Such a typical pattern was5

observed in August 2007, i.e. a plume of low salinity and low partial pressure of CO2
(pCO2), indicating high biological production on the inner shelf; and higher salinity and
pCO2 on the outer shelf. This high biological production induced by riverine nitrogen
flux thus provided major organic matter sources for the shelf-wide hypoxia (dissolved
oxygen [DO]< 2 mg L−1) accompanied by high dissolved inorganic carbon (DIC) con-10

centrations in the bottom water. The slope of the DO and DIC relationship also demon-
strated Redfield-type respiration in this shelf-wide hypoxia. In contrast, summer 2009
was an abnormal season characterized by a cool temperature in the central North
America. Our observation and satellite chlorophyll a patterns both displayed a greatly
distinct situation, i.e., the river plume was relocated to the eastern part of the Louisiana15

shelf; and high salinity and high pCO2 values occurred in surface waters of the west-
ern inner shelf. This plume relocation shifted the Louisiana shelf from a normally weak
CO2 sink (as in 2007) to a strong CO2 source for the atmosphere. Although riverine
nitrogen flux was enough to support a shelf-wide hypoxia in 2009, the plume reloca-
tion changed the location of high biological production and resulted in a limited hy-20

poxic area. Furthermore, DIC concentration in bottom waters was higher than those
predicted by the Redfield ratio, most likely because of much rapid O2 compensation
than CO2 loss during air–sea exchange. Numerical models indicate such relocation of
plume was mostly affected by the shelf circulation dominated by southerly and south-
westerly winds. Consequently, we conclude that wind-forcing and shelf circulation are25

critical factors that influence the plume trajectories and the associated biogeochemical
properties in coastal waters.
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1 Introduction

Despite its small geographic extent, the coastal ocean plays an important role in
the global carbon cycle through the combined processes of net biological produc-
tion and export of organic (Bauer and Bianchi, 2011) carbon as well as net car-
bon dioxide (CO2) exchange with the atmosphere (Cai, 2011; Chen and Borges,5

2009; Cai et al., 2006). Coastal oceans also face serious anthropogenic stresses
that can alter shelf metabolism, for example, nitrogen enrichment and eutrophica-
tion (surface algal blooms) and the associated bottom water hypoxia (dissolved oxy-
gen [DO]< 2 mgL−1), especially on large-river-dominated continental shelves (Rabal-
ais et al., 2010; Rabouille et al., 2008). Physically, coastal oceans are characterized10

by a complex shelf circulation that is driven by variations in freshwater discharge, up-
welling along the shelf edge, and local wind forcing (Lentz and Fewings, 2012). Varia-
tions in shelf circulation can have a major impact on the distribution of freshwater and
associated nutrients (Bianchi et al., 2010). As coastal oceans are highly dynamic, how
surface partial pressure of CO2 (pCO2) and bottom water hypoxia are influenced by15

circulation is poorly understood.
During summer, the Mississippi and Atchafalaya River plume is usually distributed

along the Louisiana and Texas shelves (Cochrane and Kelly, 1986; Chu et al., 2005;
Ohlmann and Niiler, 2005; Smith and Jacobs, 2005). This general summer pattern of
Louisiana shelf circulation is greatly dependent on local wind forcing (Cochrane and20

Kelly, 1986; Ohlmann and Niiler, 2005; Smith and Jacobs, 2005). Simulation modeling
confirms that the general circulation pattern was common in summer during the past
decade (Zhang et al., 2012), including August 2007, when we conducted our study.

Shelf-wide summer hypoxia occurred repeatedly in bottom waters of the Louisiana
shelf in the past decades (Turner et al., 2012). The magnitude and spatial extent of25

plume algal production and bottom water hypoxia are coupled and primarily controlled
by nitrogen mass export from the Mississippi-Atchafalaya River (Green et al., 2008;
Scavia et al., 2003; Turner et al., 2006), and secondarily by freshwater discharge and
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the strength of easterly winds on the Louisiana shelf (Forrest et al., 2011). The asso-
ciated inorganic nitrogen flux in May (a time best correlated with plume phytoplankton
production during summer) was comparable between the two years compared in our
study, 1.48×1011 gN in 2007 and 1.55×1011 gN in 2009 (US Geological Survey data).
Plume and hypoxic strength and areal extent were markedly different between the two5

years however (Turner et al., 2012; Bianchi et al., 2010; Forrest et al., 2011; Evans and
Scavia, 2011). Hydrodynamic modeling suggests that coastal circulation in July 2009
differed from the normal pattern primarily because of persistent southerly winds along
the Texas coast (Zhang et al., 2012). More continuous upwelling-favorable winds along
the Louisiana coast were also observed than past two decades (Feng et al., 2013).10

In summer 2009, the weather was observed abnormal, e.g. temperature was cool in
central North America and was the hottest July in Austin, Texas since 1854 (Ha et al.,
2012; LeComte, 2010). The much smaller hypoxia event in July 2009 thus provides
a good opportunity to understand how factors other than river freshwater and nutrient
fluxes affect the biogeochemical and metabolic processes on the Louisiana shelf.15

In this study, we compare two summers with contrasting shelf circulation: Au-
gust 2007, which we consider typical and July 2009, which we consider unusual. We
describe how sea surface salinity, surface water pCO2 and satellite-derived chloro-
phyll a (Chl a) differ between the two years. We discuss how this unusual physical
condition affects air–sea CO2 flux, the spatial extent of bottom water hypoxia, and the20

relationship between dissolved inorganic carbon (DIC) and DO in the bottom water of
the Louisiana shelf.

2 Methods

Cruises were conducted in 18–24 August 2007 on board OSV Bold, and in 19–
29 July 2009 on board R/V Cape Hatteras on the Louisiana shelf. Total of 125 bottom25

water DIC samples were collected from Niskin bottles using 250 mL borosilicate glass
bottles which was thoroughly flushed with sample with extensive overflow (> 125 mL).
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DIC samples were preserved with 100 µL HgCl2 and were measured shortly after the
cruise by acidifying 0.5 mL of sample and quantifying the released CO2 using an in-
frared gas analyzer (LI-COR® 6252). This DIC measurement had a precision of 0.1 %
(Cai et al., 2010; Huang et al., 2012). DO concentrations were from the vertical con-
ductivity, temperature, and depth (CTD) package and was calibrated by Winkler titration5

methods based on samples collected from the Niskin bottle.
For sea surface salinity and pCO2 measurements, seawater was sampled from the

ship flow-through inlet at about one meter depth. pCO2 was measured by a flow-
through system with a “shower head equilibrator plus a CO2 analyzer (LI-COR 7000)”
(Jiang et al., 2008). The LI-COR® 7000 was calibrated every 3.5 to 6 h using four cer-10

tified gas standards, which had dry CO2 values of 197.45, 400.57, and 594.65, and
975.26 ppm referenced against standards traceable to those of the National Institute of
Standards and Technology. Area average of pCO2 values were gridded to a resolution
of 0.1◦ ×0.1◦ and were used to calculate the air–sea CO2 flux by this equation:

CO2 flux = k ×K0 × (pCO2sw−CO2air) (1)15

k represents the gas transfer velocity; K0 is the solubility of CO2 (Weiss, 1974);
pCO2sw and pCO2air are the pCO2 in surface seawater and overlying atmosphere,
respectively. Their difference expresses the CO2 gradient across the air–sea interface.
We applied the QuikSCAT (Quick Scatterometer) ocean surface winds data with a res-
olution of 0.25◦ and air–sea gas transfer coefficient estimated by Ho et al. (2006) to20

calculate air–sea CO2 fluxes with methods given by Jiang et al. (2008).
SeaWiFS Chl a data were obtained from Ocean Watch Live Access Server of the

National Oceanic and Atmospheric Administration (NOAA) and were used without col-
ored dissolved organic matter correction to solely present the meso-scale trajectory of
the river plume (Del Castillo et al., 2001). The slope of the DO-to-DIC relationship was25

determined by Type II regression considering uncertainties of DO and DIC.
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3 Results

3.1 Distributions of sea surface salinity, SeaWiFS Chl a, and T–S relationship

Distribution of sea surface salinity in August 2007 was typical for the summer season
on the Louisiana shelf (Fig. 1a). Salinity was lowest immediately adjacent to south-
west pass of the Mississippi River. Salinities less than 30 were found to the east and5

west of the river’s birdfoot delta and extended along the inner shelf towards Texas. The
outer shelf between the delta and Texas had salinities greater than 30. Overall, lower
salinity waters on the inner shelf and higher salinity waters on the outer shelf demon-
strated that the freshwater plume was distributed throughout the inner Louisiana shelf
in August 2007 (Fig. 1a). During July 2009, however, lower salinity waters (salinity less10

than 33) were confined mostly to the eastern shelf (east of 91.5◦ W) except for a small
pocket immediately next to the Atchafalaya River and Bay. Lower salinity also extended
across the outer shelf and ocean to the east of 91.5◦ W. On the western shelf, higher
salinity water (> 33) was found on the inner to outer shelves (Fig. 1b).

The distribution of Chl a showed patterns of plume distribution similar to those based15

on salinity (Fig. 1c and d). High Chl a concentrations were observed along the coast
in summer 2007 (Fig. 1c), demonstrating that the plume trajectory was narrow and
extended eastward along the Louisiana and Texas shelf. In contrast, Chl a distribution
was high and extended offshore on the eastern Louisiana shelf in July 2009 (Fig. 1d).

The impact of different circulation patterns between August 2007 and July 2009 was20

also evident in water column temperature to salinity (T–S) distributions. In the typical
year, August 2007, we see low salinity and high temperature in shallow waters along
the shelf; and high salinity and high temperature in deeper waters just off the shelf
(Fig. 2). In contrast, in July 2009, temperature and salinity were both lower on the east-
ern shelf (indicating more freshwater) while temperature and salinity were both slightly25

higher on the western shelf. This difference in T–S patterns between eastern and west-
ern shelves was consistent with sea surface salinity distributions. Additionally, despite
distributions of freshwater and river plume differed between years, the monthly average

19872

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/19867/2013/bgd-10-19867-2013-print.pdf
http://www.biogeosciences-discuss.net/10/19867/2013/bgd-10-19867-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
10, 19867–19893, 2013

Impacts of a weather
event on shelf

circulation and CO2

and O2 dynamics

W.-J. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

river discharge of July and August remained similar between in 2007 (15 800 m3 s−1)
and 2009 (17 500 m3 s−1, USGS data).

3.2 pCO2 distributions and air–sea CO2 fluxes

Surface pCO2 distributions also differed greatly between August 2007 and July 2009.
Typically surface pCO2 values show strong cross-shelf gradients (i.e. low in the inner5

shelf and high in the outer shelf) and a weak alongshore gradient, and August 2007
was no different (Fig. 3a). In stark contrast, in July 2009, pCO2 was high in the western
inner shelf, resulting in a strong east-to-west alongshore gradient (i.e. low pCO2 in the
east and high in the west) (Fig. 3b). These spatial patterns in surface pCO2 and Chl a in
July 2009 were consistent with the distribution of T–S and sea surface salinity, showing10

that these biogeochemical contrasts were affected by the altered plume location and
shelf circulation.

To systematically compare air–sea CO2 fluxes on the Louisiana shelf between the
two cruises, the smaller survey area of August 2007 (generally within the 50 m iso-
bath) was adopted for reference. We found that the shelf acted as a weak CO215

sink to the atmosphere (−1.70±0.20 mmolm−2 d−1) in August 2007, but a source
(2.24±0.13 mmolm−2 d−1) in July 2009. The difference between years was greater
in the western area (∆CO2 flux= 4.96 mmolm−2 d−1) than in the eastern area (∆CO2

flux= 2.7 mmolm−2 d−1). This large difference in behavior was mainly due to the differ-
ence in pCO2 levels in the western area between years (Table 1).20

3.3 Bottom water DO and DIC

Bottom water DO and DIC distributions also varied between years (Fig. 4). Typi-
cally, hypoxic bottom waters stretch alongshore following the 20–45 m isobaths on the
Louisiana shelf. In August 2007 the areal hypoxic water coverage was ∼ 20000 km2

(Fig. 4a). Relatively high DIC concentrations co-occurred with low O2 or hypoxic waters.25

In contrast, bottom water hypoxia was only observed on the eastern shelf in July 2009,
19873
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displaying a much smaller hypoxic area of only 2000–4000 km2 near the Mississippi
River mouth (Fig. 4b). Highest DIC concentrations were consistent with the distribution
of hypoxia (Fig. 4c and d).

In summary, the distributions of bottom hypoxia waters were consistent with the
surface distributions of sea surface salinity, Chl a and pCO2, i.e. alongshore in Au-5

gust 2007 and confined to the eastern shelf in July 2009.

4 Discussion

4.1 Wind forcing and surface shelf circulation in summer

Wind forcing and shelf circulations differed greatly between summer 2007 and 2009;
and showed such contrast began in Jun. Based on the record of southerly wind from10

a buoy (NOAA station #42043) near Galveston, Texas, we observed: (1) more southerly
winds in summer 2009 than in summer 2007 (Fig. 6a); and (2) these southerly winds
in 2009 were stronger than in 2007 (Fig. 6b). Upwelling-favorable winds along the
Louisiana coast also persisted from June to July in 2009 (Feng et al., 2013). A contin-
uous modeled shelf circulation, including these two summers, also demonstrated the15

variations began from June until July (Xue et al., 2013, http://omgsrv1.meas.ncsu.edu:
8080/ocean-circulation/carbon.jsp). For spatial variations, we used QuikSCAT wind
fields (Fig. 5a and b) to demonstrate wind forcing, and applied the Hybrid Coordinate
Ocean Model (HYCOM, the Naval Research Laboratory, http://hycom.org/, HYCOM +
NCODA Gulf of Mexico 1/25◦ Analysis) modeled sea surface currents (Fig. 5c and d)20

to illustrate shelf circulation patterns in August 2007 and July 2009. The monthly aver-
age wind field was easterly and weak over the entire Gulf of Mexico in August 2007,
which was typical (Fig. 5a). The modeled shelf circulation in August 2007 (Fig. 5c) was
also typical of the summer. However, this wind forcing was clockwise over the Gulf of
Mexico in July 2009, showing mostly southerly winds along the Texas and Louisiana25

coasts (Fig. 5b). The combination of modeled shelf circulation (Fig. 5d) and the distri-
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bution of T–S (Fig. 2) suggested that high salinity waters on the western inner shelf
was likely due to a particularly strong inner coastal current from the southern Texas
coast encroaching over the inner western Louisiana shelf (Box A in Fig. 5d).

Such different temporal and meso-scale wind forcing in summer 2009 (Figs. 5b and
6) is likely due to the unusual global weather in June and July 2009, i.e. the weather5

was characterized by abnormally cool in three mid-latitude regions, including central
North America (Ha et al., 2012); and it was the hottest July in Austin, Texas, since
1854 (LeComte, 2010). The meso-scale wind forcing was favorable for the northward
coastal current running up along Texas and over to Louisiana and also for cross-shelf
components near the Mississippi River delta in summer 2009 (Fig. 5d) (Lentz and Few-10

ings, 2012). Modeled shelf circulations considered meso-scale wind forcing (HYCOM,
Zhang et al., 2012; Xue et. al., 2013) are consistent with and support our meso-scale
measured distributions of sea surface salinity and pCO2 (Fig. 1b and d). Furthermore,
relationship between this shelf circulation characterized by cross-shelf components and
southerly wind forcing was also suggested by numerical models presented by Zhang15

et al. (2012) and Chu et al. (2005).

4.2 The biogeochemical impact on plume and surrounding surface waters

Shelf circulation and the location and strength of river inputs obviously plays a major
role in the resultant distributions of surface pCO2 and the air–sea CO2 fluxes in this
region as well as the distribution of primary production (Chen et al., 2000). Net pri-20

mary production in the plume draws down CO2, leaving undersaturated pCO2 values
with respect to the atmosphere. These undersaturated pCO2 waters are typically dis-
tributed alongshore, as we observed in August 2007 and in previous summer studies
(Lohrenz et al., 2010; Lohrenz and Cai, 2006). However, the relocated plume trajec-
tory under the altered shelf circulation in July 2009 changed the location of associated25

biogeochemical characteristics, enhanced primary production and organic carbon ex-
port, to focusing on eastern Louisiana shelf. In shifting the region of CO2 drawdown,
the western shelf area became a strong CO2 source in 2009 during summer; similarly,
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the eastern shelf shifted from being a strong sink in 2007 to a weak source in 2009
(Table 1).

4.3 The impact of shifting biological production on bottom-water hypoxia

As the riverine nitrogen fluxes that typically correlate well with phytoplankton biomass
accumulation were similar in May 2007 and May 2009, the extent and distribution5

of summer hypoxia would also be expected to be similar (∼ 23500 km2 predicted
for July 2009, Turner et al., 2012). Rabalais et al. noted that it was very differ-
ent however (Rabalais et al. webpage “Hypoxia in the Northern Gulf of Mexico”;
http://www.gulfhypoxia.net/, i.e. 20 500 km2 during 12–19 July 2007 and 8000 km2 dur-
ing 12–19 July 2009).10

Hypoxia in the Louisiana shelf is caused primarily by both “hypoxia potential” (plank-
tonic biomass accumulated in the region around the plume) and the stratification (Het-
land and DiMarco, 2008). The distribution of stratification index (change of Sigma-T
between the bottom and surface layers) suggests that stratification did not differ greatly
between these two years at the meso-scale (Fig. 7). The hypoxic potential (as mea-15

sured by low pCO2, high Chl a) was high in the entire inner shelf in summer 2007 but
was only high on the eastern shelf and low (high pCO2, low Chl a) on the western
shelf in summer 2009 (Figs. 1c and d and 3). Hence, the difference in hypoxia between
years was due solely to differences in where phytoplankton biomass accumulation oc-
curred, which in turn was related to the altered circulation brought about by an unusual20

summer wind pattern.
This conclusion is consistent with earlier finding that hypoxia area was affected by

large scale circulation (Wiseman et al., 1997), and is also consistent with the impor-
tance of easterly wind or westerly wind in the estimation of hypoxia coverage in addition
to river discharge and nitrogen concentration (Forrest et al., 2011; Feng et al., 2012).25
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4.4 Bottom water DO-to-DIC relationships

The river-to-sea mixing process alone cannot explain the DO and DIC variations in the
bottom water during summer. In August 2007, DO and DIC typically mirror each other
along the salinity gradient, especially in hypoxic waters, as was seen in August 2007, al-
beit with some variability. (Fig. 8a and b). To better illustrate the DO-to-DIC relationships5

(Fig. 8c), we analyze bottom waters along the 10 and 20 m isobaths, which parallel the
trajectory of plume waters and encompasses much of hypoxic zone (Fig. 4a and c).
Bottom waters inshore of this zone varied greatly in salinity and their compositions
were biogeochemically more influenced by the river end-member (low salinity, shal-
low depth, and high DO). We define these inner waters as “brackish waters” (water10

depth < 20 m, DO< 150 µM, DIC< 2200 µM). Bottom waters offshore the 20 m isobath
showed little salinity variation (< 0.4) and were similar in composition to the open ocean
end-member (high salinity, deeper depth and high DO). We define these waters as
“high salinity waters” (depth > 20 m and DO< 150 µM).

The slopes of DO-to-DIC relationships show the importance of respiration. For brack-15

ish water, the slope was 1.0±0.2 (R2 = 0.826); and for high salinity waters, the slope
was 1.2±0.1 (R2 = 0.836). Both slopes are similar to Redfield stoichiometry, i.e. the
O/C molar ratio is 1.30 (138/106, Redfield, 1958). Strauss et al. (2012) also reported
that the signal of δ13C-DIC and DO relationships were close to respiration of organic
matter with Redfield stoichiometry on the inner Louisiana shelf. Such Redfield-type20

respiration has been observed in other coastal waters as well (Cantoni et al., 2012;
Maske et al., 2010).

Respiration also contributed to bottom water DO and DIC concentrations in
July 2009, but unlike in 2007, we found higher DIC than expected from O2 consump-
tion (Fig. 9). As the hypoxia was diminishing when we observed, we suggest that the25

observed high DIC was a legacy of previous hypoxia. Hypoxia disappeared while high
DIC persisted at the time of our observation because of the 20 % faster gas transfer
velocity of O2 than CO2 and the strong carbonate buffering capacity and its control on
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CO2 concentration (Sarmiento and Gruber, 2006; Cai et al., 1999; DeGrandpre et al.,
1998; Zhai et al., 2009).

5 Summary

Shelf circulation plays a major role in the distribution of salinity, biological communi-
ties, community metabolism, and the biogeochemical properties, such as Chl a, DO,5

pCO2, and DIC values on the Louisiana shelf. Deviations from normal weather can
have a profound influence on the typical distribution of these properties and processes.
Under typical summer conditions as in August 2007, the Mississippi and Atchafalaya
River plume is confined to the shelf in a westward alongshore direction. Under different
climate conditions however, the Mississippi and Atchafalaya River plume shifts accord-10

ingly. In summer 2009, the plume was confined to the eastern Louisiana shelf, with
significant cross-shelf exchange. The shift in shelf circulation was highly related to lo-
cal wind forcing in our study, i.e., from the typical easterly winds to atypical southerly
winds in summer. Changes in shelf circulation resulted in shifting the Louisiana shelf
from a neutral status to a weak source of atmospheric CO2. The change in circulation15

also caused a shift in where the plume algal bloom settled. In 2009, hypoxia shifted to
just off the Mississippi River delta with a decrease in areal extent. Therefore, hypoxia
is limited to zones that plume derived organic matter overlaps with water stratification.

We conclude that while the distribution and areal extent of shelf surface water pro-
duction and bottom water hypoxia are well predicted by river nitrogen flux under typical20

summer conditions, shifts in meso-scale weather can alter both the magnitude and lo-
cation of the productive and low pCO2 surface area and the bottom hypoxic waters.
Shifts in circulation can alter the spatial distribution of air–sea CO2 fluxes. Regional
climate change will likely have a large impact on coastal biogeochemical processes in
this region of the northern Gulf of Mexico brought about by altered wind regimes and25

consequent shifts in shelf circulation.
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Table 1. Average pCO2 (µatm) and air–sea CO2 fluxes (mmolm−2 d−1, positive values indicate
a CO2 flux direction to the atmosphere) in the reference area and western and eastern areas.

Reference area Western area Eastern area
pCO2 CO2 flux CO2 flux CO2 flux

Aug 2007 347.8 −1.70 −0.73 −2.87
Jul 2009 403.7 2.24 4.23 −0.17
∆CO2 flux 3.94 4.96 2.7

The reference area is the same as the survey area in August 2007. The western
and eastern Louisiana shelves were divided by longitude 91.5◦ W.
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Figure 1.  500 
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July 2009, Sal. 

August 2007, Sal.                                 

a) 

b) d) 

c) 

August 2007                                 

July 2009 

Fig. 1. Distribution of surface seawater salinity (a, b) and satellite monthly Chl a (c, d). Lower
salinity waters were distributed on the inner shelf, and higher salinity waters were distributed
on the outer shelf in August 2007 (a). Low salinity waters were distributed mostly to the east-
ern shelf (both inner and outer); high salinity waters were observed on the inner western shelf,
except the Atchafalaya Bay and its adjacent areas in July 2009 (b). Satellite monthly Chl a con-
centrations with contour lines of 0.3 (black) and 1 µgL−1 (red) displayed an alongshore distribu-
tion of river plume for August 2007 (c from SeaWiFS) and a cross-shelf plume for July 2009 (d
from MODIS). We used MODIS for July 2009, because the SeaWiFS Chl a image was covered
by cloud in the study area.
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a) b) 

Fig. 2. Temperature to salinity diagram during August 2007 (gray solid dots) and July 2009 (cir-
cles and × markers), displaying the mixing process between fresh water and deep seawaters
(a) with its corresponding station map (the inserted figure in a). An enlarged diagram (b) focus-
ing on the continental shelf, showing the variation of T–S relationship between August 2007 and
July 2009. The temperature and salinity of the western shelf waters (red circles) were higher
than waters in August 2007 and was close to those waters from outer shelf, suggesting the wa-
ters on the western shelf were affected by outer shelf waters (× markers). The temperature and
salinity from the eastern shelf (blue circles) were generally lower than waters in August 2007,
showing a “shortcut” mixing process between freshwater and deep seawaters.
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Figure 3.  511 
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 515 
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July 2009, pCO2 August 2007, pCO2                                         

a) b) 

Fig. 3. Distributions of sea surface pCO2. Lower pCO2 waters were also found in the inner
shelf and higher pCO2 were located in the outer shelf in August 2007 (b), except the waters in
the Mississippi River channel and near the lakes or bays showed high pCO2. In contrast, low
pCO2 waters were observed on the eastern shelf (from inner to outer shelf) and high pCO2
were observed on the western shelf. The distributions of sea surface pCO2 showed the river
plume was narrow and along shore in August 2007 but was promoted to the eastern shelf in
July 2009.
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Figure 4.  520 

 521 

  522 

a) 

c) 

b) 

d) 

Fig. 4. Spatial distributions of bottom water DO (mgL−1) and DIC (µM) concentrations on the
Louisiana Shelf. Hypoxic water (DO< 2 mgL−1) (a) and high DIC concentrations (b) were ob-
served along the coast in August 2007. In contrast, this situation was only found in the vicinity
of the Atchafalaya Bay in July 2009 (c, d).
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Figure 5.  537 
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  540 

c) 

d) 

August 2007 

July 2009 July 2009 

July 2007 

a) 

b) 

A 

B 

Fig. 5. Distributions of QuikSCAT wind forcing (a, b) and HYCOM simulated surface currents (c,
d). Easterly winds dominated the Gulf of Mexico in August 2007 (a) and a clockwise cyclonic
wind forcing dominated in July 2009, resulting in southerly wind dominated the Louisiana–
Texas shelf (b). The shelf circulation was dominated by strong eastward currents and westward
currents in the red box of (c) in August 2007, and was characterized by a strong northward
current along Texas coast (the A red box in d) and dominated by more cross-shelf components
in July 2009 (the B red box in d). In (c) and (d), blue lines are the contour line of salinity 33 and
red lines showed the contour lines of Chl a concentration of 1 mgL−1 in Fig. 1.
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a) 

b) 

Fig. 6. Time series variation of wind direction (a) and southerly wind speed (b) near Galveston,
Texas, from May to August. The data were obtained from the NOAA Buoy, station #42043,
locating at 28.982◦ N, 94.919◦ W. Southerly winds were more continuous in summer 2009 than
2007 (a), and were also stronger in 2009 (b).
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545 

 546 

Figure 7. 547 

a) August 2007 

  b) July 2009 

Fig. 7. Distributions of stratification index in August 2007 (a) and July 2009 (b). The definition
of stratification index is the difference of sigma-T between surface and bottom waters. Stratifi-
cation was observed mostly along the coast between 20 to 50 m isobaths in these two months.
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Fig. 8. The relationships of DO to salinity (a), DIC to salinity (b), and DO and DIC concentrations
(c) in August 2007. Mixing process (blue arrows) and respiration (red arrows) dominated the
variations of DO and DIC concentrations in August 2007. River endmember (R) showed lower
salinity and lower DIC concentration, and seawater endmember (S) showed higher salinity
and higher DIC concentration. The relationship between DO and DIC in the bottom water can
be observed in brackish waters and seawaters individually (c), which were separated by an
alongshore isobaths zone between 10 and 20 m. The slopes of DO-to-DIC relationship (1.0±
0.2, R2 = 0.826 for brackish water; and 1.2±0.1, R2 = 0.836 for high salinity waters) were both
close to the estimation of Redfield respiration (represented by two red arrows in c).
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a) 

b) 

Fig. 9. The relationships of DO to salinity (a), DIC to salinity (b), and DO and DIC concen-
trations (c) in July 2009. Respiration (red arrows) dominated the variations of DO and DIC
concentrations in addition to river (R) to sea (S) mixing process (blue arrows) in July 2009. But
the slopes of DO-to-DIC relationship were higher than those in August 2007 and also higher
than Redfield-ratio predicted lines (gray dash lines), might due to faster DO gas transfer velocity.
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