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 TC "4.1.  Introduction" \f C \l "2" 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 LC, 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.
 TC "4.2  Loop Current/Loop Current Intrusions from Altimetry" \f C \l "2" 4.2  Loop Current/Loop Current Intrusions from Altimetry
 TC "4.2.1  Introduction" \f C \l "3" 4.2.1  Introduction

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 technique 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. 

 TC "4.2.2  Loop Current Monitoring" \f C \l "3" 4.2.2  Loop Current Monitoring
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 dynamic 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 qualitative differences in synthetic maps created using various model means and 

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 quantitative 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 (SST) front can be made at the northernmost point of the LC intrusion into the Gulf (Figure 4.2-3). SST 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 Canyon 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.

 TC "4.2.3  Loop Current Metrics and Statistics" \f C \l "3" 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:

1.
Load the 0.25( gridded SSH 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-cm 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:
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where h is the sea surface height; g is the acceleration of gravity; and g' the reduced gravity. (A value of 0.03 m/s2 was used for g'.) 

7.
Estimate the LC circulation by the line integral of the geostrophic velocity along the 17-cm contour:
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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 employed 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 April 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 km2.  During this time interval, the average area covered by the LC was 142,000 km2 or approximately 9% of the Gulf. The average length was 1390 km and average circulation was 1,271,000 m2/s.  The total estimated LC volume was 2.17 x 1013 m3. 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.

Table 4.2-1.  Statistics for Loop Current Metrics (1/1/1993 –4/30/1999).

PRIVATE

West
Longitude
North
Latitude
Length
Area
Volume
Circulation

Mean
87.7°W
26.1°N
1390 km
142,000 km²
2.17x10^13 m³
1,271,000 m²/sec

Std. Dev. 
0.97°
0.93°
321 km
28,300 km²
0.37x10^13 m³
321,190 m²/sec

Maximum
92.0°W
28.0°N
2016 km
194,600 km²
2.81x10^13 m³
2,016,200 m²/sec

Minimum
85.8°W
24.1°N
593 km
58,600 km²
0.91x10^13 m³
593,480 m²/sec

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 km2 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 associated 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. 

 TC "4.2.4  Loop Current Ring Shedding Cycle" \f C \l "3" 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 

shedding event is associated with each of the dominant peaks 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 associating 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 variations 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 LC, a metric that is available from the historical record. 

Table 4.2-2.  Correlation Matrix for Loop Current Metrics

PRIVATE

Area
Volume
Circulation
Maximum

North

Latitude
Maximum

West

Longitude
Length



Area
1.000
0.950
0.932
0.955
0.917
0.948

Volume
0.950
1.000
0.891
0.872
0.828
0.846

Circulation
0.932
0.891
1.000
0.931
0.908
0.948

Max. North Lat.
0.955
0.872
0.931
1.000
0.876
0.955

Max. West Lon.
0.917
0.828
0.908
0.876
1.000
0.950

Length
0.948
0.846
0.948
0.955
0.950
1.000

4.2.5   Geostrophic vs. SCULP Drifter Velocities TC "4.2.5   Geostrophic vs. SCULP Drifter Velocities" \f C \l "3" 
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 analyzed 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 SSH. Geostrophic velocities were calculated from the height fields using finite differences. Similar comparisons have been made of the gridded 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 TC "4.2.6  Loop Current Characteristics During Field Measurements" \f C \l "3" 
The over 6-year long time series of LC metrics can be used to characterize the LC behavior during the present field program: March, 1997 through April, 1999. Metric time series for the 2-year 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 1-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 1-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 

the LC is retreated during the second year 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.

 TC "4.3.  Loop Current and LC Rings - Energetics and Dynamics" \f C \l "2" 4.3  Loop Current and LC Rings – Energetics and Dynamics
 TC "4.3.1  Introduction" \f C \l "3" 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 LC 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 remains 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.

 TC "4.3.2  Background and Procedures" \f C \l "3" 4.3.2  Background and Procedures
 TC "4.3.2.1  Historical Analysis" \f C \l "3" 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 is not unusual for observers of some satellite IR images to conclude "The ring 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. SST) data  (see, for example, Maul and Vukovich, 1993).  SST 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 accuracy 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.

4.3.2.2  New Data and Processing TC "4.3.2.2  New Data and Processing" \f C \l "3" 
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 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 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 SSHs from both satellites were referenced 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).

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. An 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 SSH 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 the isotropic Cressman weighting 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 dynamic 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 TC "4.3.2.3  Methods" \f C \l "3" 
The method used in this analyses is similar to that employed by Sturges (1974).  By examining the maps as a time sequence, it is clear 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 remains 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 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 results 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.

Year
Month
Separation Period, months
Estimated uncertainty, weeks

1973
July



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
September
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

1996
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.

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  Discussion of Ring Shedding Frequency TC "4.3.3  Discussion of Ring Shedding Frequency" \f C \l "3" 
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 year.  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 negligible.  A small bump at ~30 months will appear, but the effect on the rest of the spectrum is 

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-year 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 forcing 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 quite 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 TC "4.3.4  Forcing of LC Variability by the Wind Curl" \f C \l "3" 
4.3.4.1  Background TC "4.3.4.1  Background" \f C \l "3" 
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 enough to provide much higher resolution.  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.  Except for the entrance and exit ports, the LC is totally surrounded by the Gulf of Mexico.  Therefore, the displaced volume ~6 x 104 km3, of displaced water must somehow “go away,”yet 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 Sv, 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 ocean responds to Ekman pumping in the large mid-ocean gyres in the open ocean.  We propose 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 fluxes 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 Bryan-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 gyres 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 quite 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-layer 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 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 TC "4.3.4.2  Energetics of the Forcing" \f C \l "3" 
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. (1981), Bray and Fofonoff (1981), and others.  Reid et al. show (their Table 2) a collection of rings for which the APE above 1000m is ~8 x 1015 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 =  ( ( v  =  Mean (( ( v)  + Mean <  (’ ( 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 stronger 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/cm2  as a typical value over the southern half of the Gulf, where the trade winds are strong.  To determine the amount of work supplied by the wind, the product ( ( 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 1016 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.  So the product ( ( 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 1016 J.  Recall that the APE in a ring is only ~8 x  1015 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 necessary condition.  A more convincing argument is provided by the high coherence between the variability of wind curl and LC, as described below.

( LC 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 (1992); 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 only 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.  

( 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, between Cuba and S. America.  The northward Ekman transport in this region is also constrained by the coastal 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 LC Variability and Wind Curl Forcing TC "4.3.4.3  Comparison of LC Variability and Wind Curl Forcing" \f C \l "3" 
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 signals 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 does not happen,” namely the lack of coherence at the annual period.  We offer the following argument which may be plausible, if highly speculative.

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 Ekman 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 associated 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 forcing 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.  

For comparison, the magnitude of the annual cycle of wind curl over Gulf, shown in Figure 4.3-5, has a peak (negative) value 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 essentially 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) * 30] Sv, 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 TC "4.3.5  Discussion and Conclusions" \f C \l "3" 
The arguments presented support the suggestion that the curl of the wind stress is the major contributing factor to the irregular behavior of the northward 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 year, 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.

45

_1014988546.unknown

_1014988545.unknown

