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The following acronyms and abbreviations are used throughout this report:



AAIW	Antarctic Intermediate Water 

AGIS	Advanced Geographical Information System

AVHRR	Advanced Very High Resolution Radiometer

CETAP	Cetacean and Turtle Assessment Program

CI	Confidence Interval

CTD	Conductivity, Temperature, and Depth Profiler

CV	Coefficient of Variation

CZCS	Coastal Zone Color Scanner

DB	Decibars

DBDB5	Digital Bathymetric Database-5 Minute Resolution

dB rel µP	Decibels Relative to 1 micro Pascal

DDS	Delta Data Systems, Inc.

DMA	Defense Mapping Agency

Dyn Ht	Dynamic Height

ESA	Endangered Species Act

ESW	Effective Strip Width

ETP	Eastern Tropical Pacific

GCW	Gulf Common Water

GIS	Geographic Information System

GPS	Global Positioning System

GMMI	Gulf of Mexico Master Image

GulfCet	MMS North-central and Western Gulf of Mexico Cetacean 	Study (this study)

HPLC	High Pressure Liquid Chromatography

HMSC	Hatfield Marine Science Center, OSU

IMLS	Institute of Marine Life Sciences, TAMUG

IO	Independent Observer

IPS	Inches Per Second

K-S	Kolmogorov-Smirnov Two-Sample Statistical Test

LATEX-A	Louisiana and Texas Shelf Circulation and Transport 	Process Study

LATEX-B	Louisiana and Texas Mississippi River Plume Study

LATEX-C	Louisiana and Texas Eddy Circulation Study

LUMCON	Louisiana Universities Marine Consortium

MIDAS	Multiple Interface Data Acquisition System

MMPA	Marine Mammal Protection Act

MMRP	Marine Mammal Research Program, TAMUG

MMS	Minerals Management Service

NADW	North Atlantic Deep Water

NAVOCEANO	U.S. Naval Oceanographic Office

NESDIS	National Environmental Satellite, Data, and Information 	Service

NMFS	National Marine Fisheries Service

NOAA	National Oceanic and Atmospheric Administration

NODC	National Oceanographic Data Center

NOS	National Ocean Survey

�LIST OF ABBREVIATIONS AND ACRONYMS (continued)





OCS	Outer Continental Shelf

ONR	Office of Naval Research

OSU	Oregon State University

PC	Personal Computer

PSS 78	The Practical Salinity Scale 1978

PSD	Perpendicular Sighting Distance

PSU	Practical Salinity Units

RTS	Real Time Spectrograms

PTT	Platform Transmitter Terminals

SAS	Statistical Analysis System

SBE	Sea-Bird Electronics, Inc.

SD	Standard Deviation

SE	Standard Error

SEAMAP	Southeast Area Monitoring and Assessment Program

SEFSC	Southeast Fisheries Science Center, NMFS

SGI	Silicon Graphics, Inc.

SIO	Scripps Institution of Oceanography

SLDR	Satellite-linked Depth Recorder

SPL	Sound Pressure Level

SRB	Scientific Review Board

SSC	Stennis Space Center 

SST	Sea Surface Temperature

STI	Sea Tech, Inc.

SUW	Subtropical Underwater

SVA	Specific Volume Anomaly

TAMU	Texas A&M University (College Station)

TAMUG	Texas A&M University at Galveston

TAMUS	Texas A&M University System

TIO	Texas Institute of Oceanography

TL	Transmission Loss

T-S	Temperature-salinity Relationship

USGS	United States Geological Survey

VIM	Vibration Isolating Mechanisms

WMO	World Meteorological Organization

XBT	Expendable Bathythermograph
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6.1  Introduction� TC  "6.1  Introduction" \l 2 �



The physical and biological characteristics of the Gulf of Mexico are remarkable in their variability and intensity. Due to these characteristics, oceanographic features may have very important implications for cetacean habitat, possibly affecting cetacean distribution patterns. Therefore, one goal of the GulfCet program was to develop an understanding of mesoscale oceanographic features and their potential effect on the spatial and temporal distribution of cetacean species in the north-central and western Gulf of Mexico. 



Recent research indicates that cetaceans may aggregate in areas where upwelling and eddies dominate the circulation (Brown and Winn 1989). This is probably due to the increased primary productivity and subsequent increased density of prey species which characterize these areas. Fresh water influx and its associated higher nutrient concentration can have a similar effect on productivity levels. Further, Biggs (1992) has shown that anticyclonic (warm) eddies in the western Gulf are biologically impoverished, while cyclonic (cold) eddies located peripherally to anticyclonic features have higher nutrient levels and a higher level of primary productivity. 



Hydrographic data were collected during 11 shipboard surveys and synoptically by satellite remote sensing. Sea surface temperature satellite images were generated from data collected by NOAA's Advanced Very High Resolution Radiometer (AVHRR) polar orbiting satellites. 



6.2  Hydrographic Data Collection and Analysis� TC  "6.2  Hydrographic Data Collection and Analysis" \l 2 �



6.2.1  Background� TC  "6.2.1  Background" \l 3 �



This section presents an overview of the extensive hydrographic data set collected during the GulfCet program. Its objective is to provide the information needed to understand methods of data acquisition and processing. Pre-analysis corrections or adjustments are identified and discussed. 



The variability in certain environmental parameters was used to delineate the mesoscale features in the north-central and western Gulf. Differences in temperature and salinity (T-S) were used to characterize water masses in the Gulf. Gulf Common Water (GCW) and Caribbean Subtropical Underwater (SUW) can both be found within the top 250 m of water depth, while Antarctic Intermediate Water (AAIW) is located deeper, at a depth of 600 to 1,000 m. In addition, temperature and salinity changes were used to detect warm and cold water rings (eddies) as well as fresh water input. Dynamic height, as an indicator of geostrophic flow, was employed to detect general circulation patterns, including eddies. Chlorophyll a concentrations were used as an indicator of primary productivity. Standard hydrographic techniques were used to measure these parameters.



�Table 6.1.	TIO and SEFSC hydrographic cruise chronology.� TC  "Table 6.1.	TIO and SEFSC hydrographic cruise chronology." \l 6 �





Date�Hydrographic��Date�Hydrographic���Survey���Survey��������15 April-�TIO Spring ��3 May-�SEFSC Spring��1 May 1992�Cruise 1

R/V Longhorn��15 June 1993�Cruise 204

NOAA Ship Oregon II��������17 April-�SEFSC Spring��23 May-�TIO Spring��8 June 1992�Cruise 199

NOAA Ship Oregon II��5 June 1993�Cruise 5

R/V Pelican��������10 August-�TIO Summer��28 August-�TIO Summer��24 August 1992�Cruise 2

R/V Pelican��5 September 1993�Cruise 6

R/V Pelican��������8 November-�TIO Fall��3 December-�TIO Fall��22 November 1992�Cruise 3

R/V Pelican��14 December 1993�Cruise 7

R/V Pelican��������5 January-�SEFSC Winter��15 April-�SEFSC Spring��13 February 1993�Cruise 203

NOAA Ship Oregon II��10 June 1994�Cruise 209

NOAA Ship Oregon II��������12 February-�TIO Winter�����27 February 1993�Cruise 4

R/V Pelican�����������



Hydrographic data collected during GulfCet cruises have being submitted to the National Oceanographic Data Center (NODC) and are available to the public from that source. Table 6.1 details the chronology of shipboard hydrographic surveys completed for the GulfCet program. 



6.2.2  Transect and Cruise Design � TC  "6.2.2  Transect and Cruise Design " \l 3 �



Shipboard hydrographic data were collected using two distinct cruise track designs, each of which is described in detail in section 3.2.1.1 of this report. Four SEFSC Oregon II surveys were completed in the spring and winter and sampled the entire northern Gulf (Figures 6.1-6.3). The Oregon II cetacean surveys occurred simultaneously with an ichthyoplankton survey and were divided into three legs. Hydrographic stations were located every 30-40 minutes of latitude or longitude along the cruise track. �

�

Figure 6.1.	Representative Oregon II hydrographic survey station plan for leg 1.� TC  "Figure 6.1.	Representative Oregon II hydrographic survey station plan for leg 1." \l 5 �



Figure 6.2.	Representative Oregon II hydrographic survey station plan for leg 2.� TC  "Figure 6.2.	Representative Oregon II hydrographic survey station plan for leg 2." \l 5 �
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Figure 6.3.	Representative Oregon II hydrographic survey station plan for leg 3.� TC  "Figure 6.3.	Representative Oregon II hydrographic survey station plan for leg 3." \l 5 �





Conductivity-Temperature-Depth (CTD) hydrocasts were conducted at every other ichthyoplankton station at night, with three casts made during daylight hours (dawn, midday, and sunset). CTD hydrocasts ordinarily were lowered to a maximum depth of 200 m, but were deepened to 500 m for the GulfCet project. An expendable bathythermograph (XBT) was dropped midway between CTD stations. In general, the cruise track remained relatively consistent for the four surveys, but the frequency of CTD and XBT casts and the station positions varied among the four cruises. The Oregon II data shown in the following sections represent all stations that were sampled during each cruise and are not limited to just those in the GulfCet study area. 



Since 1990, similar Oregon II vessel surveys have been conducted annually during the spring, summer, and winter in the northern Gulf of Mexico. Data from these hydrographic surveys are stored in the Southeast Area Monitoring and Assessment Program (SEAMAP) data base maintained by the National Oceanic and Atmospheric Administration (NOAA).



The second cruise track design was implemented for the Longhorn and Pelican surveys and covered the GulfCet study area once per season, for a total of seven hydrographic surveys. A transect consisting of 14 north-south track-lines was followed during the cruises. The hydrographic survey was designed to sample the meso- to large-scale features in the Gulf. The choice of location and spacing of the 50 CTD hydrographic stations for this study was based on the following:



a)	spatial scale estimates of oceanographic features in the study area (e.g., slope eddy radii of 50-100 km) from bibliographic references;

b)	acoustic and visual survey constraints;

c)	ship time constraints;

d)	similar survey patterns in other MMS Programs: Louisiana and Texas Shelf Circulation and Transport Process Study (LATEX A), Louisiana and Texas Mississippi River Plume Study (LATEX B), and Louisiana and Texas Eddy Circulation Study (LATEX C);

e)	CTD time estimates; and

f)	previous historical data.



As a result, CTD stations were located at the 100 and 2,000 m isobaths (except at the Mexican border), and at 74 km (40 nautical mile) intervals on each track-line. The location and spacing of the 84 XBT hydrographic stations was based on the 200, 350, 500, 800, 1,000, and 1,500 m isobaths at each of the 14 north-south track-lines (Figure 6.4). 



6.2.3  Shipboard Measurements and Procedures� TC  "6.2.3  Shipboard Measurements and Procedures" \l 3 �



6.2.3.1  Conductivity, Temperature, Depth (CTD) Hydrocasts� TC  "6.2.3.1  Conductivity, Temperature, Depth (CTD) Hydrocasts" \l 4 �



Data collected during each Oregon II cruise were obtained following standard SEFSC protocol, and further details are available in individual Oregon II cruise reports (U.S. Dept. of Commerce 1992, 1993a, 1993b, 1994). Few modifications were made to the original cruise design, with the exception of deepening the CTD hydrocasts from 200 to 500 m, and changing the data acquisition rate of the CTD instrument. The CTD data for spring Cruise 199 were acquired at 8 Hz and averaged at 1 second intervals, while the CTD data for the remaining three Oregon II  cruises were also acquired at 8 Hz, but not averaged.



Vertical salinity and temperature profiles were measured each day on Oregon II cruises. A Sea-Bird Electronics, Inc. (SBE) SeaCatª or Sealoggerª CTD and rosette were lowered to the sea bottom or to a maximum depth of 500 m. Niskin bottles were closed on the upcast, and data from these samples were later used to verify CTD data. While the actual depths sampled were variable, the standard cruise plan called for water samples at the surface, mid-depth, and the bottom. Surface chlorophyll for Oregon II cruises were derived from sea water samples taken at regular intervals along the ship transect. Up to nine liters of water were collected using either a surface bucket or a Niskin bottle during a hydrocast. One milliliter of a 1% suspension of MgCO3 was added to each of three three-liter replicate seawater samples as each was filtered through GF/C filters. The replicate samples were frozen until they were analyzed for chlorophyll a using Strickland and Parsons (1972) spectrophotometric method.



Vertical profiles of salinity, temperature, oxygen, and beam attenuation coefficient (transmissometry) were measured at every Longhorn and Pelican CTD station. A rosette with 12 5-liter Niskin bottles was lowered with the CTD. A SBE 9 Plusª CTD was used on every cruise except summer Cruise 2, where a SBE 9 was used. During the downcast, temperature, salinity, and beam attenuation coefficient were graphically displayed in real-time as a function of depth. CTD data were acquired at 24 Hz. While the CTD/rosette equilibrated at the bottom depth for five minutes, the sampling depths for the upcast were selected. The upcast was identical to the downcast except the instrument was stopped at the selected sampling depths and the Niskin bottles were tripped. The CTD/rosette was lowered to the sea floor or to a maximum depth of 1,000 m. At stations less �

�

Figure 6.4.	Longhorn and Pelican hydrographic survey station plan.� TC  "Figure 6.4.	Longhorn and Pelican hydrographic survey station plan." \l 5 �

�than 500 m deep, in situ fluorescence was also measured. Secchi depths and environmental data were also gathered using World Meteorological Organization (WMO) codes. 



The Pelican/Longhorn water sample depth selection was based on chlorophyll sample criteria and followed these general guidelines:



¥	At 100 m stations, water samples were taken at depths of 0, 5, 15, 20, 30, 40, 50, 60,70, 80, 90, and 100 m. 



¥	At all other stations, water sampling depths were 0, 10, 20, 30, 40, 55, 70, 85, 100, 125, 150, and 1,000 m (at stations where that sampling depth was appropriate) .



Nutrient samples were only collected on Pelican summer Cruise 6.



A salinity sample was always taken from the shallowest and deepest bottle of Pelican hydrocast. Salinity samples were analyzed at TAMU Department of Oceanography using a Guideline Connectively Coupled Salinometerª. One liter water samples for chlorophyll analysis were filtered at sea using GF/F filters after adding MgCO3 to stabilize the pigments. The sample filters were stored in liquid nitrogen at sea and transferred to a -76¡C freezer at TAMUG for storage until they were analyzed. The samples were analyzed for chlorophyll a and phaeopigments using a Turner Designs Fluorometer and following a modified Strickland and Parsons (1972) procedure. Precision of chlorophyll and phaeopigment analysis was ± 0.01 µg l-1. Replicates of Pelican track-line 4 chlorophyll samples were given to the MMS LATEX A program for high-performance liquid chromatography (HPLC) pigment analysis. Data from these samples were used as quality control for Pelican's chlorophyll data.



6.2.3.2  Expendable Bathythermograph (XBT) Surveys� TC  "6.2.3.2  Expendable Bathythermograph (XBT) Surveys" \l 4 �



During Oregon II cruises, XBTs were launched between CTD stations (refer to Figures 6.1-6.3), and on some legs in place of CTDs due to CTD instrument failure. XBTs were launched at depths of 200, 350, 500, 800, 1,000, and 1,500 meters along each Pelican/Longhorn  cruise track-line. Additional XBTs were launched at some marine mammal sightings, for acoustic array calibration, and when unusual hydrographic features were detected. The probes were deployed while underway, with the ship speed not exceeding seven knots. T-7, T-10, or T-20 XBT probes (depending upon the depth) were the primary types of probes used on all surveys (Sparton of Canada, Ltd. or Sippican XBT probes).



6.2.3.3  Continuous Flow-through Systems� TC  "6.2.3.3  Continuous Flow-through Systems" \l 4 �



A continuous flow SBE thermo-salinograph and fluorometer were operated throughout each Oregon II cruise. Navigation, surface water salinity, and temperature were recorded at 60 seconds intervals. The SBE sensor components were sent for factory recalibration once per year. 



The Pelican cruises used the Multiple Interface Data Acquisition System (MIDAS) (Walser et al. 1992) to continuously record navigation data, surface hydrographic data (salinity, temperature, fluorescence, light transmission, and sea water flow rate), and meteorological data (wind speed, wind direction, air temperature, barometric pressure, and solar irradiance). The MIDAS was configured to sample these data at an average of every fifteen seconds. This system used a SBE conductivity-temperature sensor and a Sea Tech, Inc. fluorometer and transmissometer. The conductivity-temperature sensor was calibrated annually by the manufacturer.



c3.6.2.4.  Data Analysis



The analyses that are accepted as routine within the oceanographic community are not described in detail.



6.2.4.1  XBT and CTD Data Processing � TC  "6.2.4.1  XBT and CTD Data Processing " \l 4 �



Raw XBT frequency data for Pelican/Longhorn  cruises 1 and 2 and all Oregon II surveys were processed with an in-house conversion program using Sparton of Canada, Ltd. drop rates. Pelican Cruises 3 through 7 used Sparton's software (Sparton of Canada, Ltd. 1992). All processed XBT data were interpolated at 1 m intervals using a program developed at Scripps Institution of Oceanography (La Jolla, CA). Pelican/Longhorn  XBT data were listed in 10 m steps (Appendix C), while Oregon II XBT data are listed in standard depths (Appendix B). 



All XBT data were calibrated against CTD temperature data according to Singer's (1990) procedure. XBT depths were adjusted using the following first order empirical fit: 



New XBT depth = 0.047 ¥ (old XBT depth) - 3. 

 

Data corrected by this method are not found in the XBT data listings (Appendices B and C), but were used to generate any plots that required XBT temperature data.  



All CTD data were processed using Seasoftª software (Sea-Bird Electronics, Inc. 1992). The following CTD data processing steps were used: 



1. DATCNV: Converts raw data to binary engineering units and stores data in CNV files.

2. SPLIT: Splits the CNV (converted) files into upcast and downcast files.

3. WILDEDIT: Checks for and marks ÔwildÕ data points.

4. FILTER: Filters data columns to produce zero phase time shifts.

5.ALIGNCTD: Aligns specific temperature, conductivity, and oxygen measurements with their corresponding pressure measurements.

6. In-house program: Converts temperature to ITS-90 scale (UNESCO/JPOTS 1991).

7. CELLTM: Removes conductivity cell thermal mass effects from conductivity data.

8. LOOPEDIT: Marks the scan where CTD is moving less than the minimum velocity or traveling backwards due to ship roll.

9. DERIVE: Computes dissolved oxygen and depth.

10. BINAVG: Averages the data into 1 m. depth bins.

11. DERIVE: Computes salinity (PSS-78), density (EOS80), potential temperature (Pot.Temp), specific volume anomaly (SVA), and sound velocity (Chen-Millero) using Fofonoff and Millard's (1983) formulas. 



All CTD salinity data were calibrated against bottle data. SEFSC used the PV-WAVEª program to interrogate and verify salinity values. TIO CTD salinity data were also verified against bottle values. Any differences were found to be within the accuracy range of the instrument. Corrections from temperature and salinity sensor calibrations were also made. These sensors were sent to Sea-Bird Electronics, Inc. for calibration after 100 hydrocasts.



All XBT temperature data were corrected and integrated with CTD temperature data to compute isotherm depths. The 20¡C, 15¡C, and 8¡C isotherm depths were used to show shallow, mid-water, and deep features, respectively. 



The fresh water fraction was computed for 0 to 3 m water depths for each Pelican CTD station. The salinity values for these depths were averaged, and a reference salinity value of 36.560 psu was used. This value was obtained from the LATEX A program and was the highest salinity value obtained from their 1992 LATEX H01 cruise. The following equation developed by Dinnel and Wiseman (1986) was used to determine the fresh water fractions for the study area: 



	F = � EQ \F(Sb-S,Sb) �

�Where:    Sb = Reference salinity 

                 S = Salinity average

                 F = Fresh water fraction.

��

6.2.4.2  Chlorophyll Data� TC  "6.2.4.2  Chlorophyll Data" \l 4 �



Chlorophyll a and phaeopigment concentration values for Pelican/Longhorn CTD stations are listed in Appendix C of Volume III. The chlorophyll a concentrations for the upper 100 m at each CTD station were used to define a chlorophyll function, c = ¦(d), where c represents chlorophyll a concentrations and d equals depth (up to 100 m). The integral of this function was then calculated numerically using the trapezoidal approximation:



� EMBED "Equation" \* mergeformat  ���



The individual integral values were treated statistically by season. 



The surface chlorophyll data from Oregon II cruises were gridded and an interpolated surface was computed for each cruise leg. The interpolated values were then extracted for each transect and marine mammal position.



6.2.4.3  Continuous Flow-through Systems� TC  "6.2.4.3  Continuous Flow-through Systems" \l 4 �



The MIDAS continuously recorded data (Pelican cruises) were processed with an in-house program that cut cruise track-lines from the continuously recorded file and plotted raw data with no corrections.



The Oregon II continuous flow-through salinity and temperature data were processed and integrated into the overall transect database. Due to spiking and high frequency noise, both temperature and salinity data were low-pass filtered after collection. The low-pass filter used a spatial frequency cutoff of 1 cycle per 2 grid units (i.e., all spatial frequency signals higher than 1 cycle per 2.2 km were eliminated). 



6.2.4.4  Dynamic Height� TC  "6.2.4.4  Dynamic Height" \l 4 �



Height differences in the ocean surface would normally be expressed in relation to sea level, but since these differences are reflective of variations in pressure, oceanographers have devised dynamic height to relate these differences. Dynamic height is calculated from a distribution of water densities and actually shows a water column's ability to do work due to the differences in geopotential. In short, it is the potential for gravity to do work because of the height of the water in relation to some reference level (Pickard and Emery 1990). Differences in dynamic height (topography or geopotential height) provide oceanographers with a measure of the horizontal pressure gradient from which geostrophic flow or current velocities may be derived.



Corrected XBT data were combined with corrected CTD data to compute dynamic heights. A micro VAX 3600 computer was used for the calculations of dynamic height and mass transport/geostrophic velocity between station pairs, as described by Biggs et al. (1991). The dynamic height computations for the Pelican/Longhorn Cruises 1-4, and 6-7 were referenced to the 800 db surface. Pelican Cruise 5 and all the Oregon II cruise calculations were referenced to the 500 db surface (as 500 m was the maximum depth sampled). Hofmann and Worley (1986) have shown empirically that the optimum reference level of no motion in the central and western Gulf is near the bottom boundary of the Antarctic Intermediate Water (AAIW) at a depth of 850 to 950 m. Their model is supported by transport calculations for anticyclonic eddies (Biggs 1992).



6.3  Hydrographic Results� TC  "6.3  Hydrographic Results" \l 2 �



6.3.1  Cruise Summaries � TC  "6.3.1  Cruise Summaries " \l 3 �



From April 1992 through June 1994, the GulfCet program gathered hydrographic data from seven Pelican/Longhorn surveys (one cruise per season) and four Oregon II surveys (three spring and one winter) in the north-central and western Gulf of Mexico (refer to Table 6.1). The results from these hydrographic surveys are presented in this section.



The first survey (Cruise 1), was a spring cruise aboard the University of Texas at Austin's ship, R/V Longhorn. This cruise was divided into three legs because of personnel transfers and inclement weather. The following are the dates for each leg of the cruise: Leg 1: 15-17 April 1992, Leg 2: 20-21 April 1992, and Leg 3: 23 April-1 May 1992. No navigation or meteorological system was available for this cruise. Technical difficulties with the CTD hydrocasts resulted in fewer CTD stations being sampled than had been planned, but more XBTs were deployed to compensate for this (Table 6.2). A complete description of all �

Table 6.2.	The type and number of stations and samples taken on the Oregon II and Pelican/Longhorn hydrographic cruises.� TC  "Table 6.2.	The type and number of stations and samples taken on the Oregon II and Pelican/Longhorn hydrographic cruises." \l 6 �



	CTD 	XBT	Salinity	Chlorophyll

	Stations	Stations	Samples	Samples



Oregon II				

Cruise 199- Spring 1992	111	114	232	85

Cruise 203- Winter 1993	106	76	79	107

Cruise 204- Spring 1993	128	136	108	151

Cruise 209- Spring 1994	117	184	100	-

				

Pelican/Longhorn  				

Cruise 1- Spring 1992 (Longhorn)	17	96	157	171

Cruise 2- Summer 1992	44	78	84	273

Cruise 3- Fall 1992	39	77	75	436

Cruise 4- Winter 1993	44	85	80	476

Cruise 5- Spring 1993	42	75	84	111

Cruise 6- Summer 1993	38	95	146	341

Cruise 7- Fall 1993	32	74	75	216

				

Totals				

Oregon II 	462	510	519	343

Pelican/Longhorn 	256	580	701	2024

Combined 	718	1090	1220	2,367







Pelican/Longhorn hydrographic cruises. may be found in TAMUG's hydrographic data technical reports (Fargion and Davis 1993a, 1993b, 1993c, 1993d, 1994a, 1994b, and 1994c). 



Following Cruise 1, all Texas A&M University cruises were conducted aboard the R/V Pelican. This vessel presented several advantages over the R/V Longhorn: increased platform stability for the marine mammal visual survey, increased laboratory space, and a continuously recording navigation and meteorological system. 



All of the National Marine Fisheries Service surveys were aboard the NOAA Ship Oregon II. The first Oregon II survey (Cruise 199) was a spring cruise. This cruise was divided into three legs; Leg 1: 17 April-4 May 1992, Leg 2: 6 May- 25 May 1992, and Leg 3: 26 May- 8 June 1992. The first two legs covered the off-shelf waters of the northern Gulf between 83¡-96¡W longitude. These legs were part of the SEAMAP ichthyoplankton survey. The third leg concentrated on the GulfCet study area between 87¡-96¡W longitude. Further information concerning this cruise's hydrographic data may be found in Cruise Results: NOAA Ship Oregon II Cruise 92-02 (199) (U.S. Dept. of Commerce 1992).



Track-line 1 was dropped from the station plan for the first Pelican summer cruise (Cruise 2) and in all succeeding cruises due to schedule constraints. Refer to the technical report for Cruise 2 for complete details (Fargion and Davis 1993b). Pelican Cruise 3 was a fall survey that did not sample track-line 10 or a portion of line 11 due to inclement weather. 



The second Oregon II survey (Cruise 203) occurred in the winter of 1993. This survey also consisted of three legs, all essentially within the GulfCet study area between 87¡-96¡W longitude. This cruise covered north-south transects between the 90 m to 1830 m contours of this area. The chronological breakdown of the cruise is as follows: Leg 1: 5-17 January 1993, Leg 2: 18-30 January 1993, Leg 3: 1-14 February 1993. A more detailed summary of this cruise's hydrographic data may be found in Cruise Results: NOAA Ship Oregon II Cruise 93-01 (203) (U.S. Dept. of Commerce 1993a).



Fargion and Davis (1993d) summarize the winter Pelican survey (Cruise 4) in their fourth hydrographic technical report. Pelican Cruise 5 was a spring survey that dropped track-line 2 from the station plan due to ship time scheduling constraints. In addition, CTDs were cast to a maximum of 500 m. 



Cruise 204 was the second Oregon II spring cruise that surveyed the SEAMAP and GulfCet study areas. It was separated into three parts: Leg 1: 3-17 May 1993, Leg 2: 18 May- 2 June 1993, and Leg 3: 4-15 June 1993. Cruise Results: NOAA Ship Oregon II Cruise 93-02 (204) (U.S. Dept. of Commerce 1993b) details the hydrographic collections made during this survey.



The second summer Pelican survey (Cruise 6) dropped track-lines 2 and 3 from the station plan because of ship schedule restrictions. A maximum depth of 800 m was used for the CTD to save time. The last Pelican cruise (Cruise 7) was completed in late fall of 1993. Track-lines 2, 3, 4, and half of 5 were dropped from the station plan due to crew member illness that required the ship to return to Galveston. The cruise was aborted at that point. Again, 800 m was the maximum depth to which the CTD was lowered to maximize available time. 



Following the recommendation of the GulfCet Scientific Review Board (SRB), a spring Oregon II cruise was made rather than a second winter survey. This decision was based in the better sighting conditions that exist in the spring. This fourth survey was Oregon II Cruise 209, and was the last survey to be completed for the GulfCet project. This cruise was divided into four �legs: Leg 1: 16-23 April 1994, Leg 2: 27 April-7 May 1994, Leg 3: 8-13 May 1994, and Leg 4: 14-18 May 1994. Cruise Results: NOAA Ship Oregon II Cruise 209 presents a summary of this survey (U.S. Dept. of Commerce 1994).



Hydrographic data for the four Oregon II cruises are included in Appendix B, and Data for Pelican/Longhorn Cruises 1-7 are included in Appendix C. The combined total of hydrographic stations sampled by the GulfCet program were 1,808.



6.3.2  Temperature-Salinity Relationships� TC  "6.3.2  Temperature-Salinity Relationships" \l 3 �



Temperature versus salinity (T-S) plots were computed for all the Pelican and Oregon II surveys (Figures 6.5 and 6.6). These plots show that for temperatures colder than 18¡C there is a close T-S relationship with little scatter.  This indicates that waters in the study area constitute essentially a single system. 

�

Figure 6.5.	Temperature versus salinity relationship for all CTD stations from Pelican and Longhorn Cruises 1-7.� TC  "Figure 6.5.	Temperature versus salinity relationship for all CTD stations from Pelican and Longhorn Cruises 1-7." \l 5 �

�Figure 6.6.	Temperature versus salinity relationship for all CTD stations from Oregon II Cruises 199-209.� TC  "Figure 6.6.	Temperature versus salinity relationship for all CTD stations from Oregon II Cruises 199-209." \l 5 �

�Data from the combined GulfCet hydrographic stations reveals a distinct salinity maximum greater than 36.6 practical salinity units (psu) with an accompanying temperature of approximately 22-23¡ C. The minimum salinity of less than 34.9 psu excludes the surface fresh water found near the Mississippi River plume (which was as low as 12.8 psu). These salinity signatures are characteristic of SUW and AAIW, respectively. Usually the SUW salinity maximum is centered at about 200 m and the AAIW salinity minimum in the eastern Gulf occurs between the depths of 800 to 1,000 m (shallower in the western Gulf) (Nowlin and McLellan 1967). The intense salinity maximum of the SUW was found in the region of the Loop Current and in warm anticyclonic eddies derived from this current. 



Pelican/Longhorn cruises detected several warm anticyclonic eddies in the GulfCet study area that were characterized by a salinity greater than 36.6 psu. These eddies were: Eddy Triton (T) (Cruise 2), Eddy Unchained (U) (Cruise 2), (Eddy Vazquez (V) (Cruises 3 and 4), Eddy Whopper (W) (Cruise 6), and Eddy Extra (X) (Cruises 6 and 7). Figure 6.7 presents an example of the T-S characteristics of one of these eddies, in this case, Eddy V. The T-S plots characterizing the other eddies are found in Appendix C. The T-S plots can be used to describe the spin down of an eddy. While an eddy is spinning down, the salinity maximum will gradually decrease as more GCW (salinity 36.4 to 36.5 psu) mixes with the core water. 



XBT temperature versus depth data have been plotted to show the temperature range, the depth range of the mixed layer, and the interannual variability of temperature profiles during all GulfCet surveys in the period 1992-1994. XBT temperature data have been plotted by probe type. Figures 6.8 and 6.9 present T-7 probe data for all Pelican and Oregon II surveys, respectively. 



Surface water temperatures throughout the study area ranged from 16.8¡C to 30.4¡C. The mixed layer was seasonally deepest in the winter, ranging from the shallower spring-summer depth range of 0-50 m and a fall-winter depth range of 35-110 m. A good deal of the scattering observed in the temperature profiles may possibly be due to the presence of warm or cold eddies in the Gulf. 



6.3.3  20¡C, 15¡C, and 8¡C Isotherm Depths� TC  "6.3.3  20°C, 15°C, and 8°C Isotherm Depths" \l 3 �



The 20¡C, 15¡C, and 8¡C isotherm depths were used to show shallow, mid-water, and deep features, respectively. For this study the 20¡C, 15¡C, and 8¡C isotherm contour maps were always compared with the dynamic height topography maps (over 800 db) to assure that the features were accurately characterized. A comparison between the 15¡ and 8¡ C isotherms can reveal different sizes and areas of eddy location and whether the vertical axis of the eddy core is tilted. 



The phenomenon of eddies shedding from the Loop Current in the northern Gulf is a major feature of the meso- to large-scale Gulf circulation. Eddies are shed at a rate of one to three per year (Berger 1995). These warm-core anticyclonic rings have a diameter of 300-400 km and a possible depth signature of about 600 m. Topographical gradients in the isothermal surface indicate the position of the eddies. In particular, doming isotherms may represent the initial stages of development of a cyclonic eddy feature. Cyclonic �

�Figure 6.7.	Pelican fall Cruise 3 temperature versus salinity relationship for CTD stations within Eddy V.� TC  "Figure 6.7.	Pelican fall Cruise 3 temperature versus salinity relationship for CTD stations within Eddy V." \l 5 �

�Figure 6.8.	T-7 XBT temperature data for Pelican and Longhorn Cruises 1-7 (every sixth data point was plotted).� TC  "Figure 6.8.	T-7 XBT temperature data for Pelican and Longhorn Cruises 1-7 (every sixth data point was plotted)." \l 5 �

�Figure 6.9.	T-7 XBT temperature data for Oregon II Cruises 199-209 (every sixth data point was plotted).� TC  "Figure 6.9.	T-7 XBT temperature data for Oregon II Cruises 199-209 (every sixth data point was plotted)." \l 5 �

�eddies are peripherally linked to a primary anticyclonic eddy and evolve in strength during subsequent stages of eddy-slope interaction. This intensification of the anticyclonic-cyclonic eddy pair (oppositely rotating vortices) has been observed in the western Gulf in the past (Merrell and Morrison 1981, Brooks and Legeckis 1982, Merrell and Vazquez 1983, Brooks 1984). 



Within eddies, there is spatial variability in all isotherm depths. This feature can be useful as an eddy detecting tool. Within the upper temperature profile of a warm-core (anticyclonic) eddy, the isotherm depths are found to be below those of the surrounding water column (i.e., the 15¡C isotherm depth may be depressed as much as 100 m lower than its average depth outside the eddy). Regions where the temperature surface is deep or depressed correspond to anticyclonic (clockwise or warm) eddies. Conversely, shallow (or doming) temperature surfaces correspond to cyclonic (counterclockwise or cold) eddies. When the western Gulf surface waters are warmer than 15¡C, the temperature isobaths appear to be relatively flat. Therefore, the 15¡C and 20¡C isotherms do not always detect cyclonic (cold) eddies. By comparison, the 8¡C isotherm exhibits the greatest depth difference, often being depressed more than 150 m in an anticyclonic eddy. Therefore, the 8¡C isotherm depth was the best contour level to use for detecting anticyclonic and cyclonic features.



Figures 6.10 through 6.12 are examples of the three isotherm depth topographies used to analyze the temperature data from Pelican winter Cruise 4. Of these, the 8¡C isotherm, when referenced with the dynamic height topography from the same cruise, proved to be the most useful tool to detect warm and cold water eddies at depths greater than 800 m. In shallower water, the 15¡ C isotherm is the only usable isotherm with which to detect warm or cold eddies. A NOAA-AVHRR SST (¡C) satellite image of the western Gulf (Figure 6.13) from the same period (February 1993) verified that the position of anticyclonic Eddy V in the western Gulf corresponded to that which the 8¡C isotherm detected. The presence of the cold/cyclonic eddy paired with Eddy V could not be verified by this satellite image even though the 8¡C isotherm had detected it. The warm-core eddy also visible near the Mississippi delta was apparent from the isotherm data, but disappeared rapidly from AVHRR images. The three isotherm contours were prepared for all the GulfCet hydrographic surveys and are located by cruise in Appendices B and C. 



6.3.4  Dynamic  Height � TC  "6.3.4  Dynamic  Height " \l 3 �



Dynamic topography highs and lows were used to describe anticyclonic and cyclonic eddies. An estimate of an eddy's life span is nine months to one year, and as an eddy ages it spins down. Spinning down means that an eddy loses vorticity, and as a consequence, external water begins to mix with the discrete inner core water. The changes in dynamic height can be an indicator of the life span of a particular eddy.



Prominent anticyclonic eddies in the western Gulf were detected during the GulfCet 1992-1994 hydrographic surveys. Although dynamic heights were computed for each of the Oregon II CTD stations, due to the spatial resolution of �

�

Figure 6.10.	Topography of the 20 ¡C isotherm based on all XBT and CTD data from winter Pelican Cruise 4, 12-27 February 1993.� TC  "Figure 6.10.	Topography of the 20 °C isotherm based on all XBT and CTD data from winter Pelican Cruise 4, 12-27 February 1993." \l 5 �

�Figure 6.11.	Topography of the 15 ¡C isotherm based on all XBT and CTD data from winter Pelican Cruise 4, 12-27 February 1993.� TC  "Figure 6.11.	Topography of the 15 °C isotherm based on all XBT and CTD data from winter Pelican Cruise 4, 12-27 February 1993." \l 5 �

�Figure 6.12.	Topography of the 8 ¡C isotherm based on all XBT and CTD data from winter Pelican Cruise 4, 12-27 February 1993.� TC  "Figure 6.12.	Topography of the 8 °C isotherm based on all XBT and CTD data from winter Pelican Cruise 4, 12-27 February 1993." \l 5 �

�Figure 6.13.	NOAA-AVHRR SST (¡C) analysis of the western Gulf of Mexico for 12 February 1993, coinciding with the beginning of Pelican winter cruise 4 (image courtesy of Coastal Studies Institute, Louisiana State University).� TC  "Figure 6.13.	NOAA-AVHRR SST (°C) analysis of the western Gulf of Mexico for 12 February 1993, coinciding with the beginning of Pelican winter cruise 4 (image courtesy of Coastal Studies Institute, Louisiana State University)." \l 5 �

�the station grid and the shallowness of the CTD casts (i.e., 200 m), dynamic heights could not be assigned to any individual oceanographic feature nor could a dynamic height contour map be produced for the Oregon II surveys.



6.3.5  1992-1994 Oceanographic Features � TC  "6.3.5  1992-1994 Oceanographic Features " \l 3 �



The following summary describes the major hydrographic features found in the GulfCet study area by season during the 1992-1994 period. Table 6.3 lists the cruise, the feature identified during that cruise, the depth of the 8¡C isotherm, and the dynamic height used to identify these features. The locations of these features are referenced by Pelican survey track-lines (see Figure 6.4 for orientation of track-lines) and general direction:



Spring 1992:	Eddy Triton (T) was present in the northwestern Gulf during spring 1992 as determined by Oregon II Cruise 199 and by Longhorn Cruise 1. The Longhorn located the following features: anticyclonic Eddy T on track-line 1; a cyclonic eddy on track-line 7; and the north edge of the Loop Current on track-lines 12-13. An overview of the Gulf was given by Oregon II survey 199 . The Loop Current strongly intruded into the north-central Gulf and the cyclonic eddy associated with Eddy T moved to the northwestern corner of the Gulf (see isotherm figures in Appendix B and C).



Summer 1992:	Eddy T was also seen on Pelican Cruise 2 (August 1992) on track-lines 2 and 3 with an associated strong cyclonic eddy on track-line 5. During this cruise, Eddy U, a new Loop Current eddy, was seen in the central area of the study on track-line 8 with an associated cyclonic eddy on track-line 11. Figure 6.14 is a composite figure of dynamic heights and the track of LATEX C drifter buoy number 447 for the month of August 1992. The dynamic height contours show the position of Eddy T in the western part of the map and just the northern tip of Eddy U in the center. The drifter is within Eddy U itself, and its track implies both the size and location of this eddy.



Fall 1992:	The third Pelican cruise detected anticyclonic Eddy V on track-lines 2 to 4. Eddy V was completely surveyed by this cruise and a drifter buoy, and it had a diameter of 100 km. Figure 6.15 is also a composite of dynamic heights and LATEX C drifter �buoy #2447 track for November 1992. This figure clearly shows the location of the eddy as well as the circulation pattern within the eddy. 



Winter 1993:	Data from both Pelican Cruise 4 and Oregon II Cruise 203 showed that anticyclonic Eddy V had moved northward onto the continental slope and retained the same diameter as noted on the previous cruise. The Pelican located  Eddy V on track-lines 2 and 3 with an associated cyclonic eddy. Also detected was a second strong cyclonic eddy on track-lines 9 and 10 associated with an anticyclonic eddy on track-line 12 (see Figure 6.12). �

Table 6.3.	Oceanographic features located during 1992-1994 and their properties.� TC  "Table 6.3.	Oceanographic features located during 1992-1994 and their properties." \l 6 �



Survey�Date�Oceano-

graphic

Feature�8¡C Iso-

therm

Depth (m)�Dyn. 

Height

(800 db)��Longhorn spring

Cruise 1�15 May 1992-

1 Apr 1992�Eddy T

cyclonic Eddy

Loop Current�> 625 

< 475 

> 600�115 ��Oregon II spring

Cruise 199�15 May 1992-

8 Jun 1992�Loop 

Current�> 700���Pelican summer

Cruise 2�10 Aug 24 1992-

24 Aug 1992

�NW corner of 

Eddy U & 

cyclonic Eddy

Eddy T&

cyclonic Eddy�

> 600 

< 475

> 625 

< 425�

> 135 



> 125 ��Pelican fall

Cruise 3�8 Nov 1992-

22 Nov 1992�Eddy V�650 �140 ��Oregon II winter

Cruise 203�4 Jan 1993-

14 Feb 1993�Eddy V &

cyclonic eddy�>650 ���Pelican winter

Cruise 4�12 Feb 1993-

27 Feb 1993�Eddy V & 

cyclonic eddy,

"no name" Eddy &

 cyclonic eddy�  625 



  600 

< 400�125 



110 ��Oregon II spring

Cruise 204�6 May 1993-

13 Jun 1993�Loop Current &

ps. Eddy V�

> 750 ���Pelican spring

Cruise 5�23 May 1993-

5 June 1993 �Eddy V 

not present,

cyclonic eddies �



< 450���Pelican summer

Cruise 6�28 Aug 1993-

5 Sep 1993�North side Eddy 

W & cyclonic 

eddy, & Eddy X�  575 

< 450

> 675 �  125 



> 145 ��Pelican fall

Cruise 7�3 Dec 1993-

14 Dec 1993�North side

Eddy X & 

cyclonic eddies�

> 625 

< 475�

>125 ��Oregon II spring

Cruise 209�12 Apr 1994-

10 Jun 1994�����



	This anticyclonic eddy was not named, but was also evident in satellite images (see Figure 6.13). Cruise 203 data showed the development of a strong cyclonic eddy and confirmed the presence of Eddy V in the NW corner of the study area in January. A contour of the dynamic heights obtained from Cruise 4 is represented in Figure 6.16. 



Spring 1993:	Data from the Pelican's second spring survey (Cruise 5) showed that a very complex topography existed. There were small, strong cyclonic eddies and possibly a small anticyclonic eddy in the northeast corner of the Gulf (Figure 6.17). An overview �

�

Figure 6.14. 	Pelican summer Cruise 2 surface dynamic topography (dyn cm) with respect to 800 m, with LATEX C drifter #2447 track from August 1992 superimposed (drifter track data courtesy of LATEX C program).� TC  "Figure 6.14. 	Pelican summer Cruise 2 surface dynamic topography (dyn cm) with respect to 800 m, with LATEX C drifter #2447 track from August 1992 superimposed (drifter track data courtesy of LATEX C program)." \l 5 �

�Figure 6.15. 	Pelican fall Cruise 3 surface dynamic topography (dyn cm) with respect to 800 m, with LATEX C drifter #2447 track from November 1992 superimposed (drifter track data courtesy of LATEX C program).� TC  "Figure 6.15. 	Pelican fall Cruise 3 surface dynamic topography (dyn cm) with respect to 800 m, with LATEX C drifter #2447 track from November 1992 superimposed (drifter track data courtesy of LATEX C program)." \l 5 �

�Figure 6.16.	Pelican winter Cruise 4 surface dynamic topography (dyn cm) with respect to 800 m.� TC  "Figure 6.16.	Pelican winter Cruise 4 surface dynamic topography (dyn cm) with respect to 800 m." \l 5 �

�Figure 6.17.	Pelican spring Cruise 5 surface dynamic topography (dyn cm) with respect to 500 m.� TC  "Figure 6.17.	Pelican spring Cruise 5 surface dynamic topography (dyn cm) with respect to 500 m." \l 5 �

�	of the Gulf was provided by Oregon II Cruise 204. The Loop Current showed a strong intrusion with cyclonic eddies on its western side, while Eddy V spun down (see Appendix C isotherm figures). Eddy V was no longer present in the northwest Gulf by early June. Eddy V showed a very complex cyclonic-anticyclonic-cyclonic triad system that interacted, merged, and separated over the period of late March through May 1993 (Jockens et al. 1994). The detection, spin down, and fate of Eddy V were all possible to determine by merging all ship and satellite data.



Summer 1993:	Pelican Cruise 6 located anticyclonic Eddy W on track-lines 4-7. Eddy W was elongated and squashed with an associated cyclonic eddy on track-line 7. A second very strong, anticyclonic Eddy X was found on track-line 12, and was possibly associated with a cyclonic eddy (Figure 6.18). Eddy X had a diameter of about 300 km.



Fall 1993:	The last Pelican survey, Cruise 7, detected a cyclonic-anticyclonic-cyclonic ring triad. Eddy X was found on track-line 9, with cyclonic eddies on either side. Eddy X moved east along the 2,000 m isobath (Figure 6.19). Eddy X interacted with an isolated cyclonic eddy on the lower continental slope between 93¡ and 92¡W causing the cyclonic eddy to move eastward towards the Loop Current.



Spring 1994:	The last Oregon II survey, Cruise 209, covered most of the northern Gulf, but no major features were observed.



6.3.6  Chlorophyll a Concentrations� TC  "6.3.6  Chlorophyll a Concentrations" \l 3 �



Chlorophyll concentrations can be used as an estimate of primary productivity. Oceanographic features such as upwelling, eddies, and fresh water inflow are associated with increased nutrient levels and, therefore, with increased chlorophyll concentration. High chlorophyll concentrations indicate an area that may also have an accompanying increase in densities of higher trophic level species upon which marine mammals feed. In such cases, chlorophyll concentration may affect marine mammal distribution.



Literature on primary productivity indicates that most oceanic regions of the Gulf are oligotrophic. Data from ship surveys of the 1960s and 1970s showed that the surface mixed layer of the Gulf seldom had a chlorophyll concentration of more than a few tenths of a milligram per cubic meter, and that these waters were also depleted of nitrates and were low in zooplankton biomass (El-Sayed 1972, Biggs 1992). However, within the Mississippi River plume, at the cooler periphery of the Loop Current where the nutracline was shallower, and in other local regions where higher nutrient concentrations are present, chlorophyll concentration is dramatically increased (Biggs 1992). 



Vertical profiles of chlorophyll a concentrations from the Pelican inshore (100 m CTD stations), offshore (all CTD stations except 100 m), and the �

Figure 6.18.	Pelican summer Cruise 6 surface dynamic topography (dyn cm) with respect to 800 m.� TC  "Figure 6.18.	Pelican summer Cruise 6 surface dynamic topography (dyn cm) with respect to 800 m." \l 5 �

�Figure 6.19.	Pelican fall Cruise 7 surface dynamic topography (dyn cm) with respect to 800 m.� TC  "Figure 6.19.	Pelican fall Cruise 7 surface dynamic topography (dyn cm) with respect to 800 m." \l 5 �

�Mississippi River plume stations in the Gulf were plotted (Figures 6.20-6.22). Chlorophyll values presented a gradient inshore to offshore (high to low) with no clear secondary chlorophyll peak. Chlorophyll a concentrations from inshore stations had a mean of 0.4 mg/m3 and a maximum of 28.15 mg/m3, while offshore stations had a mean of 0.2 mg/m3 and a maximum of 2.74 mg/m3.



To examine seasonality, chlorophyll a concentrations for all Pelican CTD stations were integrated (up to 100 m) by season, and these integrals were then plotted. Figures 6.23 and 6.24 are the resulting contour maps for Pelican Cruises 3 and 4. Surface chlorophyll a concentration values from all Pelican CTD stations were plotted by quarter. The winter quarter consisted of the months December, January, and February; the spring quarter included March, April, and May; and so on. These divisions made it possible to determine if a spring or fall bloom occurred, which would have been the expected result. The data indicate that neither a spring nor fall bloom occurred during the survey period. Even when the Mississippi River influence was removed as a possible bias, the data show that no spring or fall phytoplankton bloom occurred. While seasonal chlorophyll signals were detected in the surface chlorophyll a values (Table 6.4), they seemed to be a poor estimate of integral water column chlorophyll values.  



No integral values were obtained for Pelican Cruise 5; it was the only survey used to obtain the spring values, and was a shorter survey with fewer CTD stations. Longhorn Cruise 1 was the other spring survey and this cruise, due to equipment failures, resulted in fewer CTD stations than had been desired. Along with fewer samples to begin with, the chlorophyll data from this cruise were available for only half the CTD stations. "Hot spots" of chlorophyll were detected offshore in Pelican Cruises 3 and 4. The higher values on Cruise 3 (integral = 40 mg/m2 ) were probably due to fresh water that was pushed seaward to at least the 1,000 m isobath by northeasterly winds (refer to Figure 6.23 and wind figures later in this section). The high values (integral ³ 65 mg/m2) seen in Pelican Cruise 4 were located at the edge of a warm anticyclonic eddy ("no name") off the Mississippi delta (see Figure 6.24). The other area showing a high offshore value (integral = 50 mg/m2) was probably related to fresh water from the Mississippi River extending offshore from wind forcing.



Replicates of chlorophyll samples for Pelican track-line 4, totaling 117 samples, were analyzed by the LATEX A program. These HPLC data were used as quality control for TIO analyzed samples from the Pelican. 





6.3.7  Mississippi River Discharge� TC  "6.3.7  Mississippi River Discharge" \l 3 �



The Mississippi and other rivers, with their associated nutrient and sediment loads and pollutants, have a great impact on all aspects of continental margin oceanography in the northern Gulf. The discharge/plume relationship reveals that wind forcing is a critical factor in determining plume size and orientation (Walker and Rouse 1993). The Mississippi River plume was detected �

�

Figure 6.20.	Vertical profile of chlorophyll a concentrations (mg/m3) from inshore (100 m CTD) Pelican stations.� TC  "Figure 6.20.	Vertical profile of chlorophyll a concentrations (mg/m3) from inshore (100 m CTD) Pelican stations." \l 5 �

�Figure 6.21.	Vertical profile of chlorophyll a concentrations (mg/m3) from offshore (all CTD stations except 100 m) Pelican stations.� TC  "Figure 6.21.	Vertical profile of chlorophyll a concentrations (mg/m3) from offshore (all CTD stations except 100 m) Pelican stations." \l 5 �

�Figure 6.22.	Vertical profile of chlorophyll a concentrations (mg/m3) from Pelican Mississippi River plume stations (11-106, 12-119, 12-125, 13-126, and 13-133).� TC  "Figure 6.22.	Vertical profile of chlorophyll a concentrations (mg/m3) from Pelican Mississippi River plume stations (11-106, 12-119, 12-125, 13-126, and 13-133)." \l 5 �

�

Figure 6.23.	Integrals (mg/m2) of chlorophyll a concentrations versus depth (up to 100 m) for Pelican fall Cruise 3.� TC  "Figure 6.23.	Integrals (mg/m2) of chlorophyll a concentrations versus depth (up to 100 m) for Pelican fall Cruise 3." \l 5 �

�Figure 6.24.	Integrals (mg/m2) of chlorophyll a concentrations versus depth (up to 100 m) for Pelican winter Cruise 4.� TC  "Figure 6.24.	Integrals (mg/m2) of chlorophyll a concentrations versus depth (up to 100 m) for Pelican winter Cruise 4." \l 5 �



�Table 6.4.	Chlorophyll a concentrations (mg/m3) and integral values (mg/m2) by quarter for all seven Pelican cruises (100 m integration level).� TC  "Table 6.4.	Chlorophyll a concentrations (mg/m3) and integral values (mg/m2) by quarter for all seven Pelican cruises (100 m integration level)." \l 6 �



�Minimum�Maximum�Mean�Standard 

Deviation�N��Surface Chl a Conc. (All)�0.001�10.884�  0.416�  1.023�203��Chl a Integrals (All)�5.198�79.624�24.260�11.510�155��Surface Chl a Conc. (Spring)�0.061�  2.646�  0.310�  0.495�  29��Chl a Integrals (Spring)1�������Surface Chl a Conc. (Summer)�0.025�10.884�  0.512�  1.622�  49��Chl a Integrals (Summer)�5.198�40.536�20.240�  8.160�  35��Surface Chl a Conc. (Fall)�0.037�  0.715�  0.243�  0.160�  59��Chl a Integrals (Fall)�9.310�46.765�21.894�  8.174�  52��Surface Chl a Conc. (Winter)�0�  6.201�  0.551�  1.054�  66��Chl a Integrals (Winter)�8.670�79.624�26.740�12.654�  68��

1 Insufficient data to generate integral values.





using shipboard data, fresh water fraction maps, salinity maps, sea surface temperature (from continuous flow-through data), and AVHRR satellite images.



Two major events related to the Mississippi River plume and fresh water input into the Gulf occurred during the study period 1992-1993. The first occurred in the fall of 1992 when Mississippi River fresh water extended outward into the Gulf to the 1,000 m isobath. The second event was the "great" flood during summer 1993. Colder coastal waters were trackable as a distinct plume using sea surface temperature AVHRR (4, 11, and 13 October 1992) images. Figure 6.25 shows the mushroom-shaped plume, with a maximum observed extrusion to 27¡N and 91¡30'W. This plume was advected between two eddies, Eddy V and Eddy U, surveyed by LATEX C, Survey F04 (P. Hamilton personal communication). This fresh water extrusion was still detectable during the Pelican November 1992 Cruise 3. It is clear from Pelican Cruise 3 data that the fresh water seen in late October traveled further seaward, extending as far as the 2,000 m isobath. Figure 6.26 is a plot of the Pelican Cruise 3 wind data that was extracted from the MIDAS database. This diagram clearly showed the northeasterly to easterly wind forcing responsible for the southerly intrusion of the Mississippi River plume fresh water into the Gulf.



During the summer of 1993, anomalously high rainfall was experienced over the midwestern U.S.A. During the subsequent flood, the Mississippi River discharge was described as streaming to the east (Walker et al. 1994). This was a rare occurrence as ordinarily the flow of fresh water is to the west. This event was shown in an August 1993 satellite image (Figure 6.27) and confirmed by Pelican salinity data (from Cruise 6). Salinity contours representing the usual flow of fresh water discharge (August 1992) as well as the anomalous August 1993 discharge may be found in Appendix C. Wind was also thought to be a significant factor in the eastward flow of the  river water during this interval. �

�

Figure 6.25.	Time series diagrams showing the Mississippi River plume and associated primary SST fronts on (a) 4 October 1992, (b) 11 October 1992, and (c) 13 October 1992. The mushroom-shaped plume can be seen by 13 October (courtesy Coastal Studies Institute, Louisiana State University). � TC  "Figure 6.25.	Time series diagrams showing the Mississippi River plume and associated primary SST fronts on (a) 4 October 1992, (b) 11 October 1992, and (c) 13 October 1992. The mushroom-shaped plume can be seen by 13 October (courtesy Coastal Studies " \l 5 �

�Figure 6.26.	Pelican fall 1992 Cruise 3 MIDAS wind data plotted to show the northeasterly to easterly wind forcing in area of freshwater extrusion near 27¡N, 91¡30'W.� TC  "Figure 6.26.	Pelican fall 1992 Cruise 3 MIDAS wind data plotted to show the northeasterly to easterly wind forcing in area of freshwater extrusion near 27°N, 91°30'W." \l 5 �

�Figure 6.27.	NOAA-AVHRR reflectance analysis of the central-western Gulf of Mexico for 10 August 1993 (image courtesy of the Coastal Studies Institute, Louisiana State University).� TC  "Figure 6.27.	NOAA-AVHRR reflectance analysis of the central-western Gulf of Mexico for 10 August 1993 (image courtesy of the Coastal Studies Institute, Louisiana State University)." \l 5 �

�Figure 6.28 shows the wind data taken on Pelican Cruise 6 and the northwesterly to westerly wind patterns that prevailed during late August 1993 in the region east of the Mississippi River delta.



Figures 6.29 and 6.30 shows the fresh water content (or fraction) for August 1992 and August 1993, respectively. A maximum of 56% of fresh water was found east of the Mississippi delta during the summer cruise in 1993. The Mississippi River water was moving eastward, and the freshwater fraction remained above 20% to 87¡30'W and seaward to the 2,000 meter contour. The values east of the delta were approximately double those obtained in August 1992 (see Figure 6.29). The freshwater fraction southwest of the delta was 35% in 1993, considerably lower than the freshwater contribution east of the delta, but slightly higher than that encountered in August 1992 (22%). 



6.4	Discussion of the Major Oceanographic Features of the North-Central and Western Gulf of Mexico� TC  "6.4	Discussion of the Major Oceanographic Features of the North-Central and Western Gulf of Mexico" \l 2 �



The GulfCet hydrographic surveys have focused on sampling the meso- to large-scale features of the northwestern (NW) and central (C) Gulf of Mexico. GulfCet data often showed eddy progression to the edge of the Texas-Louisiana shelf. The GulfCet hydrographic program obtained valuable information from other MMS sponsored hydrographic studies concurrently sampling the northern Gulf. These studies included the three program units of the Louisiana-Texas Shelf Physical Oceanography Program (LATEX); LATEX A studied the shelf circulation, LATEX B the Mississippi river plume, and LATEX C the eddy system. The Ship of Opportunity Program (SOOP) also examined the eddy system over the continental slope of the NW Gulf. Therefore, a total of five recent studies have investigated the hydrographic features found in the northwestern to central Gulf, and together provide a nearly comprehensive hydrographic data set for this area for the period 1992-93. 



The primary physical oceanographic components of the Gulf are the Loop Current, eddies derived from this feature, and the Mississippi River plume. Eddies are important physically and biologically because they function as pumps, mixing water masses and their constituent organic and inorganic compounds. An eddy's capability for moving great distances coupled with its vorticity and ability to diverge circulation all have an affect on the location of upwelling and downwelling regions in the Gulf. Biggs and MŸller-Karger (1994) suggested that the co-occurrence of cyclonic circulation cells in association with anticyclonic eddies may enhance primary productivity by increasing nutrient resources in the upper 200 m. Cyclonic eddies lead to higher production because of the increased upward nutrient flux at their periphery. Furthermore, this cyclonic eddy-anticyclonic eddy pairing transports high-chlorophyll shelf water seaward at least 100-200 km.



Over the period 1992-1993, ship surveys, aerial surveys and satellite coverage allowed continuous monitoring of the Loop Current, eddy shedding, and eddy propagation at unprecedented spatial and temporal resolution. At least three anticyclonic eddies (U, W, and X), each with a diameter of at least 300 km, were shed from the Loop Current during this period, and moved with their �

�

Figure 6.28.	Pelican summer Cruise 6 MIDAS wind data plot to show the northwesterly to westerly wind forcing in the Mississippi River plume region.� TC  "Figure 6.28.	Pelican summer Cruise 6 MIDAS wind data plot to show the northwesterly to westerly wind forcing in the Mississippi River plume region." \l 5 �

�

Figure 6.29.	Fresh water fraction (%) for 0-3 m depths during the August 1992 Pelican summer Cruise 2.� TC  "Figure 6.29.	Fresh water fraction (%) for 0-3 m depths during the August 1992 Pelican summer Cruise 2." \l 5 �

�

Figure 6.30.	Fresh water fraction (%) for 0-3 m depths during the August 1993 Pelican summer Cruise 6.� TC  "Figure 6.30.	Fresh water fraction (%) for 0-3 m depths during the August 1993 Pelican summer Cruise 6." \l 5 �



�associated cyclonic eddies into the western Gulf. Table 6.5 is a chronological listing of the eddies or oceanographic feature found by each of the aforementioned programs. This table summarizes the survey dates, identity of the study program, and the eddy characteristics (i.e., the depth of the 8 ¡C isotherm and the dynamic height computed at a 800 db reference level). The integration of hydrographic data with satellite data paints a picture of a complex region where cyclonic-anticyclonic pairs and cyclonic-anticyclonic-cyclonic triad systems interact, merge, and separate several times before disintegrating, or "spinning down" (Jockens et al. 1994).  



6.4.1  Eddy Histories� TC  "6.4.1  Eddy Histories" \l 3 �



Eddy Triton (T) detached from the Loop Current in late summer 1991 with a diameter over 300 km (Biggs et al. 1992). This warm anticyclonic eddy was located  in the central Gulf for several months and drifted slowly to the west-southwest (WSW). Biggs et al. (1992) reported a probable interaction between the Loop Current and Eddy Triton in early December 1991. By January 1992, Triton was nearly circular in shape with a diameter of 270 km and exhibited a dynamic height higher than 125 dyn cm at 800 db (Biggs and MŸller-Karger 1994, Biggs et al. 1995a). Eddy Triton was located near 25.7¡N and 91¡W and moved west of 94¡W after April 1992. Pelican Cruise 1 located the northwestern perimeter of Triton (refer to Appendix C isotherm and dynamic height figures). By late summer 1992, Eddy Triton interacted with the continental margin of the NW Gulf and had a dynamic height of 125 dyn cm. During this interaction with the continental margin, the anticyclonic eddy may have shed vorticity as local regions of cyclonic circulation (Biggs et al. 1992).



Eddy Unchained (U) was shed in mid-summer 1992. This eddy was detected by satellite altimeter data as an anticyclonic geopotential anomaly of +50 dyn cm (Hamilton et al. 1994, Hamilton et al. 1995, Biggs et al. 1995a) and captured an Argos drifter buoy 02447 from the Louisiana shelf in August 1992. During Pelican Cruise 2 (August 1992), new Eddy U, as well as old Eddy T, were present in the central and NW corner of the Gulf. Eddy Triton was spinning down in the NW corner with a dynamic height of 125 dyn cm, while Eddy U had a dynamic height greater than 140 dyn cm. Eddy U was vigorous and large, about 300 km diameter, and centered at 25¡N and 90¡W in September 1992 (Hamilton et al. 1995). 



In early fall 1992, drifter trajectory and satellite altimeter data showed that this vigorous eddy (U) soon cleaved into two eddies; a minor eddy, Eddy V, with a dynamic anomaly of +27 dyn cm, and a major eddy, still referred to as Eddy U,  with a dynamic anomaly of +40 dyn cm portions (Biggs et al. 1994). A NOAA-AVHRR image of 12 October 1992 captured these two eddies after the split (Figure 6.31). Two hydrographic surveys by SOOP and LATEX C in late October confirmed the separation of V from U (Table 6.5). Dynamic heights at this time were 142 dyn cm and 157 dyn cm for Eddies V and U, respectively (Biggs et al. 1994, Hamilton et al. 1995).



During this period, the smaller Eddy V was centered at the base of the northwestern continental slope, NW of Eddy U. Between September and �

�Table 6.5.	Oceanographic features located during GulfCet, LATEX, and SOOP programs during 1992-1993, and their properties.� TC  "Table 6.5.	Oceanographic features located during GulfCet, LATEX, and SOOP programs during 1992-1993, and their properties." \l 6 �

Survey�Date�Oceanographic

Feature�8¡C Iso-

therm

Depth (m)�Dyn. 

Height

(800 db)��GulfCet 

Longhorn Cruise 1�15 May 1992-

1 Apr 1992�Eddy T�> 625 m�115 cm��GulfCet

Oregon II Cruise 199�15 May 1992-

8 Jun 1992�Loop 

Current����LATEX C

Surveys F02 & F03�7 Aug 1992

9 Aug 1992�Eddy U�550 m�115 cm��GulfCet

Pelican Cruise 2�10 Aug 24 1992-

24 Aug 1992�NW corner

of Eddy U, 

Eddy T�

> 600 m

625 m�

> 135 cm

> 125 cm��LATEX C

Survey F04 �11 Oct 1992�Eddy U

& Eddy V�both

> 675 m���SOOP

Cruise 92G-13�28 Oct 1992-

31 Oct 1992�Eddy U

& Eddy V�718 m

656 m�157 cm

142 cm��GulfCet 

Pelican Cruise 3�8 Nov 1992-

22 Nov 1992�Eddy V�650 m�140 cm��LATEX C

Survey F05 �19 Dec 1992�Eddy V�650 m���LATEX C

Surveys F06 & F07 �4 Jan 1993

6 Jan 1993�Eddy V�> 650 m�135 cm��SOOP

Cruise 93G-01�9 Jan 1993-

12 Jan 1993�Eddy V�678 m�133 cm��GulfCet

Oregon II Cruise 203�4 Jan 1993-

14 Feb 1993�Eddy V�>650 m���GulfCet 

Pelican Cruise 4�12 Feb 1993-

27 Feb 1993�Eddy V &

"no name" Eddy�625 m

600 m�125 cm

110 cm��LATEX C

Surveys F08 & F09�12 May 1993

16 May 1993�Eddy V

(moving inshore)�600 m���GulfCet

Oregon II Cruise 204�6 May 1993-

13 June 1993�Loop Current &

ps. Eddy V�> 750 m���GulfCet

Pelican  Cruise 5�23 May 1993-

5 June 1993 �Eddy V 

not present ����SOOP

Cruise 93G-07�1 June 1993-

4 June 1993�Eddy W�788 m�170 cm��LATEX C

Surveys F010 & F011 �28 Aug 1993-

5 Sept 1993�North side Eddy W

& Eddy X�575 m

> 675 m�125 cm

> 145 cm��GulfCet

Pelican  Cruise 6�28 Aug 1993-

5 Sept 1993�North side Eddy W

& Eddy X�575 m

> 675 m�125 cm

> 145 cm��LATEX C

Survey F012 �28 Oct 1993

31 Oct 1993

1 Nov 1993�

Eddy W�

650 m���GulfCet 

Pelican  Cruise 7�3 Dec 1993-

14 Dec 1993�North side

Eddy X�

> 625 m�

>125 cm��LATEX C

Surveys F013 & F014�16-18 Dec 1993

23 Dec 1993�Eddy X�> 625 m�130 cm���

Figure 6.31.	NOAA-AVHRR SST (¡C) analysis of the western Gulf of Mexico for 12 October 1992, showing Eddy V (northwest) and Eddy U (southeast) (image courtesy of the Coastal Studies Institute, Louisiana State University).� TC  "Figure 6.31.	NOAA-AVHRR SST (°C) analysis of the western Gulf of Mexico for 12 October 1992, showing Eddy V (northwest) and Eddy U (southeast) (image courtesy of the Coastal Studies Institute, Louisiana State University)." \l 5 �

�December 1992, Eddy V moved westward along the 2000 m isobath. The remainder of Eddy U advected WSW until it eventually collided with the continental margin of the western Gulf in spring 1993 (Biggs et al. 1994). 



Pelican Cruise 3 surveyed Eddy V at the base of the NW corner of the Gulf in late November 1992. The dynamic height of Eddy V was greater than 140 dyn cm. At the same time, Eddy V was entirely surveyed by LATEX A drifter 02447. 



In the later half of December 1992, Eddy V abruptly moved northward onto the continental slope in the northwest corner of the Gulf. It remained about the same size (~100 km diameter) and in approximately the same position through May 1993 (Fargion et al. 1994a). In January 1993, a LATEX C survey showed Eddy V to have a dynamic height greater than 135 dyn cm (Fargion et al. 1994a). In the ensuing months, Eddy V continued to spin down while remaining in the same region (NW corner). In late February 1993, Pelican Cruise 4 found that Eddy V continued to spin down to a dynamic height of ~125 dyn cm. A NOAA-AVHRR image in mid-February confirmed the location of both Eddies U and V in the Gulf, with Eddy U in the southwest and Eddy V spinning down in the northwest. This image also indicated an interaction between the two eddies with a subsequent water exchange. 



Altimetry data suggested that Eddies U and V began to coalesce by mid-to late-March 1993 (Jockens et al. 1994). In early April, LATEX C drifter buoy 02449, which had been circulating in Eddy U, shot north-northeast into the region occupied by Eddy V (Figure 6.32). Throughout the remainder of April, the joined eddies were centered about 24.5¡N and 96¡W with an arm of Eddy U extending to the Northeast into the region formerly occupied by Eddy V. Thereafter, Eddy V existed primarily as an "arm" extension of Eddy U. Satellite altimetry data showed the presence of cyclonic rings on the northwest and southeast flanks of Eddy V (Jockens et al. 1994). As April progressed, the arm strengthened and extended further north. A NOAA-AVHRR image in mid-April confirmed the altimeter data (Figure 6.33).



In late April to early May 1993, Eddy V was beginning to pinch off Eddy U again, and had its center located at ~27¡N x 94.5¡W. A LATEX A hydrographic cruise confirmed the presence on the shelf of the anticyclonic Eddy V with associated cyclonic circulation to its northwest (Jockens et al. 1994). Altimetry and NOAA-AVHRR data confirmed that Eddy U and Eddy V separated again by the second week of May (Jockens et al. 1994). The thermal structure obtained from a LATEX C aerial survey in mid-May also showed a full separation of Eddy V from Eddy U, and a weakening of Eddy V. LATEX A drifter buoy 6938, deployed in early-May, circulated in Eddy V throughout May. Satellite altimeter data also indicated cyclonic circulation to the South of Eddy V (Jockens et al. 1994). All that remained of Eddy V by the end of May to the beginning of June was a small region adjacent to the shelf with a weak, generally anticyclonic circulation, and a broad region of cyclonic circulation to the Southeast. Pelican Cruise 5 in early June showed, at the most, a weak anticyclonic or absent anticyclonic circulation in the former region of Eddy V. At the same time, drifter buoy 6938 changed course to move in a cyclonic loop to the southeast of Eddy V (Jockens et al. 1994). Eddy V appears to have dissipated completely in the summer of 1993. There is evidence from June and July drifter tracks that a cyclonic eddy may have formed in that region.



Figure 6.32.	Smoothed tracks of LATEX C drifter buoys 02447, 02449, and 07837, indicating Eddies U and V separately and after their coalescing (drifter buoy data courtesy of the LATEX C program).� TC  "Figure 6.32.	Smoothed tracks of LATEX C drifter buoys 02447, 02449, and 07837, indicating Eddies U and V separately and after their coalescing (drifter buoy data courtesy of the LATEX C program)." \l 5 �



�Figure 6.33.	NOAA-AVHRR SST (¡C) analysis in the western Gulf of Mexico for 18 April 1993, showing Eddy U and Eddy V interacting (image courtesy of the Coastal Studies Institute, Louisiana State University).� TC  "Figure 6.33.	NOAA-AVHRR SST (°C) analysis in the western Gulf of Mexico for 18 April 1993, showing Eddy U and Eddy V interacting (image courtesy of the Coastal Studies Institute, Louisiana State University)." \l 5 �

�Eddy W was formed in June 1993. It was a large eddy that formed a subsidiary warm anticyclonic eddy, similar in size to Eddy V, at the base of the continental slope at about 93¡W. Unlike Eddy V, however, this northern portion of Eddy W apparently interacted with a cyclonic eddy on the lower slope and moved rapidly south by southeast, away from the slope in August 1993 (Hamilton et al. 1994, Hamilton et al. 1995, Biggs et al. 1994). Eddy W had an anticyclonic geopotential anomaly of +55 dyn cm. Similar to Eddy U, Eddy W also split into two portions shortly after its formation. A combination of drifter, altimeter, and SST data showed that the northern (minor) portion collided with the continental margin of the NW Gulf in summer 1993, while the southern (major) portion advected WSW and collided with the western margin of the Gulf in December 1993 (Biggs et al. 1994, Fargion et al. 1995). Eddy W was surveyed in August of 1993 by GulfCet Pelican Cruise 6 while the eddy moved in the NW corner of the Gulf. At that time, the eddy had a "bone" shape with a dynamic height of 120 dyn cm.



By late August 1993, Eddy X, a large vigorous Loop Current eddy, was located by ship (Pelican Cruise 6) on the continental slope at 89.5¡W. It was shown to have a dynamic height of 145 dyn cm. Eddy X interacted with an isolated cyclonic eddy on the lower slope between 93¡ and 92¡W, causing the cyclonic eddy to move eastward towards the Loop Current (Hamilton et al. 1995). Eddy X subsequently moved westward along the base of the slope as tracked by AVHRR satellite data in late November (Figure 6.34). In the satellite images from that time, Eddy W appears to be in the NW corner with the cyclonic eddy on the eastern side. In early December 1993, Eddy X was surveyed by ship (Pelican Cruise 7) and had a dynamic height greater than 125 dyn cm. 



Analysis of NOAA-AVHRR satellite data suggests that Eddies W and X began to coalesce by mid-to-late December, and by early January 1994 they appear to have formed one large eddy with elongated arms (Figure 6.35). Unfortunately, altimeter data were not available for this period. Intense cloud cover over the Gulf resulted in poor NOAA-AVHRR satellite coverage for the first quarter of 1994. The first cloud-free NOAA-AVHRR image was in early May 1994, and no evidence of Eddy W or X was found in the NW corner of the Gulf (Figure 6.36). Clarification of the fate of these eddies will probably be resolved by the LATEX C and SOOP programs, which are to be conducted through 1995.



The life span of the minor portions of Eddies U and W averaged 9 months, while the longevity of the major portions of these eddies averaged 12 months before being lost into the background altimeter sea surface height (SSH) signal (Biggs et al. 1994). A possible four-stage scenario for dissipation of these eddies has been suggested by Dietrich and Lin (1994): 



1. 	The dissipation first occurs at the outer edges, probably because of lateral mixing, so that the eddy decreases in size while maintaining its intensity.



2.	This mixing reduces the swirl near the outer edges of the surface eddy, so the outward pressure gradient causes an outward secondary flow.



�

Figure 6.34.	NOAA-AVHRR SST (¡C) analysis of the western Gulf of Mexico for 28 November 1993, indicating Eddy X (north-central) and Eddy W (northwest) (image courtesy of the Coastal Studies Institute, Louisiana State University).� TC  "Figure 6.34.	NOAA-AVHRR SST (°C) analysis of the western Gulf of Mexico for 28 November 1993, indicating Eddy X (north-central) and Eddy W (northwest) (image courtesy of the Coastal Studies Institute, Louisiana State University)." \l 5 �

�

Figure 6.35.	NOAA-AVHRR SST (¡C) analysis of the western Gulf of Mexico, showing the Loop Current (L.C.) and Eddies X and W merging together to form one large eddy in the SW corner of the Gulf. Drifter buoy tracks from 15 December 1993 to 4 January 1994 have been superimposed over this image to show the coalescence (image courtesy of the Coastal Studies Institute, Louisiana State University, and drifter buoy data courtesy of the LATEX program).� TC  "Figure 6.35.	NOAA-AVHRR SST (°C) analysis of the western Gulf of Mexico, showing the Loop Current (L.C.) and Eddies X and W merging together to form one large eddy in the SW corner of the Gulf. Drifter buoy tracks from 15 December 1993 to 4 January 19" \l 5 �



�

Figure 6.36.	NOAA-AVHRR SST (¡C) analysis of the western Gulf of Mexico for 7 May 1994, showing the Loop Current (L.C.) with no eddies visible in the central or NW Gulf (image courtesy of the Coastal Studies Institute, Louisiana State University).� TC  "Figure 6.36.	NOAA-AVHRR SST (°C) analysis of the western Gulf of Mexico for 7 May 1994, showing the Loop Current (L.C.) with no eddies visible in the central or NW Gulf (image courtesy of the Coastal Studies Institute, Louisiana State University)." \l 5 �

�3.	Mass conservation requires upwelling of cooler water in the central region of the surface eddy, which is trapped above the thermocline because of the strong stratification.



4.	The upwelling requires an inward flow toward the eddy core just above the thermocline. The cooling between the surface and the thermocline lowers the surface pressure and increases the pressure near and below the thermocline, resulting in a downward intensification of the eddy.



In terms of water properties, these eddies appear as warm salty bodies. Salinity plots, referenced at 25 and 26 sigma-theta, show that the vertical structure of a recent Loop Current eddy is strongly concentrated above the thermocline, while old anticyclonic eddies in the western Gulf may be strongly concentrated below the surface (200-300 m). Temperature-salinity (T-S) plots of CTD hydrocasts made near ring centers show that four eddies, T, U, V, and X can be distinguished by the high salinity signature of their SCU (> 36.5 PSU in the range 24.5-26.6 sigma theta) (Appendix C Figures). The T-S relationships show the salinity signature of the GCW as the eddies spin down. 



6.4.2  Freshwater Influx � TC  "6.4.2  Freshwater Influx " \l 3 �



Two major events related to the Mississippi River occurred during 1992-1993. The first occurred in the fall of 1992 when Mississippi River fresh water extended outward into the Gulf to the 1,000 m isobath. The second event was the "great" flood of 1993, occurring during the summer of 1993. Walker and Rouse (1993) reported an unusual Mississippi River plume feature which occurred in October 1992. Under maximum discharge and under strong northeasterly winds, shelf water was rapidly forced away from the Mississippi River delta and over the continental slope, extending from 88¡20'W to 90¡50'W and offshore farther than the 1,000 m isobath. This observation was confirmed the following month by Pelican Cruise 3, but the fresh water intrusion into the Gulf had extended to the 2,000 m isobath. This nutrient laden fresh water resulted in higher values of chlorophyll at those stations touched by the plume.



A combination of natural variability and global-scale circulation anomalies during the 1992-1993 period resulted in severe and persistent precipitation over the central United States and brought the total flow of the Mississippi River to new records. Monthly mean Mississippi River discharges during April and May were 50% higher than the long-term mean (1930-1992), and August discharge was higher than the long-term peak monthly mean discharge which usually occurs in April (see Chapter 2, Figure 2.4). Undoubtedly, the 1993 El Ni–o/Southern Oscillation (ENSO) event contributed to the flooding of the Mississippi and Missouri River valleys (Richards et al. 1994). The "Great Flood" of the Mississippi River caused significant changes to the landscape and ultimately, to the coastal ocean. This flooding event was exceptional for the season (summer), duration (weeks to months) and magnitude, all of which created unusual hydrographic features in the Gulf of Mexico. The effects of fresh water were detected not only in the northern Gulf, but also in the Florida Keys and along the U.S. east coast (Walker et al. 1994). The most obvious effect of the increased Mississippi River flow was increased nutrient influx with correspondingly increased phytoplankton concentrations. Dortch (1994) reported that total phytoplankton concentration during the period of flooding was more than an order of magnitude greater than normal. High concentrations of phytoplankton result in an increased carbon flux to the bottom, either as a result of dead plankton sinking or as zooplankton fecal pellets. This higher flux consequently creates large areas of hypoxia. 



Wind measurements from Louisiana coastal stations and continental shelf buoys suggested that the eastward flow of the Mississippi plume in the summer 1993 was at least partially wind-driven (Walker et al. 1994). From mid-July through August, surface winds along the Louisiana coast were predominantly westerly and southwesterly. Another concurrent factor was the presence of Eddy X at the delta of Mississippi. Eddy X could have enhanced the eastward direction of the plume of fresh water. 



Previous studies have shown a positive correlation between the Mississippi River flow and the interannual variations in chlorophyll concentration, which in turn influences the development of primary productivity in the Gulf. Higher chlorophyll values have been found in association with the fresh water influx from the Mississippi river and cold cyclonic eddies (Fargion et al. 1994b).



6.4.3  Conclusion� TC  "6.4.3  Conclusion" \l 3 �



The Pelican and Oregon II sampling grid has proved to be useful in sampling the meso- to large-scale features of the Gulf of Mexico. GulfCet was able to detect all the major eddies and events present in the northern Gulf from 1992 to 1993. The hydrographic sampling program was able to detect all the major warm-core eddies as well as their affiliated cold-core eddies. The detection of these cold or cyclonic eddies is particularly significant as upwelled water, with its subsequently higher nutrient and oxygen content, is the result of these oceanographic features. 



The study area in 1992-1993 presented a complex hydrographic scenario. The following features were seen: a) new warm anticyclonic eddies with associated cyclonic eddies moved in and out the northern Gulf; b) recently formed warm anticyclonic eddies interacted with older eddies in the northwestern corner of Gulf; and c) unusual freshwater outflow extended offshore as far as the 2,000 m isobath in fall of 1992 and in the summer of 1993 fresh water discharge streamed to the east of the delta. As a result of eddy movement, each of the GulfCet surveys had a unique opportunity to view meso- to large-scale hydrographic features. No generalizations can be made regarding eddy path, residence time, or frequency of occurrence in the study area. Generally, however, after separation from the Loop Current, anticyclonic eddies drift westward until their progress is halted by the northwestern continental slope, in the "eddy graveyard". Some eddies reached the western margin in just a few months, while others took longer and cleaved into secondary eddies during the westward transit. Recent altimeter studies indicate that the interaction of these Loop Current eddies with the western margin of the Gulf of Mexico could drive a Western Boundary Current there (Biggs et al. 1995b).



In the north-central and western Gulf, anticyclonic warm eddies with their affiliated cold cyclonic eddies and the fresh water influx from the Mississippi River are the primary features which can enhance primary productivity and subsequently increase production at higher trophic levels. Biggs and MŸller-Karger (1994) reported that the continental slope of the NW Gulf is a region where pelagic predators are abundant. Since these predators (such as skipjack, blackfin tuna, blue marlin, swordfish, and shark) require consistent food sources, they are not likely to be sustained by low primary productivity or infrequent episodes of enhanced primary productivity. Primary productivity, therefore, must be maintained relatively consistently. Particular areas where this level of production are likely to remain relatively consistent are the Mississippi River plume vicinity and the area just peripheral to the eddy pathway from the Loop Current. It is suspected that cetacean food sources, as well, would most likely be concentrated in these areas of consistently higher primary productivity. Cetacean foraging efficiency would be maximized when effort was concentrated in these areas. Therefore, it would seem likely that these areas would be preferred habitats for many marine mammals present in the Gulf.  
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