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AROUT THE COVER

The map of the northeastern Gulf of Mexico on the cover of this report
shows the locations of moorings (red dots) and hydrographic stations
(white squares) occupied during the DeSoto Canyvon Eddy Intrusion Study.
These locations are overlaid on a color-coded map of sea surface height
(SSH) as determined from satellite altimetry. The warmer colors
(vellow/orange) indicate a higher SSH. This grades through green to
blue in going to lower SSH. Note the horizontal scale of the
yvellow/orange colored feature that was centered among the moorings.
Such a relative high is associated with anticyclonic (clockwise
rotating) surface currents.
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I. INTRODUCTION

1l.1 Introduction

The DeSoto Canyon BEddy Intrusion Study will provide the Minerals
Management Service (MMS) with information and analyses which expands the
understanding of physical oceanographic conditions and processes in the
northeastern Gulf of Mexico. In turn, these insights will support an
enhanced basis for developing sound, rationally based environmental
assessments. The threat of a gpill contacting land in the northeastern
Gulf of Mexico is of great concern to the MMS. To estimate the
potential for such a spill coming into contact with resources in the
region, a robust “climatological” circulatien, which includes the means
and dominant oceanographic phenomena is needed. On the northeastern
Gulf slope, Loop Current (LC) and eddy intrusions are two important
processes to be included in any c¢limatological circulation
characterization of the area (see Figure 1.1-1 as an example).

To gather the data needed to assemble the oceancographic climatological
database for oil spill trajectory analysis, the MMS funded the present
DeSoto Canyon Eddy Intrusion Study. Knowledge acguired through this
study will facilitate MMS‘s understanding of the outer shelf
circulation, e.g., how the LC and associated eddies exchange momentum
and mass with the shelf. The role of the DeSoto Canyon as a route that
facilitates these intrusions and as a conduit of mass exchange between
the deep Gulf and the shelf will be further elucidated by characterizing
processes and conditions over the adjacent slope. As described below,
results and data from this study will also be useful to other concurrent
oceanographic studies that the MMS and others are sponscring in the
northeastern Gulf.

1.2 Project Objectives

The general objectives of this study are:

» Use In-situ current measurements, hydrographic data, and satellite
images to document and characterize LC intrusions and interactions
with the northeastern Gulf slope (Figure 1.2-1, for illustration).
This study shall examine the frequency and horizontal and vertical
extent of these interactions and intrusions. Through the use of
dynamical principles, a conceptual model will be used to help
explain the character and evolution of LC-slope interactions
observed in the course of the study.

¢ Document and examine the dynamical processes of momentum, mass and
vertical vorticity exchanges occurring during LC-slope
interactions. These analyses shall be based on the in-situ
current measurements and hydrographic data.

¢ Estimate the frequency of LC, LC rings and secondary eddies’
interactions with the northeastern slope, and conduct an
assessment of the vertical and horizontal shears, exchanges of
vorticity, momentum, and masz fields associated with the eddy-
glope interactions.
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e FElucidate the role of the DeSoto Canyon in LC and eddy processes
as a mechanism and as well as a route of mass and momentum
exchange between the shelf and deep water of the northeastern
Gulf.

The overall program was to lagt 4 yvears with two complete vears of field
observations in the general study area (enclosed by s0lid lines in
Figure 1.1-1). The general location and configuration of moorings were
specified in the Scope of Work provided by the MMS. The general area
for the hydrographic sampling scheme was also specified. SAIC proposed
some limited modifications that were incorporated into the overall
design that produced the observational database used for this report.

It is important to note that several concurrent and complementary
programs involving physical oceanographic measurements were conducted in
this general study area. The MMS is funding Texas A&M University to
conduct a study titled “ Northeastern Gulf of Mexico Chemical
Oceanography and Hydrography Study” (Contract No. 1435-01-97-CT-30851) .
Additionally, selected physical oceanographic measurementsg are being
made in the pinnacle area near and at the shelf break offshore of
Alabama as part of an NBR/USGS-funded study being conducted by
Continental Shelf Associates.

Members of the program’s scientific team (Principal Investigators - PIs)
and their primary areas of investigation on this project are presented
below in alphabetical order:

¢ James Churchill (Woods Hole Oceanographic Institute - WHOI) -
Canyon processes; atmospheric forcing due to hurricanes; shelf-

slope exchange processes.

¢ Peter Hamilton (Science Applications International Corporation -

SAIC) - Slope eddy dynamics; scales of motion; atmospheric
forcing.
e Robert Leben (University of Colorado - UCol) - Loop Current,

dynamics and metrics, ringshedding patterns and characteristics.

e Thomas Lee (University of Miami - UMiami) - Slope eddy kinematics;
shelf-slope exchange processes and mechanisms.

e Wilton Sturges (Florida State University - FSU) - LC and LC ring
dynamics.

An important support function was provided by James Singer (SAIC) who
was resgponsible for the planning and conduct of all field operations and
logistics and served as Program Chief Scientist on all cruises.
Throughout most of the program, Thomas J. Berger was the Program
Manager. Although recently retired, he was responsible for the
oversight and guidance of activities during all but the creation of this
final report.



1.3 Report Organization

The report is composed of eight chapters covering the topics listed
below:

Chapter 1l: Introduction - General overview of program ratiocnale.

Chapter 2: Data Acquisition - Instruments, procedures and methods by
which data used in this project was acquired.

Chapter 3: pData Processing and Management - Procedures for data
handling, analysis and management of the various types of data used
during the study.

Chapter 4: Loop Current and its Intrusions - Characteristics of Loop
Current, cycle of ring shedding, various metrics and dynamics associated
with the intrusion and ring shedding process.

Chapter 5: Slope Circulation Patterns - Describing specific circulation
patterns measured and documented on the slope. The analytical tools
used in this description help isclate relation and patterns.

Chapter 6: Slope Response to Atmospheric Forcing - Characterizing slope
circulation patterns as a response to atmospheric forcing mechanisms at
a wide range of periods.

Chapter 7: 'Conceptual Model and Characterization - Effort at
synthesizing some of the LC and slope circulation relationships and

patterns deduced from this program.

Chapter 8: References



IY. DATA ACQUISITION AND PRESENTATION

2.1 Introduction

Data collection during the DeSoto Canyon Eddy Intrusion Study included
shipboard Conductivity/Temperature/Depth (CTD), Acoustic Doppler Current
Profiler (ADCP) and Expendable Bathythermograph (XBT) surveys; in-situ
moored current, temperature, conductivity and pressure time series
measurements and the collection of GeoSat altimeter data. Available
ancillary data from other coincidental programsg include drifting buoy
data from Davis-type Argos drifters, hydrographic data from the GulfCet
IT and Northeastern Gulf of Mexico Chemical Oceanography and Hydrography
studies, and near-bottom current measurements from the Northeastern Gulf
of Mexico Coastal Marine and Ecosystem Program. Additional ancillary
data from various govermment or government-funded entities include
meteorological, water-level, river-runoff, satellite-imagery and
hurricane-tracking data, all of which were evaluated or used in this
study.

2.2 CTD Data

2.2.1 Introduction

CTD data were collected during each of seven mooring deployment/rotation
cruises aboard the R/V PELICAN (at approximately four-month intervals),
beginning in March 1997 and concluding in April 1999. Initially, a
standard grid with 75 stations was occupied. This was increased to 80
stations in November 1997 to obtain additional shelf/slope observations
along five of the seven onshore/offshore sections. Seven additional
stations were added for the December 1998 cruise, as part of a Feature
Survey. Figure 2.2-1 shows the standard grid for this latter survey
with the Feature Survey stations (Stations 81-87) and all 13 current
meter mooring locationg included.

2.2.2 CTD Data Acquigition System

The primary CTD data acguisition system was a SeaBird 911 Plus CTD
System provided and operated by the technical staff at Louisiana
Universities Marine Consortium (LUMCON). The CTD fish was equipped with
two sets of conductivity and temperature sensors for redundant CT data
collection, a Datasonics altimeter and a SeaBird Carousel Water Sampler
with General Qceanics Niskin water sample bottles. A SeaBird 19 SeaCat
Profiler was also used during brief periods when the main CTD system was
net available. To eliminate or significantly reduce the possibility of
sensor mismatch (salinity spiking) when passing through a sharp
thermocline, the lowering speed of the (CTD was adjusted from 15 meters
per minute for the first 90 meters of descent to 30 meters per minute
from 90 meters to 200 meters depth and then to 60 meters per minute
below 200 meters.
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2.2.3 CTD Performance and Data Return

Over ninety-eight percent of the planned CTD stations were completed
during the two-year field program. In addition, on occasion, some
stations were sampled twice during a particular cruise. All but two of
the unsampled stations were lost due to the passage of Tropical Storm
Danny during the July 1997 cruise when Stations 66-72 along the 90 meter
isobath section were not sampled. The remaining two unsampled stations
were due to time/redundancy considerations (Station 75 in November 1997)
and termination problems (Station 6 in March 1999). The actual useful
data return was reduced by a pump plumbing problem on the CTD f£ish
during the December 1998 cruise which caused the conductivity data, and
subsequently the calculated salinity data, while profiling, to be noisy.
These salinity data were discarded as it was not possible to smooth and
adjust the data with any confidence that the adjustments were valid at
shallower depths, particularly near the shelf break. Table 2.2-1
summarizes the CTD data return.

Table 2.2-1. Summary of CTD data collected during the DeSoto Canyon
Eddy Intrusion Study.

PE 9722 03/18/97 - 03/28/97 75 75
PE 9803 07/08/97 - 07/19/97 75 69*
PE 9820 11/10/87 - 11/22/97 80 79
PE 9830 03/31/98 - 04/10/98 80 81
PE 9908 08/03/98 - 08/14/98 80 81
PE 9923 12/01/98 - 12/13/98 87 93**
PE 9932 03/29/99 - 04/06/99 80 79
TOTALS 03/18/97 - 04/06/99 557 557

*  Tropical Storm Danny prevented completion of CTD Stations 66-72 along
the 90 meter isobath.

** Pproblem with CTD pump plumbing resulting in noisy salinity data.
Temperature data ok. Salinity data discarded.

2.3 XBT Data

2.3.1 Intxoduction

XBT data were collected in conjunction with two Feature Surveys
conducted on 20-22 November 1997 and 10-11 December 1998. TIn November



1987, eighteen T-7 XBTs were deploved along two east-west sections
offshore of and parallel to the 100m sections (Stations 101-109 and 111-
119) are shown in Figure 2.3-1. In December 1998, twenty-one XBT
stations were sampled along three transits of an east-west section
across the mouth of the DeSoto Canyon and repeated at approximately 12-
hour intervals at the same station locations as shown for CTD Stations
81-87. This section is also shown in Figure 2.3-1.

2.3.2 XBT Data Acquisition System

Data from T-7, XBTs were collected using a Sippican LM-3A handheld
launcher and a Sippican MK-12 Oceanographic Data Acquisition System.
All probes were manufactured by Sippican.

2.3.3 XBT Performance and Data Return

Fifteen of eighteen XBTs provided useful data during the November 1997
cruise, but only fifteen of twenty-six drops (from probes deployed at
twenty-one stations) provided useful data in December 1998. The poor
data return in December 1998 was due to the receipt of defective probes
from the manufacturer. The ingulating film on the signal wire from the
probe to the data logger was of poor quality and did not provide a
reliable insulation against shorting when the wire came in contact with
the ocean. These probes had been received in March.

2.4 Vessel-Mounted ADCP Data

2.4.1 Introduction

Underway ADCP data were collected as part of the two Feature Surveys
(approximately 24 hours on 20-22 November 1997, and approximately 48
hours on 10-11 December 1998). The November 1997 survey consisted of
three east-west sections crossing the A-Line and B-Line moorings, and
the December 1998 survey consisted of four transits of a triangular grid
at the mouth of the DeSoto Canyon (see Figure 2.3-1). This second
survey was 48 hours long instead of 24 hours as it combined the time of
two separate surveys into one longer one. An April 1998 Feature Survey
was not done as available satellite imagery gave no indication of
anything of interest, so the saved time was added to the December 1998
survey.

2.4.2 Vessel-Mounted ADCP Data Acquisition System

The ADCP data acquisition system was provided by LUMCON and was operated
by their technical staff during each cruise aboard the R/V PELICAN. The
gystem consisted of two narrowband RDI hull-mounted VM-ADCP systems (150
KHz and 600 KHz) configured so that both could operate at the same time.
DGPS navigation data were input from the vessel's navigation system and
ADCP data were processed using RDI Transect software. The data
acquisition setup for each instrument is presented in Table 2.4-1.
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Table 2.4-1. Data acquisition setup for vessel-mounted ADCPs used
during the DeSoto Canyon Eddy Intrusion Study Feature
Surveys.

Time Between Pings (seconds) . 0.65 0.16
Depth Cell Length (meters) 8 4
Transmit Pulse Length (meters) 8 4
Blanking (meters) 4 4
Number of Depth Cells 40 40
Number of Pings Per Ensemble 10 10

2.4.3 Vessel-Mounted ADCP Performance and Data Return

Data were collected from both ADCPs simultaneously during the two
Feature Surveys. This amounted to a total of approximately 72 hours of
continuous operations during which the data were displayed on the
monitor and stored as 5-minute averages. Due to the greater range of
the 150 KHz ADCP, which permitted bottom track for more extended periods
during the surveys, only the 150 KHz data were considered for later
processing.

2.5 Moored Instrument Data

2.5.1 Introduction

Moored current, temperature, conductivity and pressure measurements were
made from thirteen mooring sites in the study area along the 100, 200,
500 and 1300m isobaths. These sites were previously identified in
Figure 2.2-1. Measurements were made continuously from March 1997 to
April 1999 with six mooring deployments at approximately four-month
intervals (see Table 2.5-1).

Table 2.5-1. Approximate mooring deployment periods for the DeSoto
Canyon Eddy Intrusion Study.

! s Dapkovme: imate ¢
1 (March 1997) 03/15/97 -
2 (July 1997) 07/09/97 - 11/20/97
3 (November 1997) 11/13/97 - 04/08/98
4 (April 1998) 04/02/98 - 08/12/98
5 (August 1998) 08/05/98 - 12/12/98
6 (December 1998) 12/03/98 - 04/06/99%

* The overlap in dates from the end of one deployment to the beginning
of the next is due to the actual time the last and first moorings were
actually deployved and recovered during each cruise.

*#* Except Mooring Bl (03/27/57 - 08/22/97} and Mooring D1 (03/25/97 -
08/21/97) .

The mooring configurations remained unchanged for the entirety of the
study except that a Trawl Resistant Bottom Mount (TRBM) at Mooring D1
was replaced in August 1997 with an inline mooring configuration similar
to that at the other 100m sites. Also, at various times, the level of
the upper measurements of conductivity and temperature at the 100m =gites
moved up or down (between 62 and 20m) depending on the availability of a
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surface marker buoy for that site. This was because the Coast Guard
required surface markers for all subsurface moorings extending to within
200 feet (61lm) of the surface. Three of the five 100m sites (Bl, ¢l and
Fl) were initially configured with surface markers and the Bl marker was
shifted to the Al site in BAugust 1998. 2Also, in August 1998, the 20m
level on the Al and Cl moorings was shifted upward teo 1ém at the request
of the Review Board and program Principal Investigators (PIs).

2.5.2 Moored Instrumentation

The moorings consisted of a variety of current measuring instruments.
These included Aanderaa RCM-7's and 8's, General Oceanics Mk2s,
InterOcean S4s, and RD Instruments 300 kHz Workhorse and 150 kH=z
Narrowband ADCPs. Additional measurements were made using Hugrun Seamon
Mini Temperature Recorders and SeaBird MicroCat and SeaCat Conductivity
and Temperature Recorders. The Aanderaa, General Oceanics and
InterOcean instruments were outfitted with conductivity sensors and
some, but not all, of the Aanderaa, General Oceanics and SeaBird
instruments were outfitted with pressure.

As a general rule (by the end of the field program), Aanderaa current
meters were deployed at the 200 and 300 meter levels on the 500m
moorings (A2, B2, C2, and DZ2) and at 500 meters on the 1300m moorings
(23, B3, and C3); General Oceanics current meters were deployed
approximately 10m above bottom on the 500m and 1300m moorings, and
InterOcean current meters were deployed approximately six meters above
bottom on the 100m moorings (Al, Bl, Cl, D1, and El). RD Instruments
Workhorse ADCPs were deployed at 80m or 90m depth on each of the above
moorings and the 150 kHz Narrowband ADCP was deployved at 180m depth on
the 200m D9 mooring. Hugrin Mini Temperature Recorders were deploved at
62, 150 and 250m depths on the 500m moorings and the SeaBird
Conductivity and Temperature Recorders were deployed at 1ém (or 20m),
and/or 62m and/or 82m depth on the 100m moorings. Table 2.5-2
summarizes this information for the last four-month deployment period.

2.5.3 Moored Instrument Performance and Data Return

A total of 322 instrument deployments were made over the course of the
two-year field program as approximately 54 instruments were deployed or
rotated every four months. The total 'good data' data return was
approximately 95.6%. This return was calculated based on the maximum
number of data points expected for the various type instruments at their
respective settings. However, since an ADCP generally works or doesn't
work, the data return for these instruments reflects only that 'good
data' were obtained for at least one level, though up to 19 or 20 levels
may have provided useful data.

Initially, no data were obtained from the April-August 1998 deployment

of the Bl Mooring as it was lost in its entirety, except that the
surface marker buoy and one of the subsurface steel buoys were found

13



Table 2.5-2. Mooring instrumentation and deployment levels during the
last deployment period (December 1998 - April 1999) of
the DeSoto Canyon Eddy Instrusion Study.

i H SAL i #d TR
Al 29°14.521'N 100 16 c/T (1719)
88°29.068'W 20 MK2 (452)
80 ADCP (214)
94 84 (08161753)
A2 29%03.565'N 500 62 Mini TR (C929)
88°23.352'W 20 ADCP (157)
150 Mini TR (C932)
200 RCM-7 {10350)
250 Mini TR (C933)
300 RCM-7 (6892)
490 54 (08161758)
A3 28°46.051'N 1300 80 ADCP (196)
o . 500 RCM-8 (10533)
88717.327"W 1290 MK2 (447)
Bl 29°20 . 565 ' 100 62 RCM-7 (9950)
87°54.539'W 94 54 (07801745)
B2 29912.720'N 500 62 Mini TR (C937)
o , 90 ADCP (206)
87°52.279'W
? 150 Mini TR (C939)
200 RCM-7 (9524)
250 Mini TR (C940)
300 RCM-7 (9525)
450 MK2 (443)
B3 26°04.285'N 1300 20 ADCP (211)
87°51.502'W 500 RCM-5/8 (7582)
1290 MK2 (450)
c1 29°35.157'N 100 16 C/T/D {(0059)
Tong ) 80 ADCP (200)
87°20.993'W 94 84 (08161755)
c2 29°22.309'N 500 62 Mini TR (C946)
79971 412" 90 ADCP (224)
8 12w 150 Mini TR (C947)
200 RCM-7 (9949)
250 Mini TR (C950)
300 RCM-5/8 (7528)
490 MK2 (453)
c3 29°00.327'N 1300 80 ADCP (207)
o ' 500 RCM-4/7 (6922)
7°21.
87721.260'W 1290 MK2 (444)
D1 30°04.128'N 100 7 62 C/T/D (0057)
86°50.507'W 80 ADCP (209)
94 4 (08111746)
D2 29°20.144'N 500 62 Mini TR (C919)
86°51.149'W 90 ADCP (212)
150 Mini TR (C959)
200 RCM-7 (1L0881)
250 Mini TR (C960)
300 RCM-7 (9948)
490 MK2 (457)
D3 29°42.450'N 200 180 ADCP (322)
86°50.819'W
E1l 29°42.001'N 100 20 c/T (1720)
o . 80 ADCP (213)
86°19.734'W
94 84 (08161757)

adrift in the Gulf of Mexico and recovered by other parties in July and
October 1998, respectively. Surprisingly, in January 2000, some 16
months after this mooring was verified as missing, its bottom steel buoy
element and an 5S4 current meter were recovered off Key Largo, FL.
Approximately 2.5 months of useful data were recovered from this
instrument. Also, in March 1999, about one month before the end of the
field program, a replacement for this same Bl Mooring was trawled up (in
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its entirety, including the anchor) by a commercial shrimping vessel.
In this latter case, these instruments and the corresponding data were
retrieved a few months after the field program was concluded.

Approximately 22.5% of the 4.4% data loss, was due to the misgssing Bl
Mooring. The remaining data loss was due to various instrument
malfunctions including defective DSUs (3), fouled or broken rotors (2),
defective tilt channels (2), stuck wings (3), leaks (1), and battery
failures (2). The 72 Hugrin temperature recorder deployments provided
100% data return as did 75 of 76 RDI ADCP deployvments, the data loss
here being due to the loss of the WorkHorse ADCP at the Bl Mooring site.
The worst instrument data return (89.3%) was for the InterOcean 54
current meter where two units had battery pack failures early in their
deployments and only 2.5 months (out of four months) of useful data were
obtained from the S4 recovered in January 2000 from the missing April-
August 1998 deployment of the Bl Mcoring. Table 2.5-3 provides a
complete summary of the data return for all of the instruments deployed
during this program, and Figure 2.5-1a,b provides a time line of the
data return by instrument level on each mooring.

2.6 QGeoSat Altimeter Data

Since 1993, tandem sampling of the Gulf of Mexico by satellite
altimeters has allowed continuous mapping of the mesoscale circulation
in the region at unprecedented resolution. This operational capability
has been used during the DeSoto Canyon field program to monitor the Loop
Current and Loop Current intrusiong into the eastern Gulf of Mexico. The
altimeter missions and the data acquired for this study are described
below.

2.6.1 TOPEX/POSEIDON

TQPEX/POSEIDON(T/P) is a joint U.S.-France satellite mission managed in
partnership by the National Aeronautics and Space Administration (NASA)
and the Centre National d'Etudes Spatiales (CNES). The T/P satellite was
launched aboard an Ariane 42P launch vehicle on August 10, 1992 from
Kourou, French Guiana. Two altimeters are carried aboard the satellite
but only one is active at any one time because of on-board sharing of
the altimeter antenna. The primary instrument is the dual-frequency NASA
altimeter, commonly referred to as TQOPEX. TOPEX sends microwave pulses
to the ocean surface at two frequencies so that a correction can be made
to the altimeter range to account for the delay caused by free electrons
in the ionosphere. The CNES altimeter, commonly referred to as POSEIDON,
is a single frequency, solid-state, low-power, low-mass sensor. The
antenna sharing agreement between NASA and CNES provides for the
POSEIDON altimeter to be turned on approximately 10% of the time. The
current operational procedure is to turn on POSEIDON for a complete
cycle (10 days) approximately every 10 cycles, though not exactly every
10 cycles to prevent aliasing problems.

After an initial assessment phase (Table 2.6-1), the satellite was

placed into a 10-day exact repeat orbit in late September 1992 to begin
operational sampling of the ocean and has remained in this orbit through
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Figure 2.5-1a.

Timeline of data return by instrument level for the
indicated DeSoto Canyon Eddy Intrusion Study moorings.
Arrows indicate the approximate dates of the
hydrographic cruises.
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Figure 2.5-1b. Timeline of data return by instrument level on
indicated moorings for the DeSoto Canyon Eddy Intrusion
Study. Arrows indicate the approximate dates of the
hydrographic cruises.
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Table 2.5-3. MNoored instrument data return (by good record count)
during the DeSoto Canyon Eddy Intrusion Study.

o o3 e geamoni Mini

1 223565/246355 (13) 74452/75359 (10) 64038/64038 (12)

2 209215/216395 (11) 73778/83631 (9) 72120/72120 (12)

3 256274/274213 (12) 63484/63484 (6) 80267/80267 (12)

4 213975/228239 (11) 63045/6604% (7) 72117772117 (12)

5 209905/216469 (11) 66097/74206 (8) 68389/68389 (12)

6 214273/214273 (12) 50594/61821 (7) 67206/67206 (12)
TOTALS 1327207/1395944 (70) | 391450/424550 (47) 424137/424137 (72)
Percent 95.08% 92.20% 100%

0
146571/146571 (13)

..... % 3 .

7977/7977 (1)

49905/49905 (6)

1
2 24532724532 (3) 58932/60944 (5) i 1485377148537 (13)
3 49692/49692 (5) 80317/80317 (6) 173190/173190 (13)
4 32817/44628 (5) 48181/72181 (6) 143576/155576 (13)
5 34515/42366 (5) 52993/52993 (5) 135942/135942 (12)
6 44458/48168 (6) 44927 /44927 (4) 134780/134780 (12)
TOTALS 193991/217363 (25) 335255/361267 (32) 882596/894596 (76)
Percent 89.25% 92.80% 98.66%
Good

Grand TOTAL 3,554,636/3,717,857 = 95.61%

* All ADCP levels for each instrument counted as one (1) time series record.
(#) = Number of Instruments

the entire mission to date. The primary science objective of the T/P
misgion is to observe accurately basin-scale to global-scale circulation
variability. The operational orbit, which repeats every 10 days along
the ground track (Figure 2.6-1), does not result in sufficiently dense
spatial sampling for accurate mapping of mesoscale circulation
variability. As a result, data from TOPEX must be combined with
altimeter data from other satellites for mesoscale circulation
monitoring.

2.6.2 ERS-18&2

The first and second European Remote-Sensing (ERS) satellites, ERS-1 and
ERS-2, were developed by the European Space Agency (ESA) as a sequence
of multidisciplinary earth observing satellites devoted to remote
sensing from a polar orbit. These two satellites are nearly identical
and have identical payload instruments including satellite altimeters.
The only difference in the payloads is an ozone mapping instrument that
was added to ERS5-2, which was not available on ERS-1. By flying a
sequence of identical ingtruments, ESA has been able to cross-calibrate
and extend a very useful time series of global remote sensing
observations. Only ERS-2 is currently operational. ERS-1 was placed in
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Figure 2.6-1.

TOPEX/POSEIDON ground track over the Gulf of Mexico from
the operational 10-day exact repeat orbit.
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a safe-hold state in May 1995 and served as a backup satellite until it
failed in January 2000.

Table 2.6-1. TOPEX/POSEIDON Mission Phases

ot i shincly 4%‘
Maneuver 8/10/92
to operational orbit.
9/23/92
Assessment 8/10/92 10-day |Assessment phase to evaluate the
to performance of the satellite.
12/31/92
Primary and 1/1/93 10-day |Primary and extended mission
Extended to EOM phase dedicated to collection of
Missions an extended time series of
altimeter data from the
TOPEX/POSEIDON operational 10-
day repeat orbit.

ER5-1 was launched on July 17, 1991. Several observational periods,
called "mission phases®", were flown from orbits designed to meet the
multidisciplinary objectives of the migsion and optimize the scientific
usefulness of the data collected (Table 2.6-2). Only the 3-day repeat
orbits used during the commissioning and ice mission phases are
unsuitable for mesoscale mapping. Both the multidisciplinary and
geodetic phases provide altimeter data at sufficiently dense spatial
sampling to be useful for mesoscale monitoring. During the
multidisciplinary mission phases, both ERS-1 and ERS-2 sample along the
35-day repeat ground track shown in Figure 2.6-2. The 168-day repeat
orbits flown during the geodetic phases can also be exploited for
mesoscale mapping by using the 37-day near-repeat cycles within this
orbit. An example of this gpatial sampling over the Gulf of Mexico is
shown in the ground track/coverage map for ERS-1 during the second cycle
of the first geodetic phase (Figure 2.6-3).

ERS-2 was launched on April 21, 1995 and immediately placed into the 35-
day repeat orbit used for the multidisciplinary phases of the ERS
missions (Table 2.6-3). The satellite has remained in this orbit
throughout the entire mission, which simplifiegs the processing of ERS-2
altimeter data.

2.6.3 Data Sources

TOPEX data are distributed by the Physical Oceanography Distributed
Active Archive Center (PO.DAAC) at the Jet Propulsion Laboratory. ERS
data are distributed by "Centre ERS d'Archivage et de

Traitement" (CERSAT), the French Processing and Archiving Facility for
ERS5-1 and ERS-2.
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Table 2.6-2. ERS-1 Mission Phases

ot L 1 ‘ e
7/31/91 Phase dedicated to observing very
Commissioning to 3-day |frequently the calibration sites.
12/20/91
12/28/91 Phase dedicated to observing
Tce 1 to 3-day |specific ice zones.
3/30/92
Multidisciplinary phase dedicated
4/14/92 to satisfying most of the
Multidisciplinary 1 to 35-day lapplications including land/ice
12/20/93 mapping with SAR and ocean
circulation mapping with
altimetry.
12/23/93 Phase dedicated to resampling ice
Ice 2 to 3-day |zones after two years.
3/10/94
4/10/94 Phase dedicated to providing very
Geodetic 1 to 168-dayldense spatial observations from
9/27/94 the altimeter for mapping the
geoid.
9/27/94 Second phase of geoid mapping with
Geodetic 2 to 168-dayl|the 168-day ground track shifted
3/21/95 longitudinally by 8 km to double
cpatial resolution.
3/21/85 Final phase to perform
Multidisciplinary 2 to 35-day multidisciplinary mission and
5/16/96 permit cross-calibration and
tandem operation with ERS-2.

Table 2.6-3. ERS-2 Missgsion Phases

Nratlon. i : -« feda T E o, Ty

5/1/85 FPhase dedicated to commissioning
Commissioning to 35-day [satellite.

11/1/95

11/1/95

Phase flown in tandem with ERS-1

Tandem 5/5??96 35-day (¢ Landem SAR
5/16/96 Phase dedicated to performing
Multidisciplinary to 35-day pultidisciplinary mission. The
EOM satellite is expected to remain in

the 35-day repeat orbit to the end
of mission (EOM).

2.7 Ancillary Data

2.7.1 Introduction

A number of ancillary data sets are available from other programs
coincident in time with the DeSoto Canyon Eddy Intrusion Study. The
applicable data from these programs are identified below.
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Figure 2.6-3. ERS-1 ground track showing data coverage for the first
37-day near repeat from the 168-day exact repeat orbit
used during the ERS-1 Geodetic 1 mission phase.

23



2.7.2 Ancillary Data - SCULP drifters

The Surface Current and Lagrangian-drift Program (SCULP) was developed
to improve the understanding of ocean circulation over continental
margins in the northern Gulf of Mexico. Drifters deploved during SCULP
are similar in design to those used during the U.S. Coastal Dynamics
Experiment (Davis, 1985). The drifters are composed of four rectangular
vanes (50 cm wide, 90 cm tall) extending radially from a thin,
vertically oriented, tube held in place at a depth of 0.5 meters by four
small surface floats. The drifters are initially packaged in soluble
cardboard boxes with attached parachutes and dropped from aircraft.
Ceontinuous position transmissions are through service ARGOS for a period
of 90 days. Drifter slip has previously been observed to be less than 3
cm/s (Davig, 1985). The data were collected and processed by Carter
Ohlmann and Peter Niiler of the Scripps Institution of Oceanography.

The SCULP field program consists of three distinct segments identified
here as SCULP-TI, -II, and -IIT. The SCULP~I drifters were deplovyed
primarily at 15 stations (distributed as a 3 by 5 grid) within a 125-km
square on the Louisiana-Texas shelf from October 1993 through July 1994.
The grid was reinitialized weekly for the first three months, then
biweekly for three months, and finally monthly, giving roughly one year
of data. The SCULP-II drifters were deployed within a ~400 by 150 km
rectangle on the northwest Florida shelf to investigate cross-shore
flows. The initial SCULP-II deployment occurred in February 1996, and
consisted of 15 units. The grid was reinitialized every two weeks for
roughly a year. The SCULP-III study was specifically concerned with
eddies on the shelf-rise of the Louisiana and north Florida coasts. Four
deployments of 20 drifters seeded the edge of warm eddies identified
with remotely sensed sea-surface temperature (AVHRR) and the near real-
time T/P and ERS-2 SSH data. Drifters were released during April 1998,
on the TLouisiana shelf, and during July 1998, on the continental margin
south of the Florida-Louisiana border.

Drifter positions, recorded at wvarious times throughout each day, were
ordered in time and edited by eliminating displacements requiring
velocities greater than 250 cm/sec. Data points recorded within 15
minutes were averaged together to eliminate erroneous displacements
assoclated with observations by multiple satellites. The data were then
interpolated onto a uniform time grid and daily averaged values were
computed. This was done by calculating an analvtic correlation function
for each day from the Fourier transform of a model spectrum obtained
from ten days of unequally spaced observations centered on the day of
interest (Van Meurs, 1995). Each correlation function was then used to
produce an interpolated location time series. Interpolated values were
sub-sampled every three hours and daily averaged velocities calculated.
Tidal and inertial signals are effectively removed in the daily
averages.
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2.7.2.1 Argos-Tracked Drifting PBPuoys

Thirty-two Davis-type Argos drifters were deployed in the study area
between March 1997 and December 1998 as part of an internal MMS-funded
01l spill medel verification effort. The deployments were made in
conjunction with scheduled cruises of the MMS-sponsored NEGOM Chemical
Oceanography and Hydrography Study and the present DeSoto Canyon Eddy
Intrusion Study. These data are identified in Table 2.7-1 and a
composite of all of the Davis-type drifter tracks is shown in Figure
2.7-1. Additional oil-following drifters were deploved as part of this
internal MMS effort, but these data are not considered useful to the
present study.

Table 2.7-1. MMS Davis-type Argos drifting buoys deployed during the
DeSoto Canyon Eddy Intrusion Study.

14708 03/24/97 04/23/97 30
14701 07/13/97 08/10/97 28
14702D 07/13/97 08/10/97 28
14703 07/13/97 07/18/97 28
14710 11/16/97 12/15/97 29
14711 11/16/97 12/14/97 28
17445 11/25/797 12/25/97 30
18814 11/22/797 02/19/98 89
18840 11/24/97 01/27/98 64
20505 11/24/97 03/30/98 126
20011 05/11/98 08/20/98 101
20012 05/12/98 08/19/98 99
20013 05/12/98 09/29/98 140
20014 05/16/98 08/12/98 88
20015D 05/15/98 08/23/98 131
20016 05/13/98 08/26/98 105
20017 05/13/98 09/22/98 132
20018 05/14/98 08/23/98 132
20019 05/15/98 08/11/98 88
11887 08/05/98 09/04/98 30
11888 08/03/98 09/02/98 30
11889 08/01/98 08/31/98 30
11890 08/02/98 09/01/98 30
11895 08/03/98 09/02/98 30
11896 08/05/98 09/04/98 30
11897 08/05/98 09/03/98 29
11898 08/04/98 09/03/98 30
20562 08/03/98 09/03/98 31
09700 11/21/98 12/21/98 30
09702 11/22/98 12/22/98 30
12061 11/21/98 04/01/99 131
20019D 11/23/98 01/06/99 44

2.7.3 GulfCet IT Study

Two MMS/USGS-sponsored cruises were conducted in the study area in May-
June and August 1997 (OREGON II Cruise 225, Leg 3 and GYRE Cruise 97G-
08, respectively). These cruises were made as part of an effort to
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Composite track plot of all Davis-type ARGOS drifters deployed by MMS
contractors in the study area during the DeSoto Canyon Eddy Intrusion Study.




assess the effects of oil and gas exploration and production on the
distribution and abundance of marine mammals in the Northern Gulf of
Mexico. Table 2.7-2 summarizes this hydrographic data collection.

Table 2.7-2.

MMS/USGS GulfCet II cruilses.

:‘z’ o ek M &
05/29/97 | 06/09/97 4
08/06/97 | 08/21/97 12

¢

OREGON IT-225
97G-08

2.7.4 Northeastern Gulf of Mexico Chemical Oceanography and

Hydrography Study

As part of a separate MMS-supported study of chemical and hydropgraphic
conditions in the NEGOM being conducted by Texas A&M University, four
chemical oceanography and hyvdrography cruises were conducted in the
study area in November 1997 and May, July-August and November 1998.
These cruises included a sampling grid of CTD and XBT stations. Many of
the sections coincided with the same sections sampled as part of the
DeSoto Canyon Fddy Intrusion Study, except that they extended much
further up onto the shelf, but offshore only out to the 1000 meter
isobath. In addition, underway thermecsalinograph and ADCP data were
collected during each cruise. Table 2.7-3 summarizes the data
collection and Figure 2.7-2 shows the hydrographic grid for the CTD
casts. XBT stations (not shown) were generally made between most, but
not all, of the CTD stations.

Table 2.7-3.

MMS Chemical Oceanography and Hydrography cruises.

N1 11/16/97 | 11/27/97 96 79 Yes

N2 05/04/98 05/15/98 99 96 Yes

N3 07/25/98 08/09/98 100 102 Yes

N4 11/12/98 11/25/98 59 114 Yes
2.7.5 NEGOM Marine Ecosystem Program: MAMES ITI

As part of the MAMES IIT being conducted by Continental Shelf Associates
and Texas A&M University, four sites (1, 4, 5, and 9) along the
Mississippi/Alabama shelf break were instrumented with near bottom
current meters (4 and 16m above the bottom) from May 1997 to July 1999.
These moorings were maintained near features (pinnacles) of varying
heights rising up out of the bottom. Table 2.7-4 lists the mooring
locations, CTD casts were also made at these four mooring sites during
each deployment/rotation cruise.
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Table 2.7-4. Northeastern Gulf of Mexico Coastal Marine and Ecosystem
Program: Ecosystem Monitoring Mississippi/Alabama Shelf moorings.

1A (AA/OET) 29°26.479'N 87°34.322'W 7hm (lém/4m)
1B (AA/QOETL) 29°26.113'N 87034.305'w 80m (16m/4m)
1c (AA/QOET) 290926.243'N 87°34.791'W 8 0m (16m/4m)
4 (ARA/QET) 29°19.860'N 87945 .360'W 115m (lém/4m)
5 (AA/QET) 29°23.516'N 87°58.660'W 80m (lém/4m)
9 (AA/OQET) 29°14.415'N 88°19.388'w 95m (16m/4m)

AA = Aanderaa RCM current meter )

OEI = Oregon Envirommental Instruments current meter

2.7.6 Meteorological Data

Meteorological data came from the National Data Buoy Center (NDBC).
There were two types of stations used, the shore/platform based C-MAN
stations and the moored 3-meter discus buoys.

2.7.6.1 C~MAN

Six coastal C-MAN stations were available to provide data in the NEGOM
region. They are listed in Table 2.7-5.

speed and direction,

air temperature and atmospheric pressure.

All stations reported wind

The

sensor height above mean sea level varied from station to station.
Grand Isle, LA also reported water level data.

Table 2.7-5. C-MAN stations

used during DeSoto Canyon Eddy Intrusion

Study.

: A (
Cape San Blas, FL CSBF1 11.6 7.9 5.2
Keaton Beach, FL KTNF1 11.8 10.9 4.8
Cedar Key, FL CDRF1 11.8 10.9 4.8
Dauphin Island, AL | DPIAL 17.4 9.1 8.5
Southwest Pass, LA | BURL1 30.5 11.9 12.5
Grand Isle, LA GDIL1 17.6 17.0 10.9
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2.7.6.2 3-Meter Buoy

Four moored 3-meter discus buoy stations were used to provide offshore
meteorological and wave data in the NEGOM region (Table 2.7-6). All
stations reported wind speed and direction (5m), air temperature (5m),
sea surface temperature (-0.6m), atmospheric pressure (0m) and wave data
[height, average period, direction (only at 42007 and 42036) and
dominant period]l. Wave directional data were only available for 42007
(OTP) and 42036 (W. Tampa) and both had short gaps. Wind data were
unavailable for 42007 (0TP) during Hurricane Georges in late-September
1998. The anemometer apparently was damaged as the hurricane
approached. Station 42039 (Pensacola §.) had a two-month outage of all
data from early February to early March 1998, and its barometer data
never returned. Station 42040 (Mobile South) had a three-month outage
of its wind data from mid-November 1998 through mid-January 1999.

Table 2.7-6. Offshore meteorological buoys used during the DeSoto
Canyon Eddy Intrusion Study.

W. Tampa 42036
Mobile South 42040
OTP 42007

2.7.7 Water Level Data

Hourly water-level data were obtained from the National Ocean Service
(NOS) and the National Data Buoy Center (NDBC). The stations are listed
in Table 2.7-7.

Table 2.7-7. Water-level stations used during the DeSoto Canyon Eddy
Intrusion Study.

Cedar Key, FL (CE) 8727520 NOS
Panama City Beach, FL (PAl) 8729210 NOS
Panama City Beach, FL (PA2) 8735180 NOS
Dauphin Igsland, AL (DA) DPIAL NDBC
South Pass, LA (80) 8760551 NOS
Grand Isle, LA (GR1l) 8761724 NOS
Grand Isle, LA (GR2) GDIL1 NDBC

At the start of this field program, seven water-level stations were
reporting data in the NEGOM region. By the end of the program, only
three were still active and two of those were located at Grand Isle, LA.
The NOS station at Grand Isle, LA was the only one that had a continuous
record for the study period.
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2.7.8 River Runoff Data

River discharge data for eight rivers were obtained from the U.S. Army
Corps of Engineers (New Orleans District) and the U.S. Geological
Survey. These rivers are listed in Table 2.7-8. The Mississippi River
dominates the region for discharge rate.

Table 2.7-8. River discharge stations used during the DeSoto Canyon
Eddy Intrusion Study.

Missigsippi (MI) Tarbert Landin USACOE

Atchafalaya (AT) 07381490 USGS 87,570
Bogue Chitto (BQ) 02792000 USGS 1,213
Pearl (PE) 02489500 USGS 8,494
Pagcagoula (PA) 02479310 UsGS 8,204
Perdido (PR) 02376500 USGS 394
Apalachicola (AP) 02359230 USGS 19,500
Suwannee (SU) 02323500 USGS 9,640

2.7.9 Satellite Imagery

Satellite sea surface temperature imagery was provided by the USGS via
an online collection of real time and archived images. Several images
per day in GeoTiff format were available through the following web site:

http://coastal.er.usps.gov/east_gulf/html/sst.html .

Each image had been calibrated and navigated. More information
concerning the processing procedures are available from this web site.

2.7.10 Hurxicanes

Three hurricanes passed through the Desoto Canyon region during this
study. These were Hurricanes Danny, Earl and Georges (Table 2.7-9).
Data on their position and intensity were obtained from Johns Hopkins
University, Applied Physics Laboratory.

Table 2.7-9. Hurricanes that passed through the study area during the
DeSoto Canyon Eddy Intrusion Study.

Danny 18-20 July 1997 60-80
Earl 2-3 September 1998 60-100
Georges 27-29 September 1598 105-110
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III. DATA QUALITY ASSURANCE AND PROCESSING

3.1 Introduction

Data quality assurance and processing technicues are discussed in this
chapter. Where possible, detailed calibration and/or processing methods
are described. 2Applicable methods for ancillary data are presented from
the point in processing at which the data were obtained.

3.2 CTD Systems

3.2.1 CTD Sensor Calibration

Sea-Bird Electronics, Inc. CTD systems are designed in such a way as to
permit easgsy processing and reprocessing of the raw data with new
calibration coefficients. Subsequently, following a cruise, if the
sensor calibration is in qguestion, or the calibration is rather old, the
raw data can be easily reprocessed with new calibration coefficients.

During this study, the Sea-Bird 911 Plus CTD sensors were calibrated at
the manufacturer's facilities on numerous occasions. The primary and/or
secondary temperature and conductivity sensors were calibrated in
December 1996, March 1997, February and May 1998, and again in
February/March 1999. In all cases, the conductivity and temperature
sensors were found to be within the manufacturer's specifications.
Pressure sensor calibrations were done in August 1996 and again in
January 1999. Table 3.2-1 summarizes the manufacturer's specifications.

Table 3.2-1. Manufacturer’s specifications for SeaRird
Electronics,Inc., 911 Plus CTD.

. Se Initia raey |t i(per morth): tesclution
Conductivity 0.003 mmho/cm 0.002 mmho/cm 0.0004 mmho/cm
Temperature 0.002=C 0.0003=C 0.0002=C

Pressure 0.015% FS 0.0015% FS 0.001% FS
10,000 psia (1.02M) (0.102M)

As a further CTD calibration check, water samples were drawn from mixed
layers (where possible) for each cast for each cruise to determine a
separate calculated CTD salinity minusg bottle galinity intercomparison.
These results (by cruise) for the 911 Plus CTD are presented in Table
3.2-2. The bottle salinities were run at Texas A&M University. The
resulting data reveal that the calculated mean salinity differences for
these mixed-layer comparisong for each cruise (including the pump
plumbing plagued cruise of December 1998) ranged between +0.009 and -
0.014 psu. Subsequently, no additional processing or reprocessing of
the 911 Plus CTD data was reguired. Unfortunately, efforts to overcome
the December 1998 pump plumbing problem by various means of lagging and
offsetting the data were unsuccessful in eliminating the noisy salinity
signal. Subsequently, these salinity data were discarded. A Sea-Bird
SBE 19 SeaCat CTD was used, but only for a small number of casts
(Stations 12-15 and Station 41) during the last cruise (March-April
1999) when the 911 Plus CTD was unavailable due to wire termination
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problems. The SeaCat's specifications are presented in Table 3.2-3.
This instrument had previously been calibrated in January 1998, but was
post calibrated in May 1999. Prior to recalibration, a TS plot revealed
a significant offset in the data. Following processing and
recalibration, the corrected data plot compared favorably with the TS
plot for the 911 Plus. This comparison is shown in Figure 3.2-1.

Table 3.2-2. Time (in months) of most recent calibration of 911 Plus
CTD sensors before and after each cruise during the
DeSoto Canyon Eddy Intrusion Study.

03/18/97 - 7/22 3711 3/11 0/11 0/11
03/28/97

07,/08/97 - 11/18 777 7/7 4/7 4/7
07/19/97

11/11/797 - 15/14 8/NA 8/NA 8/3 8/3
11/22/97

03/31/98 - 20/9 1/NA 1/3 1/3 1/NA
04/11/98

08/04/98 - 24/5 3/6 3/7 1/6 177
08/15/98

12/01/98 - 2871 7/2 7/3 572 5/3
12/13/98

03/30/9% - 2/NA 1/NA 1/NA 1/NA 1/NA
04/06/99

NA = NotAvailable

Table 3.2-3. Mixed layer 911 Plus CTD salinity minus Bottle salinity
comparisons by cruise during the DeSoto Canyon Eddy
Intrusion Study.

PE 9722 03/18/97 - 03/28/97 -0.014 +0.007
PE 9803 07,08/987 — 07/19/97 -0.009 +0.008
PE 9820 11/10/987 -~ 11/22/97 -0.007 +0.008
PE 9830 03/31/98 - 04/10/98 -0.002 +0.007
PE 9908 08/03/98 - 08/14/98 0.001 +0.010
PE 9923 12/01/98 - 12/13/98 0.009 +0.013
PE 95832 03/29/89 - 04/06/99 -0.002 +0.006
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3.2.2 CT'D Data Processing

Raw CTD data files were ingested into SAIC’s Physical Oceanographic Data
Base Management (PODBM) system. In this database the type of station
(CTD or XBT) was identified as well as the latitude, longitude, depth of
cast and water depth for each cast. .These data were then averaged to
one-meter levels and sigma-t, temperature and salinity data were plotted
versus depth for each cast to serve as an initial quality check.
Finally, a composite Temperature-Salinity (T-3S) plot was produced for
each cruise.

3.3 XBT System

3.3.1 XBT Probe Calibration

The T-7 XBT probe is rated by the manufacturer as having a temperature
accuracy of * 0.2 °C over the range -2 to +35 °C. No effort was made to
provide an independent calibration check of this accuracy, but CTD data
collected at the same location as XBT data (but not at the same time)
during the second Feature Survey in December 1998 ranged from 0.1°C to
0.7°C lower in temperature than the corresponding XBT data. These
results were derived from a comparison of temperatures at 25 and 40m
depth in a 50 meter thick mixed layer along a repeated section that was
sampled twice over twelve hours.

Separately, it has been well documented (Hanawa et al. 1995) that the
manufacturer's original drop-rate equation (z = 6.472 £t - 0.00216 t%)
under-estimates the actual drop rate of the T-7 XBT probe, tending to
artificially 1lift the isotherms approximately 3.4 % from their actual
depths. The data obtained in this program were collected using this
same historical standard equation: Subsequently, in processing, a linear
correction (Z, = 1.0336 z (from Hanawa et al. 1995)) was applied to more
accurately present the depth/temperature pairs.

3.3.2 XBT Data Processing

SAIC uses a systematic procedure for the processing of CTD and XBT
profiles. The following list summarizes the processing steps for
CTD/XBT profile data respectively.

Data are logged into the SAIC Physical Oceanographic Data Base and the
cruise is assigned a unigque cruise ID. Next, the data are read into
binary disk files on the local server. These files are created by
storing the data scans as ASCII characters in a sequential file using
the system file utility program. During sequential file creation,
checks are made on the input parameters (temperature, conductivity and
depth) for large spikes, data gaps and number of data scans for each
individual cast.

Vertical profiles of temperature and conductivity are plotted and
checked for spikes or obviously questionable data. The bad data scans
are removed or the entire cast is discarded depending on the number of
bad data points. T/5 diagrams are created for each cast to assure
consistency with known characteristics of water masses in the Gulf.
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From the corrected data set, both vertical and horizontal contour maps
are produced for individual sections and the entire cruise,
respectively. These maps are checked visually against the profiles as a
quality control measure. Other data products (geostrophic velocity,
integrated transports, dynamic heights) are produced as required for
further analysis.

3.4 Altimetxy

Sea surface height (SSH) analysis maps were produced from archival
altimetric measurements based on the latest versions of the TOPEX and
ERS geophysical data records (GDRs). TOPEX data were obtained from the
Physical Oceanography Distributed Active Archive Center (PO DAAC) at the
Jet Propulsion Laboratory, and ERS data from the "Centre ERE d'Archivage
et de Traitement” (CERSAT), the French Processing and Archiving Facility
for ERS-1 and ERS-2. Both data sets are processed in as consistent a
fagshion as possible to produce accurate analysis maps based on the
blended tandem altimetric observations.

3.4.1 Data Processing

The TOPEX data were corrected using standard corrections supplied on the
JPL/PO.DAAC TOPEX GDRs, including inverted barometer, electromagnetic
bias, ionosphere and wet/dry tropospheric corrections, as recommended in
the GDR handbook (Callahan, 1993). The mean sea surface included on the
GDRs (Basic and Rapp, 1992) was subtracted from each sub-satellite data
point to apply an implicit cross-track geoid gradient correction. Qcean
tides were removed using the tidal solution derived from the Colorado
Center for Astrodynamics Research (CCAR) barotropic tide model (version
1.0) assimilating TOPEX data (Tierney et al., 1998).

The ERS-1 and ERS-2 Altimeter Ocean Products (ALTOPR) CD-ROMs were
obtained from CERSAT. The ERS altimeter data were corrected using
standard corrections supplied on the ALTOPR GDRs, including inverted
barometer, electromagnetic bias, ionosphere and wet/dry tropospheric
corrections. The data were also corrected using the CCAR Version 1.0
tide model to be consistent with the TOPEX processing.

Each cycle of corrected 10-day repeat TOPEX and 35-day repeat ERS data
was linearly interpolated to reference ground tracks based on computed
orbits for the satellites. The TOPEX reference track was based on a
ground track computed for cycle 18, with a fixed spacing of the sub-
satellite reference points at once per second along-track which is
approximately a 5.77 km spacing over the Gulf of Mexico. The ERS 35-day
reference ground track is based on l/second along-track points computed
for cycle 6 of the ERS-1 Multidisciplinary 1 mission phase. No gridding
of the non-repeat ERS-1 data was performed. An empirical orbit error
correction was applied to the ERS along-track data, after gridding when
appropriate, to remove residual ERS orbit error. An empirical correction
of the TOPEX data was not needed; however, to consistently "filter" both
data sets the empirical correction was also applied to the TOPEX data.
This correction was based on an along-track "loess" filter, which
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removed a running least squares fit of a tilt plus bias within a sliding
window from the along-track data. The filter window is approximately 15
degrees of latitude (200 second along-track), passing the short
wavelength mesoscale signals while filtering the longer wavelength orbit
and environmental correction errors.

This processing procedure references the along-track data to an accurate
high resolution mean sea surface based on altimeter data collected from
the TOPEX/POSEIDON, ERS-1 and GEOSAT Exact Repeat missions (Yi, 1995).
By referencing the data to an independent mean sea surface, a
climatology based on multiple altimeter mission data sets can be
developed to include past, present and future altimeter data referenced
in the same manner. This includes the historical GEQSAT data (Berger et
al., 1996) and the TOPEX/POSEIDON and ERS5-2 data available during the
DeSoto Canyon field program.

3.4.2 Blended T/P and ERS 1&2 Climatoleogy

An archive of the Gulf of Mexico SSH maps from January 1, 1993 to April
30, 1999 has been produced from the corrected sea surface height
anomalies from TOPEX/POSEIDON and ERS-1&-2. Daily analysis maps of
height anomaly relative to the mean sea surface have been created using
an obective analysis procedure (Cressman, 1959) to interpolate the
along-track data to a 1/4 degree grid over the Gulf. The method used an
iterative difference-correction scheme to update an initial guess field
and converge to a final gridded map. A multigrid procedure was used to
provide the initial guess. The complete multigrid procedure is described
in an appendix to Hendricks et al. (1996). Five (Cressman iterations were
used with radii of influences of 200, 175, 150, 125 and 100km, while
employing a 100 km spatial decorrelation length scale in the isotropic
Cressman weighting function. Data were also weighted in time using a 12-
day decorrelation time scale relative to the analysis date. A model mean
is added the sea surface height anomaly maps to estimate the total
dynamic topography. This mean was computed for the time period 1993
through 1998 from a data assimilation hindcast of the general
circulation in the Gulf. The 1993 through 1998 hindcast was made for
the MMS Deepwater Reanalysis and Synthesis Project by Lakshmi Kantha and
Jeli Choi using the University of Colorado Princeton Ocean Model (CUPOM).
The residual mean in the sea surface height anomaly maps over the time
period 1993-1998 is removed before adding the model mean to produce the
synthetic height estimate. A sample map is shown in Figure 3.4-1.

3.5 Moored Instrumentation

3.5.1 Moored Instrumentation Calibration

Each of the moored instruments deploved in this program, with the
exception of the Aanderaa RCM current meters, was calibrated and
serviced by its manufacturer prior to initial deployment. The Aanderaa
instruments were serviced and recalibrated by Environmental Sensors,
Inc., (ESI) formerly the Canadian distributor and service provider
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for Aanderaa instruments in North America. In the cases of the Hugrain
Seamon Mini Temperature Recorders, the RDI 300 KHz WorkHorse ADCPs and
the Sea-Bird MicroCats, these instruments were all newly purchased for
the program. Periodically, over the course of the program, a number of
instruments were returned to the various manufacturers or ESI for
servicing and/or re-calibration. At the conclusion of the field effort,
most instruments were returned to the same entities for a post-program
servicing and recalibration. Table 3.5-1 summarizes the manufacturer's
specifications and the following sections discuss specific calibration
issues for each type instrument.

In addition to the above, the conductivity data from the Aanderaa,
General Oceanics and InterOcean current meters, when deploved in the
upper 200m of the water ceclumn, tended to show some data quality
degradation over the four-month deployment period due to fouling.
Subsequently, the calculated salinity data obtained from the temperature
and conductivity data collected by these current meters were adjusted
following comparisons with nearby CTD casts taken at the beginning and
end of each mooring deployment.

3.5.1.1 Aanderaa Current Meters

All of the Aanderaa current meters were calibrated at EST for wide range
temperature, wide range conductivity and direction as well as an
operational test of speed in February or July 1997 and again at the
conclusion of the field program in June or July 1999. Temperature
calibration stability over the study period was excellent for all but
two of the instruments. These two fell just outside the rated accuracy
(£0.05°C) with differences on the order of :0.07°C when compared at the
high end (near 28°C) of the calibration scale. Conductivity calibration
stability was significantly worse, as only three instruments were within
the rated accuracy (+0.074 mmho/cm) at the conclusion of the program.
Seven sensors had drifted producing conductivity differences ranging
from +0.078 to +0.230 mmho/cm and one sensor had drifted by as much as
1.241 mmho/cm. Two conductivity sensors had failed during the program
and were replaced with newly calibrated sensors. A compass calibration
check revealed that all of the instruments were within the stated
calibration accuracy (within £5°) over the course of the program, and an
operational test of speed (counting rotor turns) revealed that all of
the instruments were functioning properly prior to their initial
deployment and following final recovery.

3.5.1.2 General Oceanics Current Meters

The Niskin winged current meters were calibrated by the manufacturer in
January or February 1997 and again in August 1999. Three units were
removed from service due to malfunctions or a leak prior to the final
calibration check and two units still require a final servicing. To
date, all of the tested instruments were within their respective sensor
specifications at the conclusion of the field program.
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Table 3.5-1.

Manufacturer'’'s specifications for moored instruments used during DeSoto Canyon Eddy
Intrusion Study.

Aanderaa +l cm/s or 35 for 5-100 cm/s

RCH 7/8 +2% of speed/s 7.5 for 2.5 to 5 0-3g00

Current Meter -0.34 to +0.05/0.1% 0-74 +0.074/70.074 2-298 starting speed and 100 0-5000 +1% Range/

32.17 Range is 2 cm/s to 200 cm/s/0.35 0.1% Range

General

Oceanics +0.5% Range/

MK2 Current -5 to 45 #0.25/0.016 0-75 +2.5/0.1 0-300 £1/1 +2/1 £¢-2000 0.1% Range

Meter

Hugrin

Temperature

Recordex -2 to 40 +0.1/0.025 --- == - lehe = == -

Thermistor +2% of reading

InterCcean £0.05/0.003 tlem/s/0.2

54 Current Standard cm/s

Meter -5 ko 45 +0.2/0.05 5-65 +0.2/0.01 0-350 +2/0.5 - ———
+0.2% of

BDI Narrowbkand measured

ADCP -5 to 45 £0.2/0.012 --- - 0-1000 velocity +5/0.005 --- -
+0.5cm/s
+0.5% of

RDI Workhorse measured

ADCP -5 to 45 £0.4/0.01 - --- 0-1000 velocity +5/0.01 - ---
+0.5cm/s

SeaBird

MicroCat +0.002/0.0001 +0.003/month 0-300 +0.15%Range/

CT Recorder -5 to 40 0-100 Res 0.0001 -—= -—- - 0.002%Range

SeaBird

SeaCak +0.15%Range/

CT Recorder -5 to 35 +0.01/0.001 0-70 +0.01/0.001 ~-- - -—- 0-300 0.002%Range




3.5.1.3 Hugrun Temperature Recorders

These instruments were calibrated by the manufacturer in January 1997
and again in July 1999. A comparison of reprocessed data from the last
deployment with both the new and old calibration coefficients revealed
that there had been no significant change/drift in calibration over the
study period. All comparisons were found to be within the instrument's
rated accuracy, generally varying by no more than z 0.025°C.
Subsequently, no adjustments were made in these data following
instrument recalibration.

3.5.1.4 InterOcean Current Meters

The S$4 current meters were initially calibrated by the manufacturer
between March 1997 and March 1998. Two were recalibrated in July and
November 1998 and one of these same units (that had been recovered by a
shrimping vessel) was recalibrated again in June 1999 following final
recovery. Two other units were returned to MMS after only one
deployment. All of the instruments were equipped with conductivity
Sensors.

3.5.1.5 RDI ADCPs

A1l of the instruments were calibrated/serviced by the manufacturer in
January or February 1997, and all but one of the recovered units were
serviced again in June or November 1999. One instrument is yet to be
serviced. The remaining eleven instruments were found to be within
specification, except that four of the WorkHorse units (197, 200, 209
and 211) were found to exceed the manufacturer suggested accuracy of
less than :5 degrees for compass error when tested in a downward-looking
mode. However, these same compasses were within specifications when
tested in an upward-looking mode, which is how each was used in this
study. Subsequently, all of the ADCP data are considered to be within
instrument specifications, and there is no indication of any problem
with data from the unit which is still awaiting servicing at RDT.

3.5.1.6 SeaBird CT Recorders

The SeaCat and MicroCat instruments were calibrated between December
1996 and June 1997, prior to initial deployment, and again in May or
June 1999 following final recovery. Three of the SeaCat units were
borrowed from the manufacturer and only deployed once during the initial
deployment period, and a fourth borrowed unit was only deployed once
during the fifth deployment period. The conductivity cells on all of
these instruments were protected by antifouling cylinders which were
replaced after a maximum of eight months use (two deployments). These
cylinders appear to have worked well as there was no buildup of
biological material inside the conductivity cells. In addition, the
post-program calibrations reveal that the total conductivity sensor
drift over the two-year field effort was less than 0.045 mmho/cm at 60
mrho/cm and less than 0.020 mmho/cm at 30 mmho/cm. Temperature drift on
these same units was less than 0.003°C. Subsequently, the salinity
drift is on the order of 0.020 to 0.050 psu.
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3.5.2 Moored Imstrumentation Data Processing

The following instruments were used on the moorings: InterOcean’s S-4,
Hugrun’s Seamon-mini, Sea-Bird’s SeaCat and MicroCat, RDI’'s ADCP,
Aanderaa’s RCM-7&8 and General Qceanics’ MK2. Each reguired a somewhat
different processing scheme to bring the data into SAIC’s database.
Some instruments, such as the S4, have their calibrations internally
recorded. Others, like the Aanderaas, have the calibrations applied
during data processing.

The SAIC database utilizes a consistent format whereby each filename has
two data fields representing either vector or scalar data. For a
vector, the u-v components are presented. Scalar data may be either a
single parameter in each of the two fields, such as temperature, or two
different parameters, such as temperature and salinity. Times for all
data are in GMT.

Once in SAIC’'s database, each file for each deplovment is analyzed for
proper processing, missing or erroneous data, calibration errors or
trends in the data. Missing data may be patched using similar data.
Erroneous data may be bridged by interpolation. Data, such as salinity,
may require detrending due to drift of the sensor. This is accomplished
by applying an offset to the time series by comparison to adjacent CTD
records, as regquired. Once the raw time series files have been cleaned
up, they are filtered using 3-HLP and 40-HLP filters. The vector data
are rotated to align the data with the local bathymetry.

All time series data for all deployments are concatenated into a single
record covering the entire two-year study period. Where data are
missing, the existing files are concatenated into as long a record as
possible. Some single deployment files remain due to data gaps.

3.6 Drifting-Buoy Data

brifter data from MMS included all transmissions received from each
drifter and each position of the drifter as determined by Service Argos.
Interactive procedures were then used to remove all duplicate positions,
verify the validity of each position fix, sort the data into a time-
ordered sequence and archive the data into the PODBM system. Once
loaded onto the system, a final wvisual check was made of the data by
plotting each individual buoy trajectory on a high-resolution map of the
study area containing detailed hathymetry and c¢oastline. This was used
to identify spurious changes in the buoy's movement which could then be
removed.
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IV. LOOP CURRENT AND ITS INTRUSIONS

4.1 Introduction

The Loop Current (LC) and related processes are the primary sources of
energy and momentum for circulation features in the NE Gulf of Mexico.
with this as background a concerted effort was made to develop a more
complete description of the morphology (boundary length, enclosed area,
etc.) of the IC, the recent history of change associated with ring
shedding and some possible dynamics associated with ring assimilation
into Gulf waters. This information is basic to developing and
understanding processes affecting circulation patterns in the study
area.

4.2 Loop Current/Loop Current Intrusions from Altimetry

4.2.1 XIntroduction

Continuous monitoring of the Loop Current is possible from January 1993
to the present using the tandem sampling provided by microwave
altimeters aboard the T/P and ERS-1&2 satellites. Satellite altimetry is
a unique remote sensing technigue because it is an all-weather observing
system that directly measures a dynamic variable of the ocean state, the
sea surface height (SSH). A number of useful metrics can be derived from
altimeter data that allow quantitative and continuous monitoring of the
Loop Current intrusions into the Gulf. In this report, we describe the
techniques and altimeter-derived metrics that were developed for
monitoring the Loop Current and Loop Current intrusions.

4.2.2 Loop Current Monitering

Altimetric monitoring of the LC is difficult because of the large
contribution of the mean circulation to the total dynamic topography in
the eastern Gulf of Mexico. Although altimeter systems measure
variations in SSH very accurately, imprecise knowledge of the marine
geoid makes accurate absolute measurements of the total sea surface
topography associated with ocean circulation impossible at this time.
Synthetic observations of the total dymamic topography can be
constructed by adding an independent estimate of the mean height to the
height deviation measured by the satellites relative to a long-term
altimetric mean.

For this study, we have selected a model mean SSH computed for the time
period 1993 through 1998 from a data assimilation hindcast of the
general circulation in the Gulf (Figure 4.2-1). The 1993 through 1998
hindcast was made for the MMS-funded Deepwater Physical Oceanography
Reanalysis and Synthesis Program by Lakshmi Kantha and Jei Choi using
the University of Colorado-Princeton Ocean Model (CUPOM). Along-track
TOPEX and ERS-1&2 SSH anomalies are assimilated into CUPOM on a track-
by-track basis as subsurface temperature anomalies. Before adding the
mean to the gridded SSH anomaly fields, we averaged the 1993 through
1998 fields and removed any residual mean. By following this procedure,
we have referenced the anomaly fields to a mean spanning the same time
period as computed from the hindcast assimilation. The qualitatiwve
differences in synthetic maps created using various model means and
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Figure 4.2-1. 1993-1998 mean sea surface height from a hindcast data
assimilation experiment for the MMS Deepwater Physical
Oceanography Reanalysis and Synthesis Project by Lakshmi
Kantha and Jei Choi using the University of Colorado
Princeton Ocean Model (CUPOM). The contour increment is
2.5 cm with positive and negative contours shown as
solid and dashed lines, respectively. The 17-¢m contour,
which approximates the high velocity core of the LC, is
shown as a thick solid line.
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climatological means are not very remarkable, however, the derived
quantitative metrics can be quite sensitive to the mean selected. For
example, the sensitivity of the analysis of eddy shedding using the
altimetric record discussed in Chapter 3 of this report has been checked
and found to have little dependence on the mean. The quantitative
metrics show much more sensitivity to the mean used to estimate a
synthetic height, however, using the data assimilation model mean and
referencing the altimeter data to a mean over the same time period
produced robust results.

Altimetric monitoring of LC rings in the western Gulf of Mexico relied
on the small contribution of the mean circulation to the total dynamic
topography (Berger et al., 1996a,b). For that study, the 17-cm SSH
anomaly contour was selected to derive guantitative metrics for the LC
because the contour closely matched the location of maximum gradients in
the topography, and allowed continuous tracking of LC rings during their
translation through the western Gulf of Mexico. The 17-cm contour of
total dynamic topography also works well as a definition for the high
velocity core of the LC in the eastern Gulf of Mexico (Figure 4.2-2).

A direct comparison of the location of the 17-cm contour relative to the
sea surface temperature ($ST) front can be made at the northernmost
point of the LC intrusion into the Gulf (Figure 4.2-3). S8T images
coincident with the altimeter maps were sampled along longitude
meridians within +3° and -2° degrees of the 17-cm contour. The time
series of coincident data over the time period of the DeSoto Canvon
program shows a consistent bias between the two estimates of the LC
location. In general, the agreement is good during times of strong
thermal contrast, however, the 17-cm contour of SSH is consistently
south of the SST front by about one degree of latitude or approximately
100 km. This is to be expected because of the difference in location
between the high velocity core of the current and the surface thermal
fronts. The variability about this bias offset is remarkably small given
the occurrence of warm water filaments and other fine scale frontal
variations on the periphery of the LC that are not well sampled by the
altimeters. No comparison can be made during much of the time period,
which highlights the difficulty of continuously monitoring the LC with
thermal imagery.

4.2.3 Loop Current Metrics and Statistics

A variety of LC metrics can be computed from the SSH maps given the
reliability of the 17-cm contour as a proxy for the location of the LC
in the eastern Gulf of Mexico. These metrics include the length, area,
volume and circulation associated with the LC within the Gulf of Mexico,
and its maximum northward and westward extent.

The procedure for computing the metrics from the SSH fields has been
automated by a MATLAB program that accesses the altimeter data archive
and objectively computes the values. Daily values for each metric are
computed as follows:
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Figure 4.2-2,

The 17-cm sea surface height contour from the altimetry
map for January 12, 1998 overlaid on the composite SST
imagery from the 2.98 days ending January 12, 1998 at
6:40 UT. S8T data courtesy of the Johns Hopkins
University Applied Physics Laboratory Ocean Remote
Sensing Group.
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1. Load the 0.25° gridded 8SH field and generate the coordinates of
the 17-cm contours within the Gulf.

2, Identify the LC core, which is defined as the continuous 17-cm
contour that enters the Gulf through the Yucatan Channel and exits
through the Florida Straits.

3. Find the maximum west longitude and north latitude coordinates to
determine the extent of westward and northward penetration of the

LC.

4. Compute the length of the LC by summing the distances between the
coordinates on the 17-¢m contour.

5. Identify all 0.25° grid cells bounded by the 17-cm contour and
compute the total Loop Current area by summing the areas of the
individual cells.

6. Estimate the LC volume, assuming a one and a half layer ocean and
a reduced gravity approximation, by evaluating the following area
integral over the region bounded by the 17-cm contour:

”—g%hdxdy

where h is the sea surface height; g is the acceleration of
gravity; and g' the reduced gravity. (A value of 0.03 m/s® was
used for g'.)

7. Estimate the LC circulation by the line integral of the
geostrophic velocity along the 17-cm contour:

§V1ﬁ=fmh+w@

where u and v are the geostrophic velocity components and dx and
dy are the coordinate spacing in the east/west and north/south
directions respectively. The geostrophic velocity components at
the midpoint locations are found by bilinear interpolation from
the gridded geostrophic velocity components computed from the
height field. (The sign convention emploved is such that the
anticyclonic vorticity associated with the LC is positive.)

The metric values have been computed for the time period from January 1,
1993 to aApril 30, 1999 and are shown in Figures 4.2-4 and 4.2-5. Summary
statistics for this time interval are shown in Table 4.2-1. The total
area of open water on the 0.25° grid in the Gulf of Mexico is

1,512,000 km’. During this time interval, the average area covered by
the LC was 142,000 km’ or approximately 9% of the Gulf. The average
length was 1390 km and average circulation was 1,271,000 m’/s. The
total estimated LC volume was 2.17 x 10” m’. This volume would take over
8 days to fill assuming an average inflow of 30 Sv, which is typical of
the transport into the Gulf through the Yucatan Channel. The average
maximum northward and westward extension of the LC intrusion was 26.1°N
and 87.7°W. The maximum and minimum northward extension into the Gulf
observed during the time interval was 28°N and 24.1°N, respectively. The
maximum and minimum westward extension was 92°W and 85.8°W.
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Figure 4.2-4. Time series of LC area, volume, and circulation for
1/1/1993 through 4/30/1999. Ring shedding events are
shown by vertical gray lines immediately following the
separation.
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Table 4.2-1. Statistics for Loop Current Metrics (1/1/1993 -4/30/1999).

e, EETrRr

tide |

a

Mean 87 70w | 26.1°N 11390 xm| 142:000 |2.17x10°13| 1,271,000

km? m3 m?/sec
Sgs.. 5 970 0.930 | 321 g | 28,300 |0-37x10°13 321,130
Maximum | 92.00w | 28.0°N [2016 km| 191,800 |2.81x10713 2010200
Minimum | 85.8°W | 24.1°N {593 km | %600 0-91x20713 5n1923/s4e8c0

Similar statistics were derived from 10 years (1976-1985) of monthly
frontal analysis maps based on AVHRR thermal images (MMS 89-0068). The
summary LC statistics from that study reported an average area of
210,000 km' and 29.75°N and 91.25°W for the maximum northward and
westward extension. The average area derived from thermal imagery was
nearly 50% larger than the altimetric estimate reported here. This
difference is attributable to the offset between the surface thermal
fronts and the location of the core of the LC determined from altimetry.
A similar offset of 50 to 100 km was found between the surface frontal
analysis maps and subsurface temperature gradients at 125 meters
determined from coincident XBT survey transects. Assuming the mean
statistics over the two time intervals are comparable, we can estimate
the relative offset by the difference of the averages divided by the
average length of the Loop Current. This gives an estimate of
approximately 50 km, which is comparable to the other estimates of the
relative offset. The integrated effect of this offset is to increase
estimates of the areal extent of the LC from thermal imagery relative to
the value determined from altimetry.

The percent occurrence maps for the 17-cm contour and waters associated
with the LC from altimetry are shown in Figures 4.2-6 and 4.2-7. These
maps can be compared to the occurrence maps computed from the monthly
frontal analysis maps from AVHRR thermal imagery (Figures 4.2-6&7 from
MMS 89-0068). The occurrence of the 17-cm contour and waters associliated
with the LC from altimetry is well within the 200-meter isobath, unlike
the estimates from thermal imagery that show significant probabilities
of the front and LC waters being on the west Florida and Campeche
shelves. This again is likely a result of warm filaments or shallow
thermal features in the frontal analysis derived from the thermal
imagery being interpreted as the main front of the LC.

4.2.4 Loop Current Ring Shedding Cycle

A primary reason for computing objective metrics for the LC and its
penetration into the Gulf is to monitor the time-dependent behavior of
the LC as it sheds rings that affect currents in the DeSoto Canyon study
area. The LC ring shedding cycle has been studied extensively and an
updated list of individual shedding events and spectrum are discussed in
this report. The identified shedding events during the altimetric
monitoring time period are plotted on each of the subplots of the metric
time series. A
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Figure 4.2-6. Percent occurence of 17-cm contour defining the high
velocity core of the LC for the interval from 1/1/1993
through 4/30/1999.
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Figure 4.2-7.

Percent occurrence of LC waters for the interval from
1/1/1993 through 4/30/1999.
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shedding event is associated with each of the dominant peake in the time
series. The exact timing, however, is dependent on the criteria selected
for the definition of separation and is complicated by the ambiguity of
assoclating a discrete time with what is clearly a continuous process.
The method employed to identify separation tends to select the times of
minimums in the metric time series immediately after an extended
intrusion, which is a conservative estimate that is unlikely to over
count shedding events.

The matrix of correlation coefficients computed from the altimetric
estimates of LC metrics is shown in Table 4.2-2. Identifying a "best"
metric for monitoring the LC is difficult because of the high
correlation between the individual time series. Dynamical considerations
may favor the circulation metric, which shows the most consistent growth
throughout an intrusion event and the greatest increase just before
separation. The volume of the LC is the least correlated with the other
metrics and exhibits large variationg independent of shedding events.
There has been a single estimate of the correlation coefficient between
area and northward extend of the LC reported, based on frontal analysis
derived from the thermal imagery. The value found was 0.76, which is
significantly less than the 0.955 determined from the altimetric
analysis and may be related to the difficulties associated with
identifying frontal boundaries in thermal imagery. The high correlation
found between the altimeter-derived metrics support the use of surrogate
time series from the historical record as proxies for shedding events.
For example, there is very high correlation between area, length and
circulation and the northward penetration of the ILC, a metric that is
available from the historical record.

Table 4.2-2., Correlation Matrix for Loop Current Metrics

A;é#; Vol ‘ﬁenéthw

Area 1000 | 0.950 0 0.948
Vo Lume 0.950 | 1.000 0.891 0.846
Circulation 0.932 0.891 1.000 0.948
Max. North 0.955 | 0.872 0.931 0.955
[Lat .

?fgfl West 0.917 | 0.828 0.908 0.876 1.000 0.950
Length 0.948 | 0.846 0.948 5,955 0.950 1.000

4.2.5 Geostrophic vs. SCULP Drifter Velocities

The SSH maps were used to monitor the LC, LC rings and secondary eddies
in the northeastern Gulf of Mexico during the field program. To assess
the accuracy of the altimetry, we compared geostrophic velocities
calculated from the objectively analvzed maps of SSH to the coincident
drifter estimates. The daily 0.25° resolution gridded SSH anomaly
fields, based on archival TOPEX and ERS-2 altimeter data, were added to
the hindcast model mean to give an estimate of the total $SH.
Geostrophic velocities were calculated from the height fields using
finite differences. Similar comparisons have been made of the gridded
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altimeter geostrophic velocities to drifters velocities (Ohlmann et al.,
submitted to JGR Oceans), and found that surface currents from drifting
buoys agreed well with geostrophic velocities derived from the gridded
(0.25°) SSH maps over the deep basin. In that study, however, 14-day
averages of the daily drifter velocities within a cell were used for the
comparisons. Here, we directly compared the daily averaged values.

The total number of daily average surface velocities from the combined
SCULP-I, -II and -III data sets is 39,362, with 52% (20,517) located in
0-50m depths, 16% (6,203) in 50-100m depths, 22% (8,801) in 100 to 1500m
depths, and 10% (3,841) in depths greater than 1500m. The map of the
vector correlation coefficient (Crosby et al., 1993) between the
altimeter-derived velocities and the daily-averaged surface velocities
from the drifters is shown in Figure 4.2-8. The two estimates are in
better agreement over the deep Gulf and along the continental slope in
water depths greater than 100m, but not on the continental shelf.

4.2.6 Loop Current Characteristics During Field Measurements

The over 6-year long time serieg of LC metrics can be used to
characterize the LC behavior during the present field program: March,
1997 through 2April, 1999. Metric time series for the 2-vear time period
are shown in Figures 4.2-9 and 4.2-10.

Only one LC metric achieved an extremum during the field program - the
circulation, which reached a maximum for the over 6-year time period in
late September 1997 during the first intrusion in the first year of the
DeSoto program. Two ring shedding events occurred during the field
program, both in the first year. This is in contrast to the second year
of field measurements during which the LC retreated to a far more
southerly position for nearly 9 months, the longest time period of
retreat observed in the altimetric record.

The mean SSH over the two-year record is shown in Figure 4.2-11. The
two-year mean differs little from the hindcast model assimilation mean
(Figure 4.2-1) added to altimeter data to produce an estimate of the
synthetic height field. The anticyclonic¢ circulation over the DeSoto
Canyon study area was only slightly stronger than that during the 6-year
mean time period. A distinct region of cyclonic circulation, between the
study area and the mean LC, can be discerned in both means, though the
feature is displaced to the west during the field program time
intervals. Caution should be exercised when interpreting subtle
differences in these maps since most of the "signal" is dependent on the
fidelity of the model assimilation hindcast.

Significantly stronger differences were found over the study region in
the l-year means from April 1997 through April 1998 (Figure 4.2-12) and
April 1998 through April 1999 (Figure 4.2-13). The distinct behavior of
the LC in each year of the two-year field program clearly affected the
circulation structure captured in the l-year mean SSH fields. Weaker
anticyclonic circulation in the study area and stronger cyclonic
circulation to the south of the study area are seen in the first year
mean, associated with a stronger and slightly intruded LC. The cyclonic
circulation, just north of the mean LC, also displaced to the east. When
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Figure 4.2-8. Map of the vector correlation coefficient between daily
averaged drifter velocities and coincident geostrophic
velocities computed from maps of sea surface heights.
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Figure 4.2-9.

Time serieg of LC northward and westward penetration, and
length during the field program.

Ring shedding events
are shown by vertical gray lines.
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Maximum Latitude of Loop Current Intrusion, Mean = 25.8°N
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Figure 4.2-11. Mean SSH for interval from April 1997 to April 1999,
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Figure 4.2-12. Mean SSH for the interval from April 1997 to April 1998.
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Figure 4.2-13. Mean SSH for the interval from April 1998 to April 1999.
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the LC is retreated during the second vear of the field program, the
circulation pattern in the mean field showed stronger anticyclonic
circulation over the study region and a displacement of the cyclonic
circulation south to the west.

4.3 Loop Current and LC Rings - Energetics and Dynamics

4.3.1 Introduction

The most energetic events in the circulation of the Gulf of Mexico are
the separation of large anticyclonic rings from the LC. The discussion
below about the LC and its rings consists of two parts. The first part
is analysis, based on a much longer and improved dataset, of the
frequency of ring shedding. The second is a discussion of the forcing
of ILC variability by the wind curl. We find a remarkable coherence
between the variability of the LC and that of wind curl over the whole
Gulf. The coherence is near the ~95% confidence limits in several bands
at which there is power in both signals.

Building on previous work, we examined all the apparent rings since
July, 1973. This new data set includes using satellite altimetry since
1992 and provides a set of 34 known ring formations. The primary
advantage of altimetry is that the data remain available in the summer.
One finding is that the ambiguity of whether or not a ring has separated
is reduced, but not eliminated; the uncertainty with which separation
“events” can be specified remainsg approximately 4 weeks, even with
nearly-continuous data. The distribution of separation intervals has
peaks near 11 and 14 months; if the distribution is smoothed, as in the
usual spectral analysis, a large peak in the distribution of separation
intervals is formed near, but not exactly at, 12 months. A large
secondary peak is at 6 months, with a smaller peak at 9 months.

4.3.2 Background and Procedures

4.3.2.1 Historical Analysis

Before the main flow from the Caribbean Sea becomes the Florida Current
and then the Gulf Stream, it first passes through the Gulf of Mexico.
When this powerful current from the Caribbean first comes into the Gulf,
the flow is directed primarily towards the north. This flow must
accomplish a 90° turn to the east to pass between Cuba and the Florida
Keys. The dynamical balance of this turn has been discussed by Pichevin
and Nof (1997). In the course of making this turn, the current pattern
takes the shape of a portion of a large circle, or loop. Over the
course of several months, the part of the flow field in this loop
extends farther into the Gulf (see, for example, Reid, 1972) until it
becomes sufficiently unstable. At this point a large anti-cyclonic ring
gradually separates from the main flow and drifts to the west. In many
respects these rings are analogous to Gulf-Stream rings.

There are several puzzling features of these ring separation events.
They are not quick, simple events, but can be long and drawn out; the
separation process generally taking several months or more. It isg not
unusual for observers of some satellite IR images to conclude "The ring
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has now separated," yet an image several months later may show the ring
still attached to the main flow. Clearly, we do not understand the
separation process well. Nevertheless, for any representation of Gulf
circulation (whether analytical or numerical) to be capable of modeling
the circulation competently, it should be able to handle ring separation
events correctly. It seems important to us, therefore, to determine
this fundamental time scale of ring separation events as accurately as
can be done based on the available data.

Since the 1970s, much of our knowledge of ring-shedding behavior has
been based heavily on satellite infra-red (i.e. 8ST) data (see, for
example, Maul and Vukovich, 1993). $ST data continue to be extremely
valuable, because the horizontal resolution is unsurpassed. However,
SST data suffer from a major limitation: the uniformly warm surface
temperatures in the Gulf of Mexico during summer (i.e. no thermal
gradients) allow no inferences about the flow field for 3-4 months in
the summer.

Data from satellite altimeters, however, are not subject to this
seasonal limitation. Some unresolved problems with determining a
proper geoid surface for interpreting the altimetry data remain, but
these are gradually being reduced to an uncertainty level of a few cm.
The present level of éccuracy suggests that, while there may be details
of the SSH field that cannot be resolved exactly, large-scale features
such as whether a ring has separated from the LC can now be determined
unambiguously.

Satellite altimeter data are now routinely available in both near-real-
time (Lillibridge et al., 1997) and as archival data records. Leben
maintains a web page (http://www-ccar.colorado.edu/~altimetry/) on which
daily maps of the Gulf of Mexico sea surface topography have been posted
since 1996. Multi-satellite sampling by the altimeters aboard the
TOPEX/POSEIDON and ERS 1 and 2 satellites has been used to map the Gulf
of Mexico sea surface topography over the interval from April 1992 to
the present. As an example, these maps have been useful for the study
of LC rings in the western Gulf (Biggs et al., 1996).

Previously, a data set based on ring separations between 1973-1993
(Sturges, 1994) suggested that the time intervals between ring shedding
events had two modes, one at 8-9 months and the second at 13-14 months.
These data were based heavily on satellite IR data. It is possible that
some separations included on that list, particularly those in the spring
or early summer, may not have separated. Since that analysis was
completed, three changes have taken place. First, the earlier
"community approved consensus” list has been subject to several
corrections. Second, the satellite altimetry data has made it possible
to insure that summer-time events are followed reliably. And third,
several years elapsed during which more separation events have taken
place. Consequently this new data set contains over 50% more ring
events than in the previous compilation. This new, expanded data set is
a key focus of this presentation.
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4.3.2.2 New Data_ and Processing

We have reviewed maps of SSH in the Gulf to estimate the times of ring
separation events. These maps are based on geophysical data records
(GDR) from the TOPEX/POSEIDON (T/P) and ERS 1 and 2 satellite
altimeters, processed in a manner consistent with the near real-time
monitoring described by Lillibridge et al., (1997).

TOPEX data were adjusted using standard corrections supplied on the
JPL/PO.DAAC TOPEX GDRs, including inverted barometer, electromagnetic
bias, ionosphere and wet/dry tropospheric corrections, as recommended in
the GDR handbook (Callahan, 1993). Several additional corrections not
found on the original GDRs were also applied to the TOPEX data. These
corrections included orbits based on the JGM-3 gravity model and an
empirical ocean tide model (Desai and Wahr, 1995) based on TOPEX
altimeter data computed using the JGM-3 orbits. The ERS-1 and ERS-2
Altimeter Qcean Products (ALTOPR) CD-ROMs were obtained from CERSAT. The
ERS altimeter data were corrected using standard.corrections supplied on
the ALTOPR GDRs, including inverted barometer, electromagnetic bias,
ionosphere and wet/dry tropospheric corrections. The data were also
corrected using JGM-3 orbits and the Desai and Wahr (1995) tide model to
be consistent with the TOPEX processing. After extracting the data from
the GDRs and applying corrections, the corrected $SHs from both
satellites were referenced to an accurate high resolution mean sea
surface based on altimeter data collected from the TOPEX/POSETDON, ERS-1
and GEQSAT Exact Repeat missions (Yi, 1995).

These corrections allow data from both repeat and non-repeat ground
tracks to be combined by objective analysis, so that the non-repeating
ground tracks covered during Geodetic Phase 1 and 2 of the ERS-1 mission
(April 10, 1994 to March 21 1995) can be used to augment T/P sampling
for more accurate mesoscale mapping.

The final step in the along-track processing is to apply an empirical
orbit error correction to the ERS 1 and 2 along-track data to remove
residual ERS orbit error. aAn empirical correction of the TOPEX orbits is
not needed; however, to "filter" both data sets consistently, the
empirical correction is also applied to the TOPEX data. This correction
was based on an along-track "loess" filter, which removed a running
least squares fit of a tilt plus bias within a sliding window from the
along-track data. The filter window is approximately 15 degrees of
latitude (200 seconds along-track), passing the ocean mesoscale signals
much shorter than this, while removing the longer wavelength orbit and
environmental correction errors.

Daily maps of the Gulf of Mexico S8H anomaly relative to the mean sea
surface were created using an objective analysis procedure (Cressman,
1959). This method interpolates the along-track data to a 0.25° grid
over the Gulf. The method uses an iterative difference-correction scheme
to update an “initial guess” field and then converges to a final gridded
map. A multigrid procedure was used to provide the initial guess, as
described in the appendix to Hendricks et al. (1996). Five Cressman
iterations are used with radii-of-influence of 200, 175, 150 , 125 and
100 km, while employing a 100 km spatial decorrelation length scale in
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the isotropic Cressman welghting function. Data were also weighted in
time using a 12-day decorrelation time scale relative to the analysis
date.

The altimetry data are used here to determine only departures from the
mean SSH. To estimate the full SSH, or total dynmamic topography,
relative to a level surface, the mean surface from a 10-year numerical
ocean model (courtesy of L. Kantha and J.K. Choi), has been added to the
height anomaly maps. To test the reliability of this surface for the
purposes of this work, we found that the timing of ring-shedding events
was insensitive to the mean used to produce the synthetic product,
though the local structure of the LC was affected by differences in the
mean fields on the order 10 cm.

Altimetric mapping provides all-weather and all-season data. While it
shows less horizontal detail than the IR data, the altimetric data used
here are less likely to miss the shedding or re-attachment of a ring.
The primary advantages of the new list of sheddings, obviously, are that
there are no data losses from clouds, or from the usual summertime
spatial uniformity of SST in the Gulf.

4.3.2.3 Methods

The method used in this analyses is similar to that employed by Sturges
(1974) . By examining the maps as a time sequence, it is c¢lear when ring
begins to separate. However, new rings often begin the separation
process, only to reconnect with the LC as much as a month or more later.
To tell for certain that a ring will separate, it is necessary to
observe the nascent ring as it continues to form, pulling away clearly
and drifting to the west as a separate feature. One advantage of this
altimetry-based data set, never obscured by summertime problems, is that
the continued examination of the rings as they pull away allows us to be
certain that the separation process goes to completion.

All available frames of contoured data since the spring of 1992 were
evaluated. The method was simply to examine each map to determine
subjectively whether the ring appeared to be separating, and continue to
track it as the separation process continued. A surprising feature of
these results is that, even with a significantly improved data set, the
exact time of separation of a ring remainsg elusive. As has been
reported earlier, based on numerical modeling results (e.g., Sturges et
al., 1995} the separation process is not a single abrupt event, but a
gradual pulling away, with parts of the flow connecting the main portion
of the LC to the separating ring for a significant part of its travel
time to the west. When the time sequence of maps are examined, it is
clear that this separation process takes many weeks. It is rarely
possible, on the basis even of this new data set, to point to a
particular time in the separation sequence and say “At this point the
separation is complete.”

The most striking example of this ambiguity took place during 1996. It
appeared that a ring was beginning to separate, and over the course of
nearly a year the "ring" hovered in essentially the same general
location. On the basis of many subjective viewings, we conclude that a
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ring did separate in September 1996, but the ambiguity is bothersome.
Awareness of this phenomenon is certainly not new, as it has been
observed to take place previously in the Gulf of Mexico and for Gulf
Stream rings as well.

To review briefly the method used earlier by Sturges (1974), the
separation times shown in Table 4.3-1 were used to determine a
histogram. To make the regults more nearly in keeping with the usual
analyses of time-series data, however, the inverse of the separation
interval is plotted; the resulting values were then smoothed with 5

Hanning passes to give the form of a power spectrum. The basis for this

procedure was described by Silverman (1986).

Table 4.3-1. A compilation of ring-separation events; i.e., times when
data are available to show a ring separating reliably
from the Loop Current.

1974 April 9

1975 January 9

1975 July 6

1976 August 13

1977 March 7

1978 June 15

1979 April 10

1980 January 9

1981 March 14

1981 November 8

1982 May 6

1983 March 10

1984 February 11

1984 August 6

1985 July 11

1986 January 6

1986 October 9

1987 Septenber 11

1988 May 8

1989 May -June (?) 12.5

1990 August 14.5

1991 Aug - Sept 12.5

1992 July 19 11.5 4
1993 June 22 11 4
1993 Sept 19 3 1
1994 Sept 22 12 4
1995 April 8 7 4
1995 October 18 6 4
1896 April 30 6 5
1996 September 5 4
1997 October 11 13 3
1998 March 14 5 2.5
1999 August 22 17 2

Entries through Oct. 1986 are from Vukovich (1988 a&b);
other entries prior to July 1992 are from Table 1 of
Sturges (1994) using corrections based on Berger (1993).
Data beginning 1992 are from satellite altimetry, this
work.
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Nevertheless we emphasize that what is recorded in Table 4.3-1 is not a
time series and Figure 4.3-1 is not based on the usual spectral
calculations.

4.3.3 Digcusgion of Ring Shedding Frequency

The complete list of ring separation times is shown in Table 4.3-1.
Other ring separation events were recorded a decade or more earlier, but
we show here only those for which we believe that successive separations
are reliably known. There are 34 separation events in the 26-year
interval July 1973 - August 1999. For the recent separations, beginning
in 1992, the apparent uncertainty interval is shown explicitly. The
separation times listed are the midpoint of that interval.

Figure 4.3-1 shows the frequency distribution of ring separations in the
form of a spectrum. The results shown provide conclusions that are
somewhat more reliable than in the previous, similar calculation. The
most noticeable region of power is near one vear. The peak in the low-
frequency mode is at 11.6 mo; this specific peak does not change if
smoothing is done by only 3 Hanning passes for higher resolution. We
attach no significance to the precise value 11.6 mo, as most of the
separations are unknown to +/- at least a month. The 80% confidence
limits, estimated by many iterations with a bootstrap method, extend to
1.7 times the power found in any peak. The mean value, for 33
separation intervals in 313 months, is near 9.5 months, yet there is
little power at that value. The distribution has one major mode near
annual, with half the separations at periods shorter and longer than
~10.5 months.

Figure 4.3-2 shows a slightly different version of the same calculation.
The smoothed “spectrum” from Figure 4.3-1 is shown together with the
original data of the exact times of the individual separations from
Table 4.3-1. It is obvious that the smoothing process, while desirable
for many reasons, has formed a peak where none exists in the basic data.
Thus, we should be careful to note that there is no “annual cycle” in
the LC in the way that there is such a strong annual cycle in most other
variables, such as the wind forcing, temperature, etc.

One difficulty with the data of Table 4.3-1 is that the uncertainties
are perhaps large but unknown for the values based on the older data.
Even with the satellite altimetry, the separation of September, 1996
remains elusive. But by following the images carefully, we conclude that
a ring did separate. Its motion was slow, and by the following late
April or early May the ring appears almost to have been re-absorbed by
the LC. However, a ring emerges at about 93°W when this ring
disappears, leading us to the conclusion that the ring actually
separated.

What one does, when faced with such uncertainty, of course, is to try
the calculation both ways to see if it makes any significant difference.
By computing the "spectrum” of Figure 4.3-1 with and without the elusive
ring, one finds that the differences are negligikle. A small bump at
~30 months will appear, but the effect on the rest of the spectrum is
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Figure 4.3-1. Periodicity of ring separations from the Loop Current.

This figure is actually a histogram, plotted to resemble

the usual power spectrum; both scales are linear. All
known separations since July 1973 - Aug. 1999 are
included; see Table 4.3-1. The original histogram has

been smoothed by 5 Hanning passes. A single value at (3
mo) is omitted for clarity, and is offscale. Confidence
limits of 80%, are obtained by multiplying (or dividing)

any value by 1.7; determined by a bootstrap technique.
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Figure 4.3-2. Periodicity of ring separations from the Loop Current;
similar to Figure 4.3-1, except that the original,
unsmoothed separation data values are shown in addition
to the smoothed curve from Figure 4.3-1

71




hard to see by eye. The peak at 11.6 months is broadened slightly, but
otherwise unmoved, and the peaks at 6 and 9 months are unaffected.

It is well known that determining the true uncertainty of geophysical
spectra is fraught with problems. We often deal more with hope than
with confidence. The primary power peak here is near one year, so a 31-
vear data set might seem relatively “long” in some sense. However, a
major uncertainty is that the wind system over the North Atlantic forces
a decadal-scale variability in the flow. The "typical" low-frequency
variability in winds, sea level, and transport of the Gulf Stream seems
to be at periods of the order of 100-200 months. We may thus suppose
that, if the climate system has substantial variability at such long
periods, the data of Table 4.3-1 may in fact now provide only two or
three “looks" at the process, rather than 31. The error bars may thus
be larger than we think. The essential result is that the primary power
lies near a period of 12 months, but there is almost no power at exactly
12.0 months There are smaller peaks at 9 and 6 months.

When the wind foreing is averaged over many years it has a very clear
annual cycle. It is surprising, therefore, that the peak here is near
one year, but cquite distinctly not precisely at 12.0 months. This
feature is explored in Section 4.3.4.

4.3.4 Forcing of LC Variability by the Wind Curl

4.3.4.1 Background

Two aspects of the LC’s behavior have long been a puzzle. First, even
though the wind forcing of the ocean has a pronounced annual cycle,
there seems to be no annual cycle to the LC nor to the shedding of
rings. Data from the early 1960s, when ring shedding was first
discovered, suggested an annual cycle. However, the duration of
observations is now long encugh to provide much higher resclution. At
periods just shorter and just longer than annual, there is a large
amount of power, but essentially no power at exactly a year, as shown in
the preceding section.

The second point is more subtle. As the LC intrudes from its more
southerly position, around ~24°N, to a more extreme northerly position
near ~28°N, its front advances several hundred kilometers and a large
amount of upper-layer water is displaced. ZExcept for the entrance and
exit ports, the LC is totally surrounded by the Gulf of Mexico.
Therefore, the displaced volume ~6 x 10° km', of displaced water must
somehow “go away, “yvet it is not clear just where it goes. Initially the
most likely option might appear to be that this upper-layer fluid is
forced out through the Florida Straits, or back through the Yucatan
channel, but at present we have no evidence documenting such a flow
pattern. The amount of “extra” flow that must be associated with the
intrusion phase of the LC cycle can easily be estimated to be as great
as ~10 8v, during times when the LC grows quickly over an interval of
only ~2 months.

The idea we wish to put forward hinges on a new and perhaps surprising
bypothesis, which admittedly is contrary to the ideas of the way the
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ocean responds to Ekman pumping in the large mid-ocean gyres in the open
ocean. We preopose that, to accommodate the inflowing Loop Current, the
displaced upper layer waters of the Gulf may be largely balanced by
outflow of deep water in Yucatan Channel. This flow takes place on two
time scales: first, on the one-to-several month time scale of Loop
Current intrusions, the mass fluxesg of order 5-10 Sv.; and second, on
the long-term-mean time scales associated with the decay of old rings
(~one per year), with a mass flux of order 2 Sv. This second value is
presumably the time mean of the fluctuations of the first. We will show
(following section) that this second value is consistent both in mean
value and in energetics with the Ekman pumping over the interior of the
basin.

The large mass fluxes associated with the shorter time scale intrusions
are consistent with recent numerical modeling experiements (for the
MICOM, E. Chassignet, personal communication; for the Navy Ocean Model,
W. Schmitz, personal communication; for the Princeton Ocean Model, T.
Ezer, personal communication; for the Bryvan-Cox model, Y. Hsueh, Y.
Golubev, personal communication). It is startling to see large
compensating flows of deep water to the south during the times of a Loop
Current intrusion. All the models referred to are full-ocean, wind-
forced, and do not specify input boundary conditions at Yucatan; the
fact that such flows are consistent among the different models lends a
bit of credence to the idea we have put forward, although it surely is
not proof. This information is offered to support the plausibility of
our suggested method, but a full discussion is clearly beyond the scope
of this report.

For most of the year, the majority of the surface area of the Gulf of
Mexico is forced by convergent surface wind stresses. Because the net
Ekman pumping at the surface is downward, there must be a net inflow in
the upper layers that is balanced by a net outflow. The sign of the
deep Sverdrup interior flow would be to the south, and this flow would
presumably leave the Gulf by flowing back through the wider, deep,
Yucatan Channel. We propose that this outflow is deep water.

In the more usual case of Sverdrup flow in the main subtropical gyvres of
the open ocean, one usually assumes that the resulting southerly flow
goes down, to the south and, somehow, “away.” Because this transport in
the Gulf is confined and the exit through the Florida Straits is only
~850m deep, the logical outflow port is through the 2000-m deep Yucatan
Channel. We recognize that this is a novel and perhaps controversial
hypothesis; the proof will rest initially, on two ideas that can be
demonstrated. First, the energetics make it highly plausible; second,
the remarkably good agreement between wind curl variability (or Ekman
pumping) and the LC position is gquite persuasive.

One of the first thing that comes to mind, when discussing such a flow
path, is whether the water mass properties make such an idea possible.
Elliott (1982) made a careful study of the decay of anticyclonic rings,
making the argument that the salty upper-layer waters in rings could be
diluted by river water to make less salty Gulf water. If upper-laver
waters are pumped down, it is likely that over the course of decades
there will be a very great deal of mixing not only with river inflow but
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also with inflowing deep Caribbean water. We do not give the details
here, but assert that a balance of water properties can be demonstrated.

4.3.4.2 Energetics of the Forcing

We first estimate the amount of energy required to pump near-surface
fluid down to depths below the main thermocline. The suggestion put
forward here is that the upper waters are forced downward, below the
inflowing water, or to depths of roughly 900m and deeper. There are two
related ways to estimate the work required. First, we can estimate
directly the work required to force a given volume of upper-layer fluid
down through the known stratification of the Gulf. Second, we can
determine the available potential energy (APE) of a detached ring. To
within the assumptions used for an order-of-magnitude calculation, these
two methods give the same value. While it is possible to make these
calculations much more precisely, it will turn out to be adequate here
to determine merely the order-of-magnitude.

The APE in rings has been studied carefully by Reid et al. (1981l), Bray
and Fofonoff (1981l), and others. Reid et al. show (their Table 2) a
collection of rings for which the APE above 1000m is ~8 x 10 J. We
will take this value to be typical for rings here.

Next we estimate the energy available by the work done by the winds on
the surface of the Gulf. Stern (1975) shows that the rate at which
energy is supplied to the ocean is given by the product of wind stress
and the near-surface geostrophic velocity. That is, the energy rate, E,
is

E= Tev = Mean (Te v) + Mean < 7T’ e v’ > (4.1)

where the first term on the right is the product of the mean values, and
the second is the mean of the product of the fluctuating parts. It is
quite possible to determine the fluctuating component of the wind
stress, but we are able to determine the velocity only poorly in the
mean, and even worse for the fluctuating parts. It is our suspicion
that the second term on the right will add to the first term on the
right, but the error bars are quite large. We therefore estimate only
the first term on the right.

It is well known that the central and western Gulf, away from the LC, is
dominated by an anticyclone. Averaging the presence of LC rings, we
take the central high to be of order ~30 cm, or somewhat less than half
the magnitude in the center of the LC itself. Over a horizontal
distance of ~500 km the slope would give a surface current of ~6 cm/sec.
This is a conservative estimate, assuming continuity with the observed
flow in the western boundary discussed by Sturges (1993).

The general pattern of winds over the Gulf of Mexico is dominated by the
trade winds blowing from east to west. The winds are much streonger in
the south, with velocities decreasing steadily toward the north. There
is a rotation in the far west, so that the winds blow more from
southeast toward the northwest, but this is a secondary effect. We take
1 dyne/cm’ as a typical value over the southern half of the Gulf, where
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the trade winds are strong. To determine the amount of work supplied by
the wind, the product T ¢ v, the instantaneous value, must be integrated
in time for about one year, the time scale of ring formation. The
result is easily shown to be 12 x 10* J.

The winds are lighter over the northern half of the Gulf, but still to
the west, while the geostrophic return flow must be of opposite sign.
50 the product T e v in the northern half will be of opposite sign from
that in the south. Assuming for simplicity a mean wind stress in the
north of about half that over the south, the net work done by the winds
over the whole Gulf is thus very roughly estimated as ~6 x 10%° J.
Recall that the APE in a ring is only ~8 x 10% J.

These rough estimates suggest that the work done by the wind is not only
adequate but is ample by an order-of-magnitude to force down the volume
of one detached ring per year. We have tried to be conservative in the
estimate of wind forcing, but even if we are in error by a factor of 2
or 3 the argument holds. While this is certainly not conclusive proof,
but seems a necesgsary condition. A more convincing argument is provided
by the high coherence between the variability of wind curl and LC, as
described below.

¢« I.C Data

The monthly position of the northernmost extension of the LC front used
in these calculations is largely from the prior studies already
identified. The earlier location data were taken from the set shown by
Sturges (199%2); the more recent are from satellite altimetry results
provided by Leben (see Section 4.2 for addition discussion of these
recent data). In some previous studies the variability of this position
has been used as a surrogate for the times of LC separations, although
this is oniy an approximate measure. A better metric for the present
purpose would be the area enclosed by the full LC, but such data are not
reliably available over a sufficient interval. The newer data allow
locations of the northernmost extensions to be determined on an
approximately weekly basis, but we have used monthly positions to be
consistent with the older data.

s Wind Curl Data

The wind data we have used is from the NCEP Reanalysis Project,
available at their NOAA web page (http://www.cpc.ncep.noaa.gov). We
computed the stress using a constant drag coefficient. The more
involved method of a variable drag coefficient may be useful, but we are
interested here primarily in whether the curl forcing and the LC
variability are coherent. We suspect that the presumed reduced
reliability of the LC positions in earlier years obviates the need for
more sophisticated calculations of wind curl.

To determine the curl, we computed the line integral of stress along the
outer edge of the Gulf, but are restricted by the 2.5° resolution of the
NCEP winds. We computed the curl over two regions: first, the basic
area of the Gulf, including the Bay of Campeche; second, as a trial
calculation, we added an area to the west of Cuba, north of 20°N,
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between Cuba and S. America. The northward Ekman transport in this
region is also constrained by the ceoastal boundaries to be forced
downward with the rest of the Gulf, so it would seem that this pumping
should also be included. As it turns out, the details of the results
from the two approaches were changed negligibly.

4.3.4.3 Comparison of IL.C Variability and Wind Curl Forcing

Figure 4.3-3 shows the power spectra of the LC variability and wind
stress curl variations. Because of the assumed physical behavior of the
system, the signal we call “LC* here is the time derivative of the LC
front position, used to determine the N-S motion of the intrusion of the
LC. The lack of power at the annual period in LC position is an odd but
clear result. To make these signals comparable, the wind curl shown in
Figure 4.3-3 has been pre-filtered to remove the mean annual cycle from
the curl. It is obvious that the two spectra are quite similar.

Figure 4.3-4 shows the cross spectra between these two. The three
panels show the cross-spectral power, the coherence, and phase. The
coherence between the wind curl over the whole Gulf plus the added
region to the west of Cuba is only slightly higher than without the
added region, and that calculation is shown here. The coherence is
above the 90% confidence limits at all frequencies where there appears
to be substantial amounts of power in either signal. In other words, at
periods other than near annual, the two signals are highly coherent.

The coherence of the two gignals is a surprising result. One important
aspect, with regard to our basic hypothesis, is that the curl forcing
and the motion of the LC front for the frequency region where most of
the power lies (periods of ~9 — 14 months) are 180° out-of-phase. That
is, when the curl forcing was most strongly negative, the LC motion had
its maximum rate of advance to the north. This result is consistent
with, but does not prove, the notion that the curl forcing (or Ekman
pumping) was responsible for the variability of LC intrusions. We
should emphasize that the high coherence shown in Figure 4.3-3 is found
with the signals determined from the curl over a basic box around the
Gulf, with and without the small region in the Bay of Campeche, and with
and without the region west of Cuba. In other words, this result seems
robust.

¢ The Annual Cycle

We introduced a new mechanism of exchange between the LC waters and the
Caribbean Sea via a deep outflow; we have tried to explain here the
observation that the motion of the LC front is coherent with the curl
forcing over the whole basin. It may be more difficult to explain
“something that doeg not happen,” namely the lack of coherence at the
annual period. We cffer the following argument which may be plausible,
if highly speculative.
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Figure 4.3-3.

Power spectra of the north-south motion of the Loop
Current and of wind stress curl over the full Gulf of
Mexico. The Loop Current signal is from the time
derivative of the northern-most position of the Loop
Current front, from a variety of data sources. The wind
curl is computed from the NCEP reanalysis wind data over
the Gulf of Mexico plus a small region south of Yucatan
Channel and west of Cuba. Smoothing is by 5 Hanning
passes. The mean annual cycle of the curl was removed
from the signal before computing the spectrum. The
monthly data begin in July 1973.
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Figure 4.3-4.

Cross spectra between the wind curl and Loop Current
variability (the signals of 4.3-3). The upper panel
shows cross spectral power; middle panel, coherence
squared, and lower panel phase. Smoothing is by 5
Hanning passes. The 90% confidence limits are shown.
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The arguments in the preceding sections have been made with the implicit
understanding that the Ekman pumping forces upper-layer water down and
ultimately out via some deep exit route. In a steady circulation
pattern, this would be a complete set of ideas. But the wind forcing
over the open Atlantic gives rise to the well-known annual cycle of the
Florida Current transport. The flow in the Caribbean and Gulf is the
result of the wind forcing over the whole Atlantic; the Gulf Stream is
the return flow. As the transport into the Caribbean Sea - Gulf of
Mexico increases as a result of the annual cycle of wind forcing, more
water is forced into the Gulf as LC inflow. As the flow increases, the
initial response to this increased flow through Yucatan Channel would be
for the LC to penetrate farther into the Gulf of Mexico.

If the Fkman pumping over the surface of the Gulf were constant, we
speculate that the LC might indeed have an annual cycle. However, the
Ekman pumping over the Gulf also has a substantial annual cycle,
separate from the annual cycle over the open Atlantic. Therefore we
suggest that the deep outflow associated with the annual cycle of Ekman
pumping perhaps balances (to a first approximation) the changes in flow
assoclated with the annual cycle of the Gulf Stream transport.

It is appropriate to compare the phases and the amplitudes of the annual
cycles of these two flow patterns. Figure 4.3-5 shows three versions of
the annual cycle of the wind curl: one over a basic rectangle covering
most of the Gulf (the box determined largely by the 2.5°-degree
resolution of the NCEP data (22.5° - 27.5°N, 85-97°W); the second,
including the curl foreing over the Bay of Campeche; and the third
including the forcing in an area west of Cuba, as described above. The
reason for showing all three curves is to emphasize the fact that the
phase of the forcing signal is insensitive to the details of the area
selected.

The maximum downward pumping occurs during July. Recall that the annual
cycle of the Gulf Stream transport also has its maximum in approximately
July and minimum in October, despite the fact that the wind forcing over
the Atlantic is phase shifted considerably from this timing. The annual
cycle has been very well documented, from the early work of Fuglister
(1951), through the studies of Niiler and Richardson (1973), more
recently by Sato and Rossby (1995), and others. These two seemingly
unrelated processes, the curl over the Gulf and the annual transport of
the Gulf Stream, are approximately in-phase on the average; there will
be large variations from this on a year-to-year basis.

The magnitudes of the variability of various parts of the flow can be
estimated as well. The magnitude of the annual cycle of the Gulf Stream
in the Florida Straits was estimated by Niiler and Richardson (1973) to
be a peak of ~33.6 Sv in early summer and a minimum of ~25.4 Sv in early
winter. Sato and Rossby also find that the fluctuations are plus or
minus ~4 Sv, peak to peak; the standard deviation of the monthly means,
however, is ~3 Sv, despite having a large dataset based on many years of
observations.
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Figure 4.3-5.

The mean annual cycle of wind curl over the Gulf of
Mexico from the NCEP data. The dash-dot curve labelled
"Main" is for a basic rectangle extending from 22.5°N to
27.5°N, 85°W to 97.5°W. The dashed curve labeled "Main &
SW" also includes the region over the Bay of Campeche;
the full curve labeled "Main & SW & SE" also includes a
region to the west of Cuba that also confines the
northward-directed Ekman transport.
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For comparison, the magnitude of the annual cycle of wind curl over
Gulf, shown in Figure 4.3-5, has a peak (negative) wvalue of ~-5.5 and a
minimum of ~-1.4. Thus, we can estimate that the forcing changes by
plus or minus ~2 over its mean value of ~-3.5.

There is a simple and nearly independent way to estimate the downward
transport associated with the Ekman pumping; we estimate the magnitude
of the flow forced by winds over the Gulf in comparison with the
equivalent forcing over the North Atlantic. Most maps of open ocean
wind curl show the line of maximum curl going over Bermuda and extending
into the Gulf. We can estimate the Ekman pumping in the Gulf merely by
knowing the ratio of the width of the Gulf to the width of the Atlantic,
and by the relative magnitudes of the curl in the Gulf to the curl over
the open Atlantic. The analyses of the COADS winds by Mayer and
Weisberg (1993) show that the curl forcing over the Gulf in summer is
esgsentially the same as in the western N. Atlantic. During the winter
the curl in the Gulf is roughly half that over the Atlantic. The ratio
of the width of the Gulf to the width of the Atlantic is (in degrees of
longitude) ~15°/70°, or 0.2. Therefore, we may use a ratio of 0.5 -
0.75 for the curl, and estimate the Sverdrup transport in the Gulf as
~[0.2 * (.5-.75) * 301 8v, or -3-4.5 Sv, depending on the fraction of
the curl one chooses.

Thus, by this order of magnitude calculation, the variability in wind
curl pumping over the Gulf can easily be determined. Given a mean value
of ~3.5 Sv, with a seasonal variability of 2, we estimate that the
variability of the curl-forced transport over the whole Gulf that could
be associated with an annual cycle would be on the order of +2 - 3 Sv.
While this is not exactly the same value as the annual cycle of Gulf
Stream transport, it seems close enough to provide an interesting basis
for further study into the relationship between these important
variables.

4.3.5 Discussion and Conclusions

The arguments presented support the suggestion that the curl of the wind
stress is the major contributing factor to the irregular behavior of the
nerthward advance of the LC front. The issue requires further study for
a clear proof and thorough understanding. The lack of an annual cycle
in the LC, as demonstrated in Figure 4.3-2, despite the strong annual
cycle in the wind forcing remains an elusive issue.

A final point to mention is the time scale of the downward pumping. The
net vertical motion forced by the Ekman pumping is on the order of 50
m/year. Thus, to force surface water down beneath the incoming current,
to ~1000m, will take a time on the order of decades. It is worth
pointing out that after about a vear, the “old ring” in the western Gulf
has been sheared apart and lost its identity. The tattered remnants of
many old rings must remain in the Gulf, being flushed out at about one
per year. There is ample time for mixing.
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V. SLOPE CIRCULATION PATTERNS

5.1 Introduction

The prior chapters of this report begin establishing the complex nature
of the often concurrent circulation producing mechanisms as well as the
three-dimensional complexity of the resulting circulation patterns.
Chapter 5 beings to describe both the documented patterns of currents as
well as the associated dynamical features that appear to produce these
patterns.

A broad range of horizontal scales-of-motion were evident in the DeSoto
Canyvon during the field measurement period. The presence of
oceanographic features producing circulation patterns in the DeSoto
Canyon have been documented for at least 35 years (Figure 5.1-1),
however, access to synoptic documentation of broad regions of the Gulf
of Mexico became possible with the availability of satellite imagery and
altimetry (Chapter 4). These remotely sensed geophysical measurements
in combination with in-situ current/temperature time series and ship-
survey observations begin to provide a basis for a systematic
descriptions, in spite of the limitations in the remotely sensed data
that result from seasonal availability (thermal) or horizontal
resolution (altimetry) -

The following material in Chapter 5 presents a reconstruction of
features present in the study area during the two-year fileld measurement
effort, as well as a description of current and hydrographic patterns
associated with these features. Observations were analyzed to
characterize currents and transport at a number of time scales.
Additionally, the in-situ current and temperature data have been used to
describe slope and shelf break dynamics as well as fluxes of temperature
and momentum.

5.2 Event Description

The following is a chronological description of the more significant
events observed during the two-years of field observations. The
measurements are subdivided into eight intervals representing times when
a particular process appears to have had a controlling influence on the
observed flow field. Time series of current vectors from the upper 8 to
40 m at all sites are shown with winds at buoy 42040 located on the A
mooring transect and coastal sea level at Panama City in Figures 5.2-la-
1d. Currents at the 300m depth from all sites are shown in Figures 5.2-
2a-24d.

Period 1: March 21 - May 1, 1997

Satellite derived sea surface temperature (SST) and sea surface height
(88H) fields indicate that during this interval the southwest portion of
the array was influenced by a warm intrusion from a streamer trailing a
former cyclonic Loop Current (LC) frontal eddy (LCFE) that had moved
southeast of the array around a Loop Current ring (Figure 5.2-3a) This
streamer apparently spun-up into a warm anticyclonic eddy (ACE) that
caused strong eastward flow over the upper 500m at A3 (Figure 5.2-2a}.
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Figure 5.2-la. Subtidal current vectors from depths of 8 to 40 m for
all mooring sites from March to September 1997. Frame
of reference has been rotated so that for each mooring,
vectors directed upward represent along isobath flow
with an easterly component.
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