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Introduction

Shelf hypoxia (dissolved oxygen < 2 mg l -1 ) is a well-recognized management issue for a growing number of coastal regions [START_REF] Diaz | Spreading dead zones and consequences for marine ecosystems[END_REF] that can alter food web dynamics and biogeochemical cycling, resulting in threats to fisheries, coastal economies, and ecosystem health [START_REF] Breitburg | Hypoxia, nitrogen, and fisheries: integrating effects across local and global landscapes[END_REF][START_REF] Diaz | Introduction to environmental and economic consequences of hypoxia[END_REF]. While hypoxia can occur naturally, the observed or predicted expansion of these conditions in different coastal systems has been linked to several anthropogenic causes, including changes in watershed land use and ocean warming [START_REF] Rabalais | Global change and eutrophication of coastal waters[END_REF][START_REF] Bianchi | The science of hypoxia in the Northern Gulf of Mexico: a review[END_REF][START_REF] Dale | Hypoxia in the Northern Gulf of Mexico[END_REF][START_REF] Breitburg | Declining oxygen in the global ocean and coastal waters[END_REF]. One well-studied region with regularly occurring hypoxia is the Louisiana Shelf in the northern Gulf of Mexico, the 2nd largest region of hypoxia globally (Rabalais et al., 2002a). This "dead zone", typically determined from an annual mid-summer shelf survey, is directly linked to river discharge through the delivery of nutrient-rich water from the Mississippi River watershed and the physical stratification that isolates the bottom water from the oxygenated upper layer [START_REF] Rabalais | Characterization of Hypoxia: Topic 1 Report for the Integrated Assessment on Hypoxia in the Gulf of Mexico[END_REF][START_REF] Dagg | A review of water column processes influencing hypoxia in the northern Gulf of Mexico[END_REF].

However, the influence of river discharge in the northern Gulf of Mexico extends well beyond the region typically measured by the annual summer survey. For example, a number of studies have demonstrated eastward spreading of Mississippi River water, which occurs episodically as a result of the passage of weather fronts, or more persistently during periods of southwest winds frequent in the summer season [START_REF] Walker | The great flood of summer 1993: Mississippi River discharge studied[END_REF][START_REF] Walker | Effects of river discharge, wind stress and slope eddies on circulation and the satellite-observed structure of the Mississippi River plume[END_REF][START_REF] Walker | Satellite assessment of Mississippi River plume variability: causes and predictability[END_REF][START_REF] Hitchcock | Property fields in an effluent plume of the Mississippi River[END_REF]Morey et al., 2003aMorey et al., , 2003b;;[START_REF] Schiller | The dynamics of the Mississippi River plume: impact of topography, wind and offshore forcing on the fate of plume waters[END_REF][START_REF] Androulidakis | On the processes that influence the transport and fate of Mississippi waters under flooding outflow conditions[END_REF][START_REF] Kourafalou | Influence of Mississippi River induced circulation on the Deepwater Horizon oil spill transport[END_REF][START_REF] Fournier | SMAP observes flooding from land to sea: the Texas event of 2015[END_REF]. These studies typically highlight additional offshore factors, such as the position of the Loop Current and its associated eddies that can also impact the eastward transport of Mississippi River discharge. In fact, approximately 47% of the Mississippi River water exiting the bird-foot Delta is estimated to be delivered to the east and/or offshore (U.S. Army Corps of Engineers, 1974) as reported by [START_REF] Dinnel | Fresh water on the Louisiana and Texas shelf[END_REF]. Additional eastward delivery of Mississippi River water can arise through anthropogenic intervention, such as the numerous spillways that can be opened to divert river water during flood events. The Bonnet Carré Spillway is particularly notable as this opening diverts river water east of the Delta directly into Lake Pontchartrain.

In addition to the direct impacts by the Mississippi River water, local sources of riverine water have the potential to contribute to shelf hypoxia in some coastal regions of the northern Gulf of Mexico. For example, the Mississippi Bight, a region of freshwater influence (ROFI) to the east of the Mississippi River Delta, receives river input from numerous local sources in Louisiana, Mississippi, Alabama, and West Florida (Table 1). While these local sources of river discharge are individually small, they cumulatively are equivalent to ~44% of the Mississippi River discharge that is expected to travel eastward or offshore of the Mississippi River Delta, assuming 30% of the Mississippi River discharge at Vicksburg, MS is diverted into the Atchafalaya River system [START_REF] Nittrouer | Spatial and temporal trends for water-flow velocity and bed-material sediment transport in the lower Mississippi River[END_REF] and then ~47% of the remaining discharge travel offshore or eastward (U.S. Army Corps Engineers, 1974).

The impact of high nutrient content and stratifying effects of Mississippi River discharge, as well as other contributing factors (e.g., sediment oxygen demand, grazing rates of microzooplankton) to the west the Mississippi River Delta, have been extensively examined (e.g., [START_REF] Turner | Coastal eutrophication near the Mississippi river delta[END_REF][START_REF] Justić | Simulated responses of the Gulf of Mexico hypoxia to variations in climate and anthropogenic nutrient loading[END_REF][START_REF] Justić | Forecasting gulf's hypoxia: the next 50 years?[END_REF][START_REF] Rowe | Continental shelf hypoxia: some nagging questions[END_REF][START_REF] Scavia | Predicting the response of Gulf of Mexico hypoxia to variations in Mississippi River nitrogen load[END_REF][START_REF] Scavia | Reducing hypoxia in the Gulf of Mexico: advice from three models[END_REF][START_REF] Rabalais | Hypoxia in the northern Gulf of Mexico: does the science support the plan to reduce, mitigate, and control hypoxia?[END_REF][START_REF] Turner | Characterization of nutrient and organic carbon, and sediment loads and concentrations from the Mississippi River into the northern Gulf of Mexico[END_REF][START_REF] Turner | Predicting summer hypoxia in the northern Gulf of Mexico: redux[END_REF][START_REF] Hetland | How does the character of oxygen demand control the structure of hypoxia on the Texas-Louisiana continental shelf[END_REF][START_REF] Lehrter | Interactions between freshwater input, light, and phytoplankton dynamics on the Louisiana continental shelf[END_REF][START_REF] Liu | Gulf of Mexico hypoxia: exploring increasing sensitivity to nitrogen loads[END_REF][START_REF] Fennel | A coupled physical-biological model of the northern Gulf of Mexico shelf: model description, validation and analysis of phytoplankton variability[END_REF]. However, the nutrient loading (one necessary component for development of hypoxia) associated with the local sources of freshwater in the Mississippi Bight is quite different than that of the Mississippi River discharge, which has a much higher nutrient content [START_REF] Dunn | Trends in Nutrient Inflows to the Gulf of Mexico from Streams Draining the Conterminous United States, 1972-93[END_REF]. As a result, the hypoxia-related dynamics in the region to the east of the Delta have been poorly described relative to the adjacent system on the Texas-Louisiana Shelf. In fact, [START_REF] Bianchi | The science of hypoxia in the Northern Gulf of Mexico: a review[END_REF] highlighted the frequency of occurrence and spatial extent of hypoxia east of the Mississippi River Delta as an open question in their review of hypoxia dynamics in the northern Gulf of

Table 1

The contribution of local rivers feeding into the Mississippi Sound and Bight relative to the Mississippi River discharge. The river data is derived from U.S. Geological Survey (USGS) stations between the Mississippi River Delta in the west and 86.5°W longitude to the east that had a minimum of 1 m 3 s - 1 and 4 complete years of discharge. The station # is the USGS station number. Discharge represents the annually (Oct-Sep) averaged daily discharge at each station and the # of years is the number of years associated with the average. Mexico. The western emphasis of hypoxia has significant policy implications as the most recent hypoxia area reduction plan put forth by the EPA Hypoxia Task Force is based on estimates that do not consider conditions in the Mississippi Bight (US EPA, 2008, 2013;[START_REF] Scavia | Ensemble modeling informs hypoxia management in the northern Gulf of Mexico[END_REF].

To address the need for improved information on the ROFI and associated dissolved oxygen (DO) conditions east of the Mississippi River Delta, this study examines the evolution of surface salinity in the northern Gulf of Mexico and aspects of the DO characteristics in the Mississippi Bight. The development of hypoxic zones results from a combination of respiration depleting DO and physical processes (such as the combination of freshwater and solar heating induced stratification) limiting the equilibration of oxygen with the atmosphere. While both the physical and biogeochemical components of hypoxia are critical, we focus on the physical aspects of this balance in shelf waters of the northern Gulf of Mexico with the broader goal of improving the understanding of drivers contributing to the spatial and temporal patterns of DO in ROFIs, critical ecosystems in the coastal ocean. Specifically, this work highlights the extensive area impacted by freshwater discharge east of the Mississippi River Delta, which is on par with the region to the west of the Delta and demonstrates that satellitederived SSS is a useful tool in targeting coastal areas that are potentially vulnerable to hypoxia. While the available in situ DO data are temporally and spatially limited, there are areas of hypoxia and near-hypoxic conditions in the Mississippi Bight during the stratified season, which highlights the need for this shelf region to be considered in developing future management strategies for the northern Gulf of Mexico.

Methods

Satellite data

For delineating and tracking the evolution of patterns associated with the ROFI in the northern Gulf of Mexico, sea surface salinity (SSS) data were obtained from the European Space Agency (ESA) Soil Moisture Ocean Salinity (SMOS) Earth Explorer mission. The SMOS SSS product used is a level 3, 4-day composite on a 1/4°grid (i.e., 25 km spatial resolution) for the 2010-2016 period. As a result of this coarse spatial resolution, pixels by the coast are frequently contaminated by land and are excluded from the analysis. These regions are represented by white areas in the SSS plots (Fig. 1). [START_REF] Boutin | Interannual anomalies of SMOS sea surface salinity[END_REF] showed that the precision of the monthly SMOS SSS measurements are on the order of 0.2 globally when compared with in situ data. Note that all salinity values (both satellite-derived and in situ) presented are based on the practical salinity scale. Additional details on the SSS product used in this study can be found in [START_REF] Boutin | New SMOS sea surface salinity with reduced systematic errors and improved variability[END_REF].

Time series of monthly averaged SSS maps in the Gulf of Mexico from 2010 to 2016 were produced by averaging the gridded L3 4-day composites. From these monthly maps, the ROFI in the northern Gulf of Mexico was delineated by using the 33.5 isohaline contour (Fig. 1). This contour likely indicates some moderate to high level of stratification over the continental shelf and is similar to the salinity contour of 33 and 34 used by [START_REF] Kourafalou | Influence of Mississippi River induced circulation on the Deepwater Horizon oil spill transport[END_REF] and Morey et al. (2003a), respectively. Using the 33.5 surface contour as a boundary, the ROFI was then divided into a region east and west of the Mississippi River Delta using the 89.5°W longitude line as this is near the eastward edge of the Mississippi River Delta. With the east/west boundary line and the 33.5 contour, coverage areas and mean SSS values within each of the east and west regions were determined. Other contour values and east/west boundary lines were examined but did not qualitatively change the results. Using the 7-yr time series of monthly coverage areas and average salinities for both the east and west regions, a monthly ensemble average was produced. The months of April-September are emphasized to provide some context around the peak stratified period in June-August.

The satellite-derived SSS data were complimented with high resolution satellite-derived ocean color data for July 2016, a time period when several field programs were being conducted (see Section 2.2). The optical complexity of coastal water can impact the accuracy of standard ocean color data products in deriving water properties, particularly in river-influenced systems where colored dissolved organic material and surface inorganic sediments can alter the water reflectance in the visible bands (e.g., D 'Sa et al., 2006;[START_REF] Walker | Relationships among satellite chlorophyll a, river inputs and hypoxia on the Louisiana continental shelf, Gulf of Mexico[END_REF]. However, many studies have qualitatively used 'chlorophyll-a' values from standard ocean color data products as a proxy for tracking river plumes (e.g., [START_REF] Dzwonkowski | Tracking of a Chesapeake Bay estuarine outflow plume with satellite-based ocean color data[END_REF][START_REF] Walker | Effects of river discharge, wind stress and slope eddies on circulation and the satellite-observed structure of the Mississippi River plume[END_REF]. For this study, AQUA/MODIS L2 chlorophyll-a data during July 20-26 2016 were mapped to a 1 km grid and used to provide a qualitative view of riverine/estuarine water relative to oceanic water during the hydrographic survey period.

Field data

To understand the hydrographic conditions associated with the Fig. 2. Mississippi Bight region with the CONCORDE 2016 summer survey transects (labelled thick black lines) and selected times series locations of bottom dissolved oxygen (circles). Bathymetric contours highlight shelf structure (black lines). Coloration is 7-d average of chlorophyll-a derived from MODIS sensor (1 km resolution) for the week of July 20-26, 2016. Due to the optical complexity of coastal waters, the chlorophyll-a concentration represents relative values but effectively illustrates an intrusion of fresher water (yellow filament) on the shelf. freshwater signal in the SSS data and the patterns of water column DO, field data from the CONsortium for oil spill exposure pathways in COastal River-Dominated Ecosytems (CONCORDE) program [START_REF] Greer | Functioning of coastal river-dominated ecosystems and implications for oil spill response: from observations to mechanisms and models[END_REF] and several near-bottom mounted DO sensors were obtained for the summer of 2016 (Fig. 2). The stratified season of 2016 was emphasized due to the enhanced sampling effort on the shelf during this period. Oceanographic surveys were conducted from the R/V Point Sur along three ~50 km northsouth lines during July 24-26, 2016. The measurements of temperature, salinity, density and DO were made between ~2 m above the bottom and ~2 m below the surface from a Conductivity-Temperature-Depth (CTD) system attached to the remotely operated towed vehicle known as the In Situ Ichthyoplankton Imaging System (ISIIS). The DO sensor on the ISIIS CTD system is a SeaBird Electronics (SBE) 43 and is expected to have an accuracy of ± 0.13 mg l -1 . Detailed information for sampling and gridding (∆z = 0.2 m and ∆x = 200 m) can be found in [START_REF] Dzwonkowski | Estuarine influence on biogeochemical properties of the Alabama shelf during the fall season[END_REF]. It is important to note that the deepest ISIIS measurements occur approximately 1.5 m higher in the water column compared to the DO measurements obtained for the annual hypoxia survey conducted by the Hypoxia Research Team at the Louisiana Universities Marine Consortium (LUMCON: https//gulfhypoxia.net/). Additional hourly averaged high frequency near bottom DO data (∆t = 2-15 min) were obtained from several near bottom HOBO loggers (U26-001; Onset computer, Bourne, MA) deployed at various locations on the shelf (Fig. 2). The logger deployment depths were dependent on available subsurface structures and were generally at or near the bottom with FH06 being ~1.2 m from the bottom in 21.2 m of water, FH07 being ~6.0 m from the bottom in 41.1 m of water, and CP being ~0.8 m from the bottom in 20.0 m of water. HOBO loggers were calibrated following manufacturer instructions including pre-and post-deployment assessments. In addition, the DO sensors were deployed with conductivity sensors so that salinity corrections could be made as recommended by the manufacturer, with the exception being site CP, where the CTD sensor failed. However, a validation CTD cast during the sampling period at this site indicated good readings through August 3, 2016, after which data quality degraded. Based on the calibration practices associated with the HOBO loggers the expected error in the DO measurements is ± 0.2 mg l -1 . Daily discharge data were obtained for the Mississippi River at the USGS station at Vicksburg, MS and for the Mobile River system at two USGS stations for the Alabama River and Tombigbee River, which represent the vast majority of river water flowing into Mobile Bay (Table 1).

Results

Horizontal extent of the ROFI

SSS data for the stratified seasons from late spring to early fall showed the freshwater signal throughout the Gulf of Mexico (Fig. 1). As evidenced in the imagery, freshwater inputs to the northern Gulf of Mexico were present throughout the study period, and there was a significant freshening on the shelf relative to offshore across the entire northern Gulf of Mexico. The temporal and spatial evolution of the ROFI were quantified using the coverage area and mean SSS to characterize the relative impact of this feature to the east and west of the Mississippi River Delta (Fig. 3). The ROFIs to the east and west of the Mississippi River Delta expanded rapidly from April to mid/late summer in 2016, increasing from 40 × 10 3 to 120 × 10 3 km 2 for the western region and 7 × 10 3 to 130 × 10 3 km 2 for the eastern region. While the overall size of these regions was similar, the timing of the peak period was offset by two months, with the western (eastern) region peaking in June (August). Interestingly, the rates of expansion (i.e., the slope of the line from April to June for the western region and from June to August for the eastern region) were similar. Note that the phase lag in growth was not mirrored by enhanced river discharge from local sources. Mobile Bay, the largest local system delivering freshwater into the Mississippi Bight, peaked well before the August peak of the eastern ROFI, which suggests that advective processes may be important for the summer expansion of freshwater.

Mean SSS decreased in connection with increasing spatial coverage of freshwater discharge. Both regions had similar surface salinity beginning with values of ~32.5 in April and decreased to a summer minimum in June of ~31. The month of September had a particularly sharp decline in coverage area in the eastern region (~54% reduction) and a notable increase in mean salinity (32.3-33.1). Overall, the ROFIs to the west and east of the Mississippi River Delta were similar in size and mean salinity during peak summer months (June-August) of 2016.

Considering the potential for large interannual variability, the stratified season in 2016 was compared to the 7-yr (2010-2016) ensemble averaged characteristics of the ROFI to evaluate whether the observed conditions in 2016 were representative of typical patterns on the shelf and adjacent waters. In terms of the coverage area and mean salinity, their time evolution in 2016 was similar to the ensemble averaged conditions in both regions. In both the western and eastern regions, the overall size and freshening were larger in 2016 when compared to the ensemble averages. In addition to placing the 2016 conditions within the context of long term patterns, the ensemble averaged characteristics highlighted the broader patterns of the two zones of the ROFI. Focusing on the peak summer months (June-August), the mean characteristics were similar with mean coverage areas of 60( ± 14)× 10 3 km 2 (east) and 56( ± 11)× 10 3 km 2 (west), as well as mean salinities of 31.6( ± 0.3) (east) and 31.6( ± 0.2) (west). These results indicated that the size of the ROFI in the eastern region typically had a coverage area and mean SSS similar to those of the western region during the peak stratification period in June-August.

Shelf stratification

The vertical structure of the large ROFI to the east of the Mississippi River Delta was examined with data from the CONCORDE survey lines. In general, this region of the ROFI had a strong freshwater lens, with surface to bottom salinity differences typically on the order of 5-8 across the shelf. These salinity gradients, coupled with temperature gradients (See Supplemental Material), resulted in strong vertical density gradients (Fig. 4) with corresponding high buoyancy frequencies (N) (Fig. 4). Peak buoyancy frequencies typically ranged between 0.15 and 0.25 s -1 and were concentrated in a 2-3 m layer of the water column around 4-10 m deep across much of the shelf, except near the coast where the pycnocline broke down. The change in stratification near the coast resulted from a strong winddriven downwelling event (not shown) which modified the density structure tilting the isopycnals downward and offshore (i.e., Fig. 5b,c).

Dissolved oxygen on the shelf

While all three transects had generally high levels of stratification, the water column DO patterns varied spatially (Fig. 5). Clearly, wcorr had the lowest DO levels, with hypoxic conditions covering the majority of the bottom layer deeper than ~13 m. In contrast, the mcorr and ecorr transects were generally not hypoxic, although both transects still had low levels of DO with near-bottom values ranging from 2 to 3 mg l -1 . Interestingly, ecorr had somewhat lower values than mcorr with various patches of near-bottom DO being at or just below 2 mg l -1 . The nearshore end of all the transects had elevated DO, relative to offshore locations, due to mixing and downward advection of surface waters from a downwelling event during the survey period. It is worth noting that the ISIIS instrument undulates throughout the water column staying of ~2 m above the bottom so the DO level at the bottom may be lower than the values captured along the transect.

Time series data of DO (Fig. 6) were consistent with the spatial structure in the survey data. The site FH06 in the northwest corner of the Mississippi Bight generally had the most frequent and intense hypoxic periods. Waters in the eastern-most and southern-most sites (CP and FH07, respectively) were generally not hypoxic, hovering between 2 and 4 mg l -1 for long time periods (~5-15 day episodes). These observations were spatially consistent with the ship survey data. The fact the waters at the FH07 station were at or near hypoxic despite being ~6.0 m off the bottom indicate there is a likely a thick layer of layer of low DO (and potential hypoxic values at the bottom) in this region of Mississippi Bight. The time series data also highlight the fact that the ship survey occurred during a period of elevated DO values, likely associated with the strong downwelling event. Rather than a straightforward trend of decreasing DO with distance from the Mississippi River Delta, the transects and time series data reveal more complex patterns.

Discussion

Physical characterization of Mississippi Bight

While the fine-scale details of the regional river plumes cannot be captured by the coarse resolution of the SMOS data, the imagery provides the broader structure and an indication of the intensity of the ROFI in the northern Gulf of Mexico. As might be expected from previous work in the northern Gulf of Mexico (e.g., Rabalais et al., 2002b), the SSS data in 2016 showed a broad region of low salinity water to the west of the Mississippi River Delta that expanded and intensified through the summer months. However, the SSS imagery clearly showed the region to the east of the Mississippi River Delta also had an expansive ROFI over the shelf. Physical processes associated with this freshwater expansion have been examined in previous studies (e.g., [START_REF] Walker | The great flood of summer 1993: Mississippi River discharge studied[END_REF][START_REF] Weisberg | Transport of Mississippi River water to the west Florida shelf (Special Report)[END_REF]Morey et al., 2003aMorey et al., , 2003b;;[START_REF] Schiller | The dynamics of the Mississippi River plume: impact of topography, wind and offshore forcing on the fate of plume waters[END_REF][START_REF] Fournier | SMAP observes flooding from land to sea: the Texas event of 2015[END_REF]; however, the multi-year record of satellite SSS provides a novel, spatially synoptic view of salinity characteristics of this region. The timing of the eastward expansion of fresher water and the associated time lag (2 months relative to the western ROFI in Fig. 3b) are consistent with the previous work mentioned above that linked the seasonal southwest winds with the eastward advection of Mississippi River water. In addition, freshwater from local sources in Louisiana, Mississippi, Alabama, and the Florida Panhandle would also be expected to be advected eastward as the seasonal inner/mid-shelf circulation is similarly eastward in the summer [START_REF] Dzwonkowski | Influence of wind stress and discharge on the mean and seasonal currents on the Alabama shelf of the northeastern Gulf of Mexico[END_REF]. Rather surprisingly, the ROFI coverage area and mean SSS to the east of the Mississippi River Delta are similar to those to the west of the Delta.

Combining satellite and in situ data during summer 2016 provides insight into the effects of this freshwater signal on shelf stratification and DO patterns. The available salinity and density data from within this ROFI showed a stratified water column with high buoyancy frequencies in the pycnocline, O(0.15 s -1 ), across the shelf. While [START_REF] Belabbassi | Examination of the relationship of river water to occurrences of bottom water with reduced oxygen concentrations in the northern Gulf of Mexico[END_REF] reported bottom hypoxia in the 'Dead Zone' region on the Texas-Louisiana shelf was associated with buoyancy frequency values greater 0.17 s -1 , this was not always the case in the Mississippi Bight (Figs. 4 and5). The transect data also highlighted important features in the spatial structure of the stratification on the shelf where a downwelling event, a typical summer phenomenon in this region [START_REF] Dzwonkowski | Subtidal circulation on the Alabama shelf during the Deepwater Horizon oil spill[END_REF], modified the nearshore density structure, likely oxygenating much of the nearshore region of the coast.

Given the relatively average levels of river discharge from the Mississippi River and Mobile Bay (Fig. 3a) as well as the lack of tropical storm activity during the summer 2016, the ship transects are likely representative of shelf hydrographic conditions in the Mississippi Bight. The observed stratification levels in 2016 are consistent with previous regional work of water column stability that have measured buoyancy frequencies on the order of 0.07-0.20 s -1 [START_REF] Belabbassi | Examination of the relationship of river water to occurrences of bottom water with reduced oxygen concentrations in the northern Gulf of Mexico[END_REF][START_REF] Dzwonkowski | Water column stability and the role of velocity shear on a seasonally stratified shelf, Mississippi Bight, Northern Gulf of Mexico[END_REF], similar to conditions observed on the Texas-Louisiana Shelf, i.e., buoyancy frequencies ~0.07-0.28 s -1 [START_REF] Wiseman | Seasonal and interannual variability within the Louisiana coastal current: stratification and hypoxia[END_REF][START_REF] Belabbassi | Examination of the relationship of river water to occurrences of bottom water with reduced oxygen concentrations in the northern Gulf of Mexico[END_REF][START_REF] Bianchi | The science of hypoxia in the Northern Gulf of Mexico: a review[END_REF]. However, the sources of the shelf stratification in the Mississippi Bight appear less straightforward. The Mississippi River discharge is much larger than the Mobile Bay discharge (Fig. 3a) and should be an important source of buoyancy on the shelf. In contrast, recent stable isotope work has indicated that local river sources, including the Mobile Bay discharge and smaller rivers in Mississippi, are the primary contributors of freshwater to the Mississippi Bight [START_REF] Greer | Functioning of coastal river-dominated ecosystems and implications for oil spill response: from observations to mechanisms and models[END_REF]Sanial et al., submitted). This suggest that the smaller local sources of river discharge might be more important to the physical structuring of inner to mid-shelf region than previously recognized, consistent with the findings of [START_REF] Greer | Functioning of coastal river-dominated ecosystems and implications for oil spill response: from observations to mechanisms and models[END_REF].

Biogeochemical implications for the Mississippi Bight

Both the Mississippi Bight and Texas-Louisiana shelf have broad ROFIs with high levels of freshwater-derived stratification and limited physical mechanisms capable of enhancing vertical exchange between the surface and bottom waters during the summer months. This suggests the potential for large areas of shelf hypoxia to the east of the Mississippi River Delta. There are a few previous studies that focused on the hypoxia on the shallower regions of the Mississippi/Alabama shelf (e.g., [START_REF] Turner | The role of stratification in the deoxygenation of Mobile Bay and adjacent shelf bottom waters[END_REF][START_REF] Brunner | Hypoxia hotspots in the Mississippi Bight[END_REF][START_REF] Milroy | Frequency of hypoxia at artificial reefs within the Mississippi Sound and Bight, Jun-Oct 2016[END_REF]Gunderson et al., in revision), but not much is known about the spatial extent or temporal duration/frequency of the hypoxic conditions over the entire Mississippi Bight. [START_REF] Moshogianis | Preliminary Results of Recently Observed Hypoxia Development in the Chandeleur Sound and Breton Sound of Southeastern Louisiana, East of the Mississippi River Delta[END_REF] provided a map for the spatial extent of hypoxia of about 2720 km 2 in the Mississippi Bight in July 2011 but acknowledged that the actual hypoxic zone was most likely larger as the data collection did not extend past the Mississippi/Alabama border. Hypoxia was also observed in the Mississippi Bight during the 2011 annual hypoxia mapping conducted by LUMCON (https://gulfhypoxia.net/research/shelfwide-cruise/?y = 2011& p = oxy_maps) whose sampling survey was atypically extended into this region. [START_REF] Greer | Examining mesozooplankton patch structure and its implications for trophic interactions in the northern Gulf of Mexico[END_REF] also reported hypoxia in the Mississippi Bight in 2011 to the east of River Delta (i.e., south of the wcorr transect). [START_REF] Rakocinski | Seasonal hypoxia regulates macrobenthic function and structure in the Mississippi Bight[END_REF] mapped the hypoxic zone in the summer of 2008 that was similarly limited by the spatial coverage of the survey. [START_REF] Jochens | Northeastern Gulf of Mexico Chemical Oceanography and Hydrography Study: Synthesis Report[END_REF] provided some limited coverage across the Mississippi Bight but found no hypoxia on the shelf and only limited low DO on summer surveys during 1998-2000. In contrast, results presented here found areas of hypoxic/near-hypoxic conditions (2.0-2.5 mg l -1 ) on the shelf as far east as 87.53 o W, i.e., east of Mobile Bay mouth.

While the similar physical conditions are expected to provide the same potential for hypoxia, there might be considerable differences in the biogeochemical conditions between the ROFIs to the west and east of the Mississippi River Delta. The contribution of local rivers to the freshwater on the shelf is likely to be an important consideration, as the nutrient concentrations associated with these systems are much smaller than those in the Mississippi River [START_REF] Dunn | Trends in Nutrient Inflows to the Gulf of Mexico from Streams Draining the Conterminous United States, 1972-93[END_REF]. Thus, if the Mississippi Bight indeed receives a lower supply of fluvial nutrients relative to the Louisiana Shelf, then either the Bight has a lower biogeochemical potential for hypoxia than the Louisiana Shelf, or the Bight has an additional source of allochthonous nutrients. For example, Montiel et al. (pers. comm.) highlight the importance of nutrient fluxes delivered to Mobile Bay by submarine groundwater discharge (SGD), which accounts for 51% of the total ammonium budget and 22% of the total nitrogen input during the low river flow regime, characteristic of the summer season. In other areas where hypoxia is directly connected to sewage treatment runoff, nutrient reductions have led to a coincident reduction in hypoxia, increased water clarity, and recovery of seagrass beds [START_REF] Kemp | Temporal responses of coastal hypoxia to nutrient loading and physical controls[END_REF][START_REF] Greening | Ecosystem responses to long-term nutrient management in an urban estuary: Tampa Bay, Florida, USA. Estuar[END_REF][START_REF] Staehr | Decadal changes in water quality and net productivity of a shallow danish estuary following significant nutrient reductions[END_REF]. However, some time series studies have shown nutrient reductions leading to biological community changes but no corresponding reduction in hypoxia, which can be attributed primarily to increasing stratification throughout the time series or changing rates of filtration [START_REF] Kemp | Temporal responses of coastal hypoxia to nutrient loading and physical controls[END_REF][START_REF] Riemann | Recovery of Danish coastal ecosystems after reductions in nutrient loading: a holistic ecosystem approach[END_REF]. Clearly, the physical conditions have an impact on hypoxia intensity and coverage [START_REF] Oviatt | Managed nutrient reduction impacts on nutrient concentrations, water clarity, primary production, and hypoxia in a north temperate estuary[END_REF], especially in larger, more diffuse ROFIs [START_REF] Kemp | Temporal responses of coastal hypoxia to nutrient loading and physical controls[END_REF], but the details involving the interactions between the physical conditions, biological responses, and resulting hypoxia will remain important research topics in order to improve interannual predictability of hypoxia in ROFIs.

Another consideration is the episodic eastward advection of Mississippi River discharge, a typical summer phenomenon (e.g., Morey et al., 2003b), that contributes to the late summer expansion of the eastern ROFI. The role of this input on shelf hypoxia patterns in the Mississippi Bight has not been clearly determined. During the CONCORDE surveys, the wcorr transect had the largest area of hypoxia observed, but the near-bottom DO actually decreased in the direction of the Mississippi River Delta. In fact, the transect and time series data during 2016 suggest that the intensity and persistence of hypoxia decreased with distance away from the northwest corner of the Mississippi Bight, which is consistent with limited monitoring efforts across several programs and over a number of years (John Lopez and Stephan Howden, pers. comm.). However, there is likely significant interannual variability in the impact of Mississippi River water on the Mississippi Bight hypoxia patterns, as other previous work shows hypoxia closer to the Mississippi River Delta (e.g., [START_REF] Greer | Examining mesozooplankton patch structure and its implications for trophic interactions in the northern Gulf of Mexico[END_REF].

An additional consideration is the opening of the Bonnet Carré Spillway. While this is does not occur frequently, timing of the openings maybe important on the system hypoxia dynamics. During 2016, the Bonnet Carré Spillway was opened in January as a result of a large and relatively uncommon winter flooding event. Work by the CONCORDE program indicated much of the freshwater associated with this event was advected southward out of the Mississippi Bight region, consistent with the typically seasonal southwestward circulation patterns (Mustafa Kemal Cambazoglu, pers. comm.). However, potential biogeochemical impacts on summer hypoxia remains uncertain.

Conclusions

This study investigated relationships between river discharge, stratification, and DO patterns on a seasonally stratified shelf system, with a focus on water column properties in the ROFI east of the Mississippi River Delta. The satellite-derived SSS data provided evidence that the ROFI east of the Mississippi River Delta is similar in size and average salinity to the one west of the Mississippi River Delta. Local sources, while individually small, make a significant freshwater contribution in aggregate to the Mississippi Bight region (annually averaged daily discharge of approximately 2880 m 3 s -1 ). While Mobile Bay is the largest contributor (approximately 60%) to the collective total, several other riverine/estuarine systems are also notable including the Pascagoula River, Pearl River, Pensacola Bay, and Lake Pontchartrain.

With observations from in situ sampling programs in 2016, stratification and DO for a portion of the east ROFI were analyzed to characterize the temporal and spatial structure of the DO patterns. Despite strong stratification over much of the shelf, the ship surveys and time series data demonstrated variability in the horizontal and vertical structure of the DO patterns, with persistent hypoxia occurring in the northwest corner region of the Mississippi Bight and near-hypoxic waters widespread across the shelf during summer. Importantly, even though the eastern portion of the study region appears to be less hypoxic relative to the western portion of the Mississippi Bight and Texas-Louisiana shelf, the low DO levels observed, as well as the extensive ROFI that serves as a "cap" preventing deep waters from equilibrating with the atmosphere, suggest this region may be highly susceptible to becoming hypoxic should there be changes to background environmental conditions (e.g., increased ocean warming), regional watershed land use (e.g., coastal urbanization), or outflow pathways of freshwater discharge (e.g., increased discharge through spillways or erosional loss of the Mississippi River Delta). While the physical conditions in the east ROFI appear to be similar to those of the west ROFI, it is unclear whether the same biogeochemical processes may be at work. This raises broader questions about the factors impacting the oxygen budgets on the shelf and the relationships between freshwater-derived stratification, differing nutrient loads/sources, and biological interactions in river-influenced systems.

Fig. 1 .

 1 Fig. 1. Spatial structure of the ROFI in the Gulf of Mexico. Sequence of satellite images from SMOS sensor (1/4°resolution) for sea surface salinity (SSS) showing the evolution of the horizontal structure of the ROFI in 2016 during the peak stratification period in the northern Gulf of Mexico. The black line is the 33.5 SSS contour used to delineate the ROFI. The white areas adjacent to the coast are pixels that are contaminated by land. Note the lowest value (dark blue) on the color scale is saturated to better highlight the spatial structure in the SSS.

Fig. 3 .

 3 Fig. 3. Time series of the (a) river discharge for Mississippi River and Mobile Bay (scaled up by a factor of 8), and the (b) coverage area and (c) mean SSS in the ROFI to the east and west of the Mississippi River Delta: the monthly values in 2016 (solid lines) and the 7-yr ensemble averages (dashed lines) ± 1 standard deviation (shaded). The ROFI is defined by the region with the 33.5 SSS contour and the east and west regions are determined by the 89.5°W longitude, i.e., approximate location of the Mississippi River Delta.

Fig. 4 .

 4 Fig. 4. Across-shelf transects of buoyancy frequency from the ISIIS towed CTD sensor for (a) wcorr, (b) mcorr, and (c) ecorr on July 24, July 25, and July 26, 2016, respectively (see Fig. 2 for locations of transects). The black contour highlights buoyancy frequencies above 0.17 s -1 . Note the change in the y-axis in (b) and (c).

Fig. 5 .

 5 Fig. 5. Across-shelf transects of DO (coloration) and density (thin contours for the 18, 20, 22 and 24 σ t levels) from the ISIIS towed CTD sensor for (a) wcorr, (b) mcorr, and (c) ecorr on July 24, July 25, and July 26, 2016, respectively (See Fig. 2 for locations of transects). In (a) and (c), the thick black lines are DO contours for 2 mg l -1 . Note the change in the y-axis in (b) and (c).

Fig. 6 .

 6 Fig. 6. Time series of DO at three sites: FH06, FH07 and CP (see Fig. 2 for locations). The horizontal black line at the top indicates the survey period and the black crosses are independent measurements of DO at site CP with the red dashed line showing the DO data with degraded data quality. Note that FH07 is 6 m above the bottom but still within the lower 15% of the water column.
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