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5.1  Introduction TC "5.1  Introduction" \f C \l "2" 
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 Canyon 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 field 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 TC "5.2
Event Description" \f C \l "2" 
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 5.2-1a-1d. Currents at the 300m depth from all sites are shown in Figures 5.2-2a-2d. 

Period 1: March 21 - May 1, 1997

Satellite derived sea surface temperature (SST) and sea surface height (SSH) 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). 

In the SSH fields this warm streamer is shown as a surface ridge that wrapped around the surface low from the LCFE (Figure 5.2-3b). Contributing to the flow variability during this time was the development of a 100 km scale cyclonic shelf eddy (CSE) that produced a cyclonic flow pattern from mooring lines A-D and resulted in offshore exchange of cool shelf water at line B (Figure 5.2-3a). Currents along the shelf break also appear to have a significant wind influence during this time with alongshore flow events following alongshore wind events and in-phase with coastal sea level changes. Flows deeper than 200m were mostly westward, although variable and there was a positive offshore temperature gradient at depth that further supports the finding of a cold eddy offshore that was responsible for entraining the warm streamer into the array in the upper layer.

Period 2: May 1 - September 9, 1997
Period 2 is characterized by strong eastward flow at shelf break and mid-slope sites and westward flow in the offshore (1500m) and at depths below 200m (Figures 5.2-1a and -2a). Although satellite SST images were not useful during summer SSH fields show the Loop Current merging with the ring from Period 1 and extending northward to about 27.5( N. A trough extends north of the Loop to 28.7( N and a ridge extends north of the trough into the moored array (Figure 5.2-4a). The trough appears to develop from a LCFE and causes the strong westward flow at offshore and deeper sites. The ridge most likely comes from a warm streamer that extends into the array and evolves into an ACE that supports the strong eastward flow in the upper layer at the shelf break and mid-slope. Shipboard hydrographic data of July 8-16, 1997 are consistent with this above description. A tongue of high salinity LC water extends into the DeSoto Canyon region from offshore. Near surface geostrophic currents showed this as an onshore intrusion of LC water (Figure 5.2-4b). A significant eastward jet along the salinity and temperature front at the shelfbreak and westward flowed offshore and at 500m (Figure 5.2-4c). Cross-shelf temperature gradients from the array and shipboard data are mostly negative in the upper layer during this time and indicate a warm intrusion from the south. Persistent eastward winds developed over the period June 14 to August 3 and may also have contributed to the eastward flow in the upper layer of the shelf break.

Period 3: November 1, 1997 – February 4, 1998

Period 3 is associated with persistent eastward flow over most of the array. The eastward flow was stronger and more persistent in the western part of the array where it extended to depths of 300 to 500m at the offshore stations on lines A and B. (Figure 5.2-1b and –2b) At lines C and D the flow was more variable with strong onshore and up-canyon flows during the last half of this period. The eastward flow continued to follow the topography to the south in the eastern part of the array causing southward alongshore flow at mooring E. Shipboard derived geostrophic currents also show the eastward jet during November 11-19, 1997 (Figures 5.2-5a and –5b) to have been stronger in the western part of the array. The jet extended along the slope throughout the array and followed the topography toward the south in the eastern part of the array. The vertical extent of the jet was at least 500m. 

The SSH fields indicate that a large LC ring formed in October just prior to this period (Figure 5.2-5c). A LCFE was present northeast of the ring, with a filament ridge wrapping around the eddy and into the array. By mid-December when strong east flows were widespread, this ridge had spun-up into an ACE over the array, with a cyclonic feature located offshore separating the ACE from the LC ring and the LC (Figure 5.2-6). These features continued while the LC extended northward into the eastern Gulf, eventually reaching 28(N with a trough at its northern extreme that extends into the array. Apparently, the northward intrusion of the LC and trough caused the ACE over the array to move to the west ending the eastward flow event. 

Satellite derived SST patterns in early December clearly show the presence of a warm eastward jet over the array, as well as the LC ring southwest of the Mississippi River delta and the immerging new LC south of the array (Figure 5.2-7). Also shown is a long streamer of slope water that was entrained offshore along the east side of the ring south of the delta. In addition, the SST patterns indicate the presence of 50 km scale cold, cyclonic eddies that developed on the temperature front on the north side of the warm jet. These features can enlarge up to 100 km over time and appear to have been active in shelf/slope exchange judging from their association with offshore streamers or squirts of cold shelf waters. Near the end of the period, SST images clearly show the LC extended near 28(N with a LCFE at the northern extreme and just south of the instrument array (Figure 5.2-8). Also visible in the image is the cold shelf eddy that had enlarged to about 100 km and caused a cyclonic circulation pattern between mooring lines B to D. The ring had moved further to the west increasing the separation from the LC.  A strong LCFE was present southwest of the Tortugas, producing a narrowing of the LC. 

Winter wind forcing patterns apparently contributed to the increased flow variability at the shelf break although many times overshadowed by the eddy-induced flow changes. A particularly strong westward wind event occurred near the end of the period from February 2-4 that caused westward flow through the array coupled to a coastal sea level rise (Figure 5.2-1b).

Period 4: February 4 - July 7, 1998

During Period 4, flow was generally westward throughout the array, except in the upper 30 to 40m along the shelf break where the flow was eastward, although with more variability. SST was especially clear up until early May and shows strong influence of frontal eddies and filaments that extended into the array from a recently separated ring, resulting in the westward flow at the offshore sites (Figure 5.2-9). Considerable offshore exchange is indicated during this time as shown by the presence of elongated offshore squirts of cold shelf water in the vicinity of the array. The young LC showed strong interaction with the southwest Florida shelf near the Tortugas and a Tortugas cyclonic eddy was well-developed south of the western Florida Keys. By mid-April the frontal eddy south of the array was well-developed and a warm streamer wrapped around the eastern side of the eddy and into the array (Figure 5.2-10a). The streamer appears to have caused the westward flow to split 

within the array with up-canyon and eastward flow on C, D and E lines and westward and offshore flow on A and B lines. Similar flow properties were observed for geostrophic currents derived from shipboard data (Figures 5.2-10b and –10c), where westward flow extended to at least 500m in the western part of the array and up-canyon flow was estimated for the eastern part. The young LC was located near 25(N west of the Tortugas.  A band of cold shelf water appears to have been moving southward all along the west Florida shelf and into the inner shelf. The SSH and SST fields for mid-April show similar patterns with a large cyclonic eddy on the northeast side of a newly formed ring and a ridge (streamer) that wrapped around the eddy and into the array (Figure 5.2-11). This pattern continued throughout Period 4.  

Period 5: July 7 - August 29, 1998
Period 5 is characterized by eastward currents in the upper layer at most of the mooring sites, except for C1, which had westward flow (Figure 5.2-1c). At 300m the flow was also eastward until late July when it shifted to be mostly westward (Figure 5.2-2c). SST images are not available for this period, however, the SSH fields indicate that a LCFE was located offshore of the array on the boundary of the previously separated ring. A ridge wrapped around the east side of the LCFE and appears to spin-up into a ACE close to the array (Figure 5.2-12a). Eastward flow that is expected to develop on the north side of the ACE would be consistent with the observed eastward flow pattern in the upper layer, where as at 300m the flow was more influenced by the offshore cyclonic eddy. Shipboard measurements during August 4-12, 1998 further support this interpretation. Geostrophic currents near the surface show a strong eastward jet along the shelfbreak and mid-slope, with a small cyclonic eddy in the nearshore part of the canyon (Figure 5.2-12b). The eastward flow decreased below 300m and was replaced by westward flow over the deeper region of the slope (Figure 5.2-12c). The clockwise circulation within the ACE was also shown by near surface drifter patterns from two drifters launched in early August east of the Mississippi delta and later entrained in the ACE, making several clockwise circuits from August 10-30 (Figure 5.2-12d). This interval is also noted for a time of prolonged eastward winds. However, winds speeds were not strong and did not appear to have a significant influence on observed currents.

Period 6: August 29 - October 29, 1998
Period 6 is noted for its strong wind forcing resulting from two hurricanes that passed over the array. Hurricane Earl moved from west to east through the outer part of the array on September 2 and 3. Hurricane Georges moved from south to north directly over line A on September 27-28. A strong current response was observed at inertial frequencies for the deeper sites and is discussed elsewhere in this report. The subinertial currents were generally westward over most of the array during this period (Figure 5.2-1d and -2d). The two hurricanes are indicated by strong westward flow events during their passage over the array. Surprisingly, little eastward flow occurred. SSH fields indicate that there was a weak ridge over the array with a stronger offshore trough that may have had a controlling influence on the persistent westward flow. Although the winds were also westward, except during the 

second half of Hurricane Georges, which could also have contributed to the westward flow at the shelf break. 

Period 7: October 29, 1998 – January 15, 1999

During Period 7, flow was generally eastward over the upper 300m for most of the array (Figures 5.2-1d and –2d). The shelf break stations displayed more variability than offshore sites.  This pattern may have been partly due to local wind forcing. Satellite SST imagery shows a warm 200 km scale eddy or remnant ring to the south of the array during this time that appears to have been influential in driving the eastward flow (Figure 5.2-13). The SSH and SST fields generally show similar ACE and LC patterns (Figure 5.2-14a). Shipboard derived geostrophic currents between December 1-9, 1998 show the strong eastward currents over the upper 500m of the slope (Figure 5.2-14b and –14c). A satellite tracked near surface drifter, launched near the head of the Desoto Canyon on November 21, was entrained by this warm eddy in mid-December off the middle of the west Florida shelf (Figure 5.2-14d). The drifter was carried around the eddy in a clockwise direction over the next several weeks and then moved back to the north into the eastern region of the array. This northward intrusion into the array appears to have been assisted with a warm streamer that extended into the array from a frontal eddy moving around the remnant ring. In March, the drifter moved back onshore close to the region where it was originally launched. A strong negative cross-shelf temperature gradient occured over the array with considerable small-scale structure indicating water mass interaction and cross-shelf exchange. The LC had begun to reform and extended northward to about 26.3(N just south of the warm eddy.   

Period 8: January 15 – March 15, 1999

Period 8 was a somewhat confusing interval with variable flows over the array. At mooring A3, currents were eastward over the upper 500m for the whole period, whereas at the shelf break and mid-slope, the flow was more often toward the west although with occasional eastward flow (Figures 5.2-1d and –2d). Fortunately, there were many days with clear SST images during the period that helps explain the observed variability. Apparently, the warm eddy, mentioned above, continued to influence currents in the array and caused the persistent flow at A3 (Figure 5.2-15). A series of small (50-60 km) cyclonic eddies developed on the shoreward thermal front of the warm intrusion causing flow variability within the array. The LC extended north to about 26.7(N in late January, with a large frontal eddy centered near 26(N on its eastern border, trailing a filament into the region of the warm eddy.  This pattern continued for most of February.  By the end of February and early March the warm eddy moved to the southwest away from the array and caused strong offshore flow to the southeast at A3 (Figure 5.2-16a). Shipboard estimates of geostrophic currents for March 28 – April 5, 1999 also show generally offshore flow near the surface in the western half of the array with a cyclonic shelf eddy in the DeSoto Canyon that caused up-canyon flow (Figure 5.2-16b). Geostrophic currents at 300 and 500m depths were weaker and toward the west (Figure 5.2-16c). The LC extended to about 27(N at this time and apparently forced the 

warm eddy near the array to move westward to allow for further growth. Frontal eddies and streamers are obvious around the perimeter of the LC. A large frontal eddy was southwest of the Tortugas, appears to have had a role in the narrowing of the LC neck, which can be a forerunner of ring separation. Similar patterns of eddy structures and LC extension are shown by the SSH fields (Figures 5.2-17 and –18).

5.3
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5.3.1
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Flow in the eastern Gulf of Mexico and southern Straits of Florida (SSF) is constrained by the configuration of the two broad shallow shelves, the Campeche Bank and the west Florida shelf (Figure 5.3-1). The Campeche Bank extends approximately 280 km north of the Yucatan Peninsula, bounding the flow entering the Gulf of Mexico through the Yucatan Channel. Likewise, the west Florida shelf steers the flow along the west coast of Florida. Both shelves are clearly marked by steep escarpments on their seaward edge, plunging to depths beyond 3000m in the central Gulf of Mexico.  Sill depths in the Yucatan Channel, the channel connecting the Caribbean with the Gulf of Mexico, reach approximately 2000 m. The SSF is bounded on the north by the Florida Keys and on the south by the coast of Cuba. The width of the SSF decreases from 150 km at the western entrance to approximately 85 km near Cay Sal Bank, while water depths decrease from 2000 m at the western entrance to 800 m in the east. 

Circulation in the eastern Gulf of Mexico is dominated by the LC, a portion of the Gulf Stream system that closes the subtropical gyre in the north Atlantic. Warm water flows from the Caribbean through the Yucatan Channel, where it is called the Yucatan Current, “loops” anticyclonically through the northeastern Gulf of Mexico, and exits through the SSF, where it becomes the Florida Current (FC). The LC penetrates into the northeastern Gulf of Mexico to varying degrees throughout the year, and occasionally an anticyclonic ring will separate from the LC [Leipper, 1970; Maul, 1977; Muller-Karger et al., 1991; Sturges, 1992; Sturges and Leben, 2000]. Typically, ring separation causes an abrupt southward retreat of the northern LC boundary and, consequently, the establishment of more direct flow between the Yucatan Channel and the SSF [Leipper, 1970; Ichiye et al.,1973; Hurlburt and Thompson,1980; Muller-Karger et al., 1991, see also Chapter 4 of this report].  After a ring separates, the LC may take several months to reestablish its anticyclonic circulation in the northeastern Gulf of Mexico.  However, occasionally, anticyclonic rings with diameters less than 250 km separate from the LC and do not produce a significant change in the northern position of the LC boundary [Vukovich, 1995]. In this scenario the current still penetrates into the northeastern Gulf of Mexico, even after the ring has separated. The northward penetration of the LC has significant variability with a mean period around 12 months [Sturges and Leben, 2000]. 

Early observational programs in the Gulf of Mexico were primarily focused on quantifying the cycle of northward penetration and anticyclonic ring shedding by the LC. However, observations revealed a 

wide range of smaller-scale features that were related to the large-scale processes.  For instance, Leipper [1970] investigated current patterns in the northeastern Gulf of Mexico and found meanders and eddies located along the northern and eastern edges of the LC. This led to the first evidence that anticyclonic ring shedding may be preceded by the westward propagation of cyclonic eddies across the Yucatan Channel [Cochrane, 1972]. Several investigators have presented hydrographic data showing a closed cyclonic feature near the Dry Tortugas, which occasionally appears during ring separation of a LC ring [Nowlin and McLellan, 1967; Molinari, 1977]. The dynamic height maps of Ichiye et al. [1973] in the northeastern Gulf show evidence of cyclonic eddies embedded in the edge of the LC just north of the Campeche Bank. No mention of the eddies is made by the authors, but they appear to have diameters of approximately 50-100 km. 

Curiously, although the Gulf of Mexico and SSF are geographically and dynamically connected by the LC, previous studies concerning the mesoscale variability associated with each have remained independent. The most comprehensive studies of LC frontal eddies (LCFE’s) and perturbations took place in the late 1970s to early 1980s with the studies of Maul [1977], Vukovich et al. [1979], Paluszkiewicz et al. [1983], and Vukovich and Maul [1985]. Vukovich and Maul [1985], combining more than 10 years of satellite infrared data and several years of coincident hydrographic measurements, identified large cold perturbations on the northern extreme of the LC that moved southward along the LC boundary, adjacent to the west Florida shelf. These meanders eventually grew into stationary meanders with closed cyclonic streamlines and cold cores near the Dry Tortugas. Upon reaching the SSF, they were observed in one of two possible configurations: A large southwestward oriented protrusion of cold water near the Dry Tortugas [e.g., Maul et al., 1984] or a cold tongue, bounded to the west by the southward flowing LC and to the east by a ridge of warm water extending over the west Florida shelf to as far north as 26(N [cf. Vukovich and Maul, 1985, Figure 2a]. The cold tongue and the cold meander events observed by  Vukovich et al. [1979], Maul et al. [1984], and Vukovich and Maul [1985] always displayed the signatures of closed cyclonic circulation.  Geostrophic estimates of velocities within the LCFE exceeded 100 cm/s on the LC side of the features where horizontal density gradients were maximized, while velocities reached 20 cm/s over the west Florida shelf. Diameters varied from 80 to 120 km, and subsurface signatures extended to 1000m [Vukovich and Maul, 1985]. Surprisingly, in 10 years of observations, the features were never observed moving into the SSF. Once the perturbations reached the Dry Tortugas, they either dissipated or grew westward across the width of the LC. Vukovich and Maul [1985] postulated that dissipation of LCFE may involve kinetic energy transfer to the mean flow, similar to the behavior of spin-off eddies described by Lee [1975] in the northern Straits of Florida. The lack of prior observations of such propagations may be an artifact due to aliasing of an imperfect sea surface temperature time series derived from early satellite images.

In a subsequent study, Vukovich [1988a] used a wave-staff technique on 5 years of infrared satellite data to quantify the boundary variations associated with the LCFE. Perturbations along the northward flowing limb of the LC were 20-30 km near 25(N and grew to 90 km near 27(N, suggesting that perturbations generated at or entering through the Yucatan Channel grow as they propagate toward the northern section of the LC. The eddies observed by Maul et al. [1974] and Maul [1977], proposed to be generated by shear instabilities, and by Cochrane [1972], proposed to be a result of topographic vortex generation, were all of the order of 10-20 km. Two-layer model experiments generated cyclonic eddies downstream of the Yucatan Channel, east of the Campeche Bank [Hurlburt, 1986]. The model eddies were generated by baroclinic instabilities in the vicinity of the steep topography of Campeche Bank [Hurlburt, 1986]. 

To summarize, cyclonic eddies are common along the outer LC boundary, and observations have suggested that they may be important in the LC anticyclonic ring-shedding process. Model studies and observations suggest that these LCFE’s form along the northward flowing branch of the LC and grow in an unstable manner as they propagate downstream along the frontal boundary. Recent studies (Fratantoni et al., 1998) have shown that these eddies can continue around the Loop Current and enter the SSF where they have been termed Tortugas eddies (Lee et al., 1995). Fratantoni et al. (1998) used AVHRR imagery to show that Tortugas eddies are LCFE’s that become nearly stationary off the Dry Tortugas. Fratantoni also identified two modes of interaction of LCFE’s with the Tortugas eddies: mode-1, a southward advancing LCFE forces the Tortugas eddy downstream into the Straits of Florida; and mode-2 the LCFE takes part in a ring separation without interaction with the Tortugas eddy which results in stationary Tortugas eddies for periods up to 140 days.

5.3.2  Influence of Loop Current Frontal Eddies on the Study Area TC "5.3.2  Influence of Loop Current Frontal Eddies on the Study Area" \f C \l "3" 
Due to their large spatial scales and rapid evolution LCFE are best observed with synoptic, satellite derived SST images. A good example is shown in Figure 5.2-8 for February 5, 1998. At that time there were three well-developed LCFE’s visible in the image: one at the northern extreme of the Loop Current just south of the array; another at the northwest corner of the Loop; and a third over the outer part of the Campeche Bank. These eddies are identified by the warm streamers of LC water that wrapped cyclonically around and into their cold cores. There was also a fourth LCFE on the eastern side of the LC, somewhat hidden by the clouds, and a fifth LCFE southwest of the Tortugas that is participating in the narrowing of the LC neck that can be a forerunner of ring separation. As mentioned in the previous section, SSH fields are also useful in identifying LCFE and their filament structures. Typically, a LCFE will appear as a closed low near the boundary of the LC high. Comparison of LCFE signatures in same day SST and SSH fields show generally good agreement in location and size of features (Figures 5.2-6, -7, -10 and –11 are good examples). The warm filaments are generally shown as ridges wrapping around the closed lows. 

Investigation of the evolution of LCFE from a succession of SST images, SSH fields and movies of the same, shows that these features travel around the LC at speeds of 2 to 24 km/d. It generally takes several months for a LCFE to travel completely around the LC from the Yucatan Channel to the southern Straits of Florida.  However, the features can shear apart before they accomplish the complete circuit around the LC. LCFE’s are commonly observed to form along the outer edge of the Campeche Bank as the Yucatan Current enters the eastern Gulf of Mexico and perturbations of the flow are no longer constrained by topography.  It is also possible for LCFE to form anywhere along the LC frontal zone.  After formation they go through a rapid growth stage along the western and northern frontal boundaries of the LC reaching dimensions of 100 to 300 km in about one month.  The decay stage of LCFE is indicated by the elongation of the warm streamers that trail in their wake. This often occurs along the eastern side of the LC where the LCFE’s merge onto the steep escarpment of the west Florida shelf. Interestingly, the warm filaments trailing the LCFE’s as they move off to the south are often observed to extend into the DeSoto Canyon moored array area. 

Available SST and SSH imagery for the study area indicate that there were at least 12 LCFE’s in the vicinity of the moored array during the study period, 11 of which either directly or indirectly influenced the observed flow and temperature variability. Table 5.3-1 summarizes the relevant information pertaining to each eddy as estimated from the evolution of SST and SSH fields. During the warm summer months (June - September) only SSH data were used due to the absence of surface thermal gradients.  A more detailed description of these LCFE is provided in Appendix A.

Table 5.3-1.  Characteristics of Loop Current frontal eddies (LCFE) that influence the study area as determined from satellite derived SST and SSH fields.

LCFE
Period Observed
Eddy Duration (Months)
Period of Influence on Study Area
Estimated Max. Size

E-W x N-S

(km)
Estimated Translation Speed (km/d)

1
1/1-8/15/97
3.8
3/21-7/14/97
300 x 200
5

2
7/1-10/15/97
1.8
7/14-9/9/97
270 x 140
4

3
8/10/97-1/15/98
5
9/9-12/15/97
110 x 75
12

4
12/6/97-2/10/98
2
12/19/97-2/1/98
140 x 60
17

5
1/11-2/25/98
1.5
2/5-2/18/98
130 x 75
17

6
1/16-3/25/98
2.3
3/1-3/24/98
280 x 140
20

7
2/5-3/14/98
1.3
No Influence Detected
110 x 55
24

8
3/4-6/1/98
2.9
3/16-5/1/98
300 x 245
2.4

9
3/23-6/15/98
2.8
5/1-6/24/98
110 x 110
10-16

10
7/1/98-2/1/99
8
7/7-9/1/98
200 x 200
Stationary

11
1/7-3/2/99
1.8
1/6-2/8/99
150 x 110
10

12
2/15-4/30/99
2.5
2/20-3/10/99
110 x 110
9
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Data from hydrographic surveys during this project provide a basis for computing several high resolution snapshots of the upper layer circulation in the study area.  Patterns observed during these cruises are similar to mean circulations obtained from the moored instrumentation during a number of different periods (1 to 3 months long) of sustained flows as discussed in Section 5.4.4.  Thus, the geostrophic flows, derived from the CTD surveys, reveal some of the details of the eddy field over the Northeastern Gulf of Mexico slope.  Figure 5.4-1 and 5.4-2 show the near surface and 500m level geostrophic flows (relative to 1000 m) for each of the seven surveys.  These geostrophic velocities compare well with the 5-day averaged, 40-HLP currents from the moorings, centered on the cruise periods, that are overlaid on the maps.  The near-surface velocity maps show complex eddy circulations with diameters of order the width of the slope ((50 to 100 km). Smaller scale features may have been present on the upper slope and at the head of the canyon.  

Five of the seven maps (Figures 5.4-1a,b,c,e & f) show predominantly eastward flows along the upper slope, south of Mobile Bay, apparently driven by the circulation features located offshore of the area.  These eastward jet-like flows had differing configurations depending on the sense of rotation of circulation patterns further south.  In March 1997 (Figure 5.4-1a), the eastward flow, south of Mobile, diverged from the shelf break to bypass the head of Desoto Canyon.  A weak cyclone-anticyclone pair of small eddies occupied the canyon.  A SST image for March 24, 1997 shows a streamer of cold shelf water that moved southeast along the northern edge of the jet as it turned away from the shelf break.  The image shows two moderately-sized warm eddies centered at 28(N, 88.7(W (LC ring D - for (Deviant() and 28(N, 87(W, respectively.  The survey documented the northern part of this latter circulation.  The northern front of the LC was south of 26(N at that time.  Similar circulations occurred during the November 1997 and August 1998 surveys (Figure 5.4-1c & e).  In the former, the eastward flow turned sharply to the south at approximately 87(W.  In the latter, the flow was driven by a vigorous anticyclone to the south, and the canyon circulation was cyclonic.  According to the map of SSH, an elongated warm anomaly formed parallel to the west Florida escarpment in the wake of the detachment of ring F ((Fourchon( ~400 km diameter) from the LC in April 1998. This anomaly remained for most of the year and was probably a direct contributor to the strong anticyclonic flows observed in the August survey (see Sections 4.2.2 and 5.2).

The remaining two surveys that show eastward flows (Figures 5.4-1b & f) are similar in that the jet-like flow roughly followed the shelf break around to the eastern side of the canyon and, cyclonic flows were present over the deep water south of Mobile Bay.  In July 1997, the cyclone and anticyclone on the west Florida slope appears to have generated strong flows toward the shelf break that enhanced flow around the head of the canyon.  In December, however, the interaction of the deep water cyclone and a weaker west Florida slope anticyclone (Figure 5.4-1f) did not generate onshore flow that could transport warm salty water to the outer shelf.

The map from March 1998 (Figure 5.4-1d) shows flow to the west that is driven by a compact and vigorous slope cyclone in the center of the study area. There was another region of cyclonic flow to the west that appears in the altimetry as a cold frontal eddy on the northern periphery of ring F.  Ring F was in the process of detaching from the LC.  In the SST image for April 4 (16h CST) the two cyclones can be identified clearly.  There was also an anticyclone over the west Florida slope that interacted with the cyclone to the west to promote onshore flow toward mooring C1.  The March 1999 survey, however, shows a situation with weak, confused flows consisting of small scale cyclones and anticyclones along the upper slope on both sides of the canyon (Figure 5.4-1g).

The 500m geostrophic velocity maps (Figure 5.4-2) do not always have the currents flowing in the same direction as in the upper layer.  A westward current in opposition to surface eastward flows was observed close to the Alabama slope (Figures 5.4-2a,c & e).  In deeper water, the 500m level flows were often in the same direction as the surface flows.  Examples are the westward cyclonic flows in March and July 1997, and March 1999 (Figures 5.4-2a, b & g).  In other cases, the circulation at depth was similar to the near-surface flows across the slope.  The two vigorous cyclones were observed at both levels in March 1998 (Figures 5.4-1d and 5.4-2d).  The opposite case is found in December 1998 (Figures 5.4-1f and 5.4-2f) where slope flow to the east occurred at both levels.  The 500m flows, however, turned south along the west Florida escarpment at a more westerly position than the near-surface jet.  An important feature of all these 500m depth velocity maps is the presence of eddy motions with smaller length scales than at the surface.  It is also noteworthy that the smaller scale eddies that were present at both depths, such as the canyon anticyclones in Figures 5.4-1a & b and 5.4-2a & b, had their centers displaced towards deeper water at the lower level.  This was presumably the influence of the slope topography on the eddy circulations.  The tilting of the vertical axis of peripheral eddies has been observed on the LATEX slope and attributed to the interaction of the smaller eddy with the larger (Berger et al., 1996; Hamilton et al., 2000).

Perhaps the clearest picture of the generation of a westward slope countercurrent at depth are shown in maps for August 1998 (Figures 5.4-1e and 5.4-2e).  The anticyclonic flow over the canyon was observed at both depths.  At the surface, the flow turned south.  At depth, the flow was blocked by the eastern side of the canyon and turned north and joined a cyclonic circulation which then fed a countercurrent along the slope.  The westward flowing countercurrent seems to have become entrained into the anticyclone south of the Mississippi Delta that was observed in the southwest corner of the study area.  A similar circulation pattern was also observed in March 1997 (Figures 5.4-1a and 5.4-2a)

The depth dependence of the slope flow patterns is illustrated in Figure 5.4-3 where the geostrophic velocity component parallel to the isobaths is contoured for section B.  This section, due south of Mobile Bay, often crossed the jet-like flows, discussed above, and extended into offshore waters deeper than 2000m.  Observations from March 1997 and 

August 1998 (Figures 5.4-3a & e) most clearly show the surface jet and the slope counter current below 200 to 300m.  The core of the westward flow was at a depth of about 300 and 400m and had a vertical extent of 500 to 600m for March 1997 and August 1998, respectively.  Further offshore the observed eastward flow had a subsurface maximum at a depth similar to the maximum westward flow, that was part of the deeper cyclonic flow discussed above.  The last survey in April 1999 (Figure 5.4-3g) documented a weak two-layer structure with the westward current maximum at the shallow depth of 200m.  Similarly, a two-layer structure is suggested for November 1997 by the mean, westward current velocity vectors at 500m in Figure 5.4-2c that occurred close to the slope but were missed by the geostrophic calculations (Figure 5.4-3c).  

In contrast, the purely cyclonic and anticyclonic cases (Figures 5.4-3d & f, respectively) showed no reversals with depth.  The velocity maximum, over the upper slope, was near-surface and eastward for the anticyclone, and subsurface, at about 100m, and westward for the cyclone as expected for these type of eddies.  The July 1997 section (Figure 5.4-3b) seems similar, showing eastward and westward flows over the slope.  However, the eastward upper slope jet was separate from the westward flow offshore.  The latter resulted from the northern part of an offshore cyclonic eddy as Figure 5.4-1b makes clear.   

The description of the geostrophic flows indicates that an eastward near-surface, jet-like flow often occurred along the upper slope offshore of Mississippi and Alabama.  Further east on the slope this flow took various paths, including following the canyon rim, depending on the configuration of the eddies.  This jet-like flow was sometimes accompanied by a westward countercurrent at depth.  The depth of the countercurrent seems to have varied with different circulation patterns.  However, it generally coincided with the occurrence of a small-scale cyclonic circulation at depth over the west Florida escarpment.  The upper slope jet was often opposed by westward flows over deep water that were caused by cyclonic eddies related to the LC or LC ring fronts (see Section 5.2).  In other situations, the circulation was dominated by one or more cyclones or anticyclones that occupied the slope.  In these cases the direction of flow at the shelf break was controlled by these eddies.

Consequences of these circulation patterns included the transport of low salinity water from the shelf to the slope, and the transport of warm, salty offshore water toward the shelf break.  Figure 5.4-4a shows the near-surface salinity for July 1997.  The eastward shelf break flow (Figure 5.4-1b), assisted by eastward flow on the shelf that was driven by the prevailing westerly winds, distributed brackish water from the Mississippi delta along the canyon rim.  This could be an important mechanism by which nutrient-laden, river-derived water was input to the shelf on the east side of the canyon.  There are no major river discharges into the shelf on the east side of the DeSoto Canyon.  The northward flow between the two counter rotating eddies (Figure 5.4-1b) caused a warm salty intrusion to approach the shelf break.

The eastward flow that prevailed along the shelf break in the western portion the study area, and the occurrence of small scale anticyclones around the head of the canyon, caused isotherms to be upwelled over the upper slope.  Figure 5.4-4b shows contours of the temperature at 100m for the March 1997 survey.  Figure 5.4-1a gives the surface velocity vectors.  Cooler water was present on the northern edge of the eastward current that, in this case, bypassed the canyon head.  However, the small anticyclone in the canyon also raised the isotherms to produce water colder than 18(C.  
5.4.2  Long Period Events TC "5.4.2  Long Period Events" \f C \l "2" 
Snapshots of the slope circulation raise questions on the persistence of various flow patterns and their frequency of occurrence.  This section examines the moored data in order to derive some characteristic time scales and select appropriate periods for the calculation of useful mean flow patterns.  The emphasis is on flows that have some degree of persistence over periods of a few months with higher frequency motions being discussed in later sections.  

The middle slope (500m) moorings were the most heavily instrumented and allow both the temperature and velocity structure to be documented for the upper 300m of the water column.  Figure 5.4-5 shows the 7-day low pass (DLP) temperature and velocity profiles at C2 over the entire two years of the study.  The records from the 500m moorings at C2 are similar to the data from the other three 500m moorings.  During the study, three periods appear to have had sustained flows to the east or west, or both at different depths.  The isotherms at different depths had similar displacements indicating that the whole of the upper water column warmed and cooled in response to the advection of the barotropic flows.  A small amount of seasonal warming and cooling was evident at the 62m level.  It is noted that the first year of the study (March 1987 – March 1998) was cooler than the second year when the mean depth of the 15(C isotherm was about 50m deeper.  The difference in the flows is that eastward, upper layer currents predominated in the first year whereas more sustained episodes of westward flow occurred in the second year.  Generally, eastward and westward flow events raised and lowered the 15(C isotherm, respectively.  Presumably, the cyclonic flow episodes were effective in advecting warmer water from the deep eastern basin to the northeastern slope.  

As shown in Figure 5.4-5 the first period of sustained flows occurred in the summer of 1997 (S97 in Figure 5.4-5) with eastward flow above 200m and weaker westward currents at depth.  The July 1997 survey occurred in the middle of this period (Figures 5.4-1b and 5.4-2b) and documented westward flow further offshore resulting from the northern edge of a cyclone.  The means and standard deviations (plotted as ellipses) are given for this period in Figure 5.4-6.  The 15m and 70m levels show eastward flow following the trend of the upper slope isobaths with westward flow further offshore.  The mean currents at A3, B3 and C3 indicate that some of this westward flow was being entrained into the upper slope jet.  At depths of 200, 300 and 500m the flow was westward with the 300m level giving the maximum mean currents of ~10 cm/s.  The 500m mean flows (Figure 5.4-6c) should be compared with Figures 5.4-2a,

b & e.  Though in general the means were comparable to the standard deviations it is noteworthy that the cross-slope variances were a substantial fraction of the along-isobath variances, particularly offshore and in the canyon.  The fluctuation kinetic energy, which is proportional to the area of the ellipses, showed no marked variation across the array at any given depth level.  However, there was a strong decrease with increasing depth.  This representative mean flow pattern had an upper slope eastward jet opposed by reverse flows below 200m and westward flow over the lower slope caused by a cyclone.  It occurred at other times in the array such as December 1997 to January 1998, and July 1998 (Figure 5.4-5) and was related to the occurrence of LCFE being present in the region to the south between 28(N and 29(N (see Section 5.2).
Between February 1 and April 30, 1998, an interval denoted by C in Figure 5.4-5, flow was westward at all depths with speeds at 300m equaling or slightly exceeding those at the surface.  The early April 1998 survey showed a vigorous cyclone over the western part of the canyon (Figure 5.4-1d).  Velocities, and also temperatures, had energetic short time-scale (~10 to 20 days) fluctuations that rarely reversed the direction of the prevailing westward currents (Figure 5.4-5).  Similar periods with all flows at C2 toward the west included August and September 1998 and February and March 1999.  The short period fluctuations in the latter interval were not as energetic as during interval C.  

The mean and standard deviation ellipses, for the standard depth levels, are given in Figure 5.4-7.  Mean flows at 16m and 40m below the surface were toward the west with a magnitude of approximately about 10 cm/s over the Alabama slope and an anticyclonic circulation over the head of the canyon.  The smallest westward velocities were at the shelf break.  The standard deviation ellipses, in the upper 100m, show that the kinetic energy increased from the shelf break toward deeper water.  The energy levels were also greater in the western part of the array than for the summer 1997 interval (compare Figures 5.4-6a and 5.4-7a).  In the canyon, upper layer mean flows were northward.  At the 16m level, flow turned east, with some returning to the offshore at E1.  At 70m, the flow turned westward towards Pensacola.  Thus, cyclonic flows in deep water can generated onshore velocities along the axis of the canyon (transect D).  At 200m and 300m, the westward means exceeded 25 cm/s in the center of the slope (B2) and approached 10 cm/s at 500m depths.  This period is characterized by a rapid succession of cyclonic frontal eddies propagating around a well extended LC or ring F which at this time was in the process of forming and detaching from the LC (see Section 5.2).  This explains the predominance of cyclonic flow and the presence of short period fluctuations during the February to April 1998 interval.  The intrusion of LCFE onto the slope during this period caused the steady deepening of the 15(C isotherm at mid-slope locations (Figure 5.4-5).

The last interval, (interval A in Figure 5.4-5), was also characterized by along slope flows toward the east.  The difference from the S97 period is that flows decreased little with depth and no undercurrent was present.  Observations from the December 1998 survey (Figures 5.4-1f and 5.4-2f) show an anticyclonic circulation extending vertically through the water column over the central part of the canyon.  The mean velocities and standard deviation ellipses for this period are plotted in Figure 5.4-8.  The mean velocities in the upper 100m were eastward with northward inflow occurring on the western edge.  The main current bypassed the head of the canyon but a subsidiary loop maintained the anticyclonic flow along the rim.  

A similar situation is illustrated by the geostrophic currents in Figure 5.4-1f.  At the 70m level, there is a suggestion that the canyon subsidiary loop may have become a cyclonic recirculation eddy.  This again induces northward currents at D9 and D1.  Unlike the cyclonic flow case, the sources for these onshore flows is the Alabama slope rather than deep eastern basin water.  Eddy kinetic energy was again relatively uniform across the array, but the energy levels were less than for the S97 interval.  At 200m and 300m depths, the means were eastward but, at B2, they exceeded the means in the upper 100m. At 500m (Figure 5.4-8d), however, a narrow region of westward flow existed next to the slope.  The eastward mean flow over the 1200m isobath appears to have been blocked by the west Florida slope and was partly returned to the west via a cyclonic circulation in the canyon.  Thus, the circulation was similar to, but less energetic than that occurring during the S97 interval, except that there was no cyclonic circulation offshore and the undercurrent was restricted to a narrow region close to the bottom at the 500m isobath.  The anticyclonic circulation implies uplifted isotherms on the outer edges of the eddy.  The water at 200m rapidly cooled during this event (Figure 5.4-5).  This particular anticyclone was not directly associated with the LC.  SSH and SST images show the LC mostly south of 25(N at this time.   Examination of the time series at C2 (Figure 5.4-5) shows a few similar periods in the record but they were of short duration.  Similar events include the latter halves of May and August 1997.

Analysis of these three mean circulation patterns show that the eddy circulations derived from the geostrophic currents may have been persistent for periods on the  order of months.  The large-scale features, such as the upper slope jet and its deep counter current, occurred in more than one survey. They have been shown to be general features of the northeast Gulf slope circulation.  Forcing for these flows seems to depend on the presence of eddies over the lower slope.  These deep water eddies may sometimes be related to LCFE, however, even when the LC was not present in the northeast Gulf, similar eddies were still present.  For example, in the last nine months of the field observations, the LC front did not extend north of 26(N and Ring F was west of the delta.  However, cyclonic and anticyclonic flow regimes were still observed over the northeast Gulf slope.  These eddies may sometimes be still related to peripheral circulations of a major LC ring even after it has moved out of the eastern basin.

5.4.3  Two-Year Statistic Properties TC "5.2.3  Two-Year Statistical Properties" \f C \l "2" 
After the analysis of means and standard deviations for specific kinds of flow episodes, it is useful to present statistics for the complete two-year study period.  Figure 5.4-9 gives the means and standard deviations for the currents at various depths.  The standard deviations greatly exceeded the means at all depth.  Unlike the episode statistics, however, the two-year records contained both eastward and westward flow events.  The means were quite robust, and subdividing the record into two separate 12-month periods produced very similar statistics.  Upper layer means were eastward and tended to follow the isobaths at the surface.  At 70m, the eastward flow was a little weaker and had an indication of a residual cyclonic circulation over the head of the canyon.  There was a similar splitting of upper and lower layers at D1 into eastward means that occurred in Figure 5.4-8 during the anticyclonic flow period.  Mean flows at 70m along transect D were directed northward across isobath.  Therefore, it seems that both cyclonic and anticyclonic episodes contribute to the upper layer, northward mean velocities along transect D in the canyon.  Mean flows at D9 had a up-slope component above about 120m.  At 200m and below, the flow was all to the west with slightly larger magnitudes at the 500m isobath than at the 1300m isobath.  Therefore, the counter current at depth was a distinct feature of the mean slope circulation.  

The anticyclonic and cyclonic nature of the upper and lower layer flows, respectively, are also reflected in the two-year mean temperature fields at 90m and 500m (Figure 5.4-10).  The 90m temperatures had a strong cross-slope gradient with the warmest water on the offshore side of the Alabama slope.  The water at the head of the canyon was more than 2(C colder.  Thus, persistent anticyclonic flows caused upwelling at the head of the canyon to a greater degree than elsewhere along the shelf break.  At 500m, the mean, cross-slope temperature gradient, though small, had the opposite sign consistent with the westward flows found in the lower layer.  The mean anticyclonic, upper layer circulation over the slope was consistent with the SSH data.  A two-year mean SSH anomaly for the study period is given in Figure 5.4-11.  A positive anomaly was found over the slope and separated from the mean LC by a negative anomaly.  The latter resulted from the frequent passage of LC frontal eddies (see Section 5.2). These cyclones were an important forcing to, as well as a direct influence on, the slope circulation.

5.4.4  Long Period Variability TC "5.4.4  Long Period Variability" \f C \l "2" 
Spectra were calculated for the two-year long velocity records.  Examples of the kinetic energy spectra are given for the 40m level in the upper water column (Figure 5.4-12a, b & c), and 200m and deeper (Figure 5.4-12c, d & e).  The spectra are in variance preserving form such that equal areas under the curve have equal contributions to the total kinetic energy.  Attention is restricted to periodicities longer than 15 days (0.065 cpd).  Higher frequency motions are discussed in the context of seasonal variability in Section 6 of this report.

These spectra have prominent peaks that do not always appear at the same frequencies.  This seems to be caused by movement of eddies on the slope.  Moorings near the edge and center of eddy circulations have different spectra with the former having more energy at higher frequencies.  Even so, three frequency bands were chosen so that they spanned the major spectral peaks for the majority of the records.  These are 0-0.02 (724-50 day period), 0.02-0.043 (50-24 days), 0.43-0.65 (24-15 days) cpd.  The boundaries of these bands are marked on Figure 5.4-12.  

In the lowest band (0-0.022 cpd), energetic motions were found between ~70 and 100 days at the mid-and offshore moorings at and above 300m.  The shelf-break and deep slope (500m) velocities had less energy in this band.  The B2 mooring had the most energetic fluctuations and energy decreased in both along slope directions.  The canyon region had less energy than over the Alabama slope.  These motions, with periods longer than 45 days, corresponded to some of the major events discussed in the previous sections.  The two higher frequency bands had prominent peaks at 200m and below.  At the upper levels, motions at 25 to 35 days and 16 to 20 days were not as prevalent and organized as at depth (compare Figure 5.4-12a & b with 5.4-12 d & e).

EOF analysis was performed for the three, equal-width frequency bands using all available velocity records (both U and V-components) that spanned the two-years of measurements.  Three levels (16, 40 and 68m) were used from the 300 kHz ADCP's (all moorings except D9), and four levels (37, 72, 98 and 168m) from the 150 kHz ADCP on D9.  Analysis using all the levels of individual ADCP's has shown a high degree of coherence between levels.  The various levels at C2 are seen to have been visually coherent in Figure 5.4-5.  This analysis showed that the two higher frequency bands had very similar patterns and therefore they were combined in order to increase the significance of the modes.  The EOF analysis presented here is for the two frequency bands 0-0.02 and 0.02-0.065 cpd, respectively. The eigenvector components were multiplied by the square root of the eigenvalue to give amplitudes in velocity units (cm/s).  The significant modes and their eigenvalues are summarized in Table 5.4-1.  Error estimates for the eigenvalues were determined from the number of degrees-of-freedom in each band and the requirement that the eigenvalues not overlap, and thus, be considered distinct (North et al. 1982).  Under this strict criteria modes 2 and higher, and modes 3 and higher are not significant for the lower and higher frequency bands, respectively.

For 50- to 15-day period (0.02-0.065 cpd) motions, more than half the variance was not accounted for by the two significant modes.  This implies that a majority of the energy was contained in small-scale motions that were not coherent across the array.  At longer periods, the first mode dominated and accounted for slightly more than half the observed variance.  The structure of the modes was examined by decomposing the amplitude and phases of the U and V components at each position into vector hodographs.  Essentially, these EOF hodographs use the same formulation as tidal current ellipses (Foreman 1979) where the phase is relative to the major axis.  The ellipses represent coherent current fluctuations at the central period of the band about the two-year mean flow.  

Table 5.4-1  Frequency domain EOF analysis of two-year velocity records.

Center Frequency:   0.01036 Bandwidth =   0.01934 cpd

No.
Eigenvalue

(cm2/s2)
Percent of Total Variance
Cumulative Percent
Error

1
487.2
57.7
57.7
130.2

2
128.1
15.2
72.9
34.2

3
80.3
9.5
82.4
21.5

4
57.6
6.8
89.2
15.4

Center Frequency:   0.04282 Bandwidth =   0.04558 cpd

No.
Eigenvalue
Percent of Total Variance
Cumulative Percent
Error

1
41.32
27.6
27.6
7.19

2
23.24
15.5
43.1
4.05

3
17.31
11.6
54.6
3.01

4
14.22
9.5
64.1
2.48

5
10.06
6.7
70.8
1.75

Figure 5.4-13 shows the EOF ellipses at selected upper and lower layer depths for mode 1 of the lower frequency band.  The fluctuations did not have a great deal of variability with depth.  For this first mode, the fluctuations followed the trend of the isobaths and were most energetic along the Alabama slope.  These fluctuations had little or no influence on the canyon and shelf break moorings C1, D1, D9 and E1 and thus represent large scale, low-frequency (~100-day period) eastward and westward flows along the slope.  Phase changes from east to west were small but show some interesting features.  Along the 500m isobath, the east side led the west at both the 40m and deeper depths, but for the 1300m moorings the west had a small lead or was nearly in-phase with the east.  This implies offshore and westward propagation of phase which in turn suggests propagating topographic waves (Hogg 1981).  Unlike topographic Rossby waves, these propagating topographic wave motions have the largest amplitudes near the surface.

A similar EOF analysis using the same 0-0.02 cpd frequency band was performed for all the temperature records at 90m.  The mode structure was similar to that given in Table 5.4-1 with the first mode accounting for 63.6% of the total normalized variance.  The amplitude and phase of mode 1 of the 90m temperatures are given in Figure 5.4-14.  The amplitudes of the fluctuations were quite uniform with the maxima on the western rim of the canyon and the offshore side of the Alabama slope.  Again, the phase changes indicate offshore and westward propagation of the coherent signals.  A least squares fit of wave numbers to the array of phases obtained from the velocity and temperature modes (Hamilton 1984) are given in Table 5.4-2.  Estimates of wavelengths range from 250 to 600 km with the wave vector directed approximately due south.  This 

is consistent with the energy of planetary waves propagating westward along the slope.  This could be an indication that the slope acted as a topographic waveguide for long period (~100 day) disturbances.  The time and length scales are appropriate to LC or LC ring induced motions.

Table 5.4-2  Wave numbers from EOF Mode 1 phases for 724 to 50-day period fluctuations

Variables
East Wave Number, k,

(km-1)
North Wave Number, l
(km-1)
Wavelength

(km)
Direction of Phase Propagation

(Degs. True)

U, V-Cmpts at 40 m
0.000046
-0.002597
385
179

U, V-Cmpts at 200 to 500 m
0.000305
-0.004348
229
176

Temperature at 90 m
0.000014
-0.001637
611
180

The 50- to 15-day period band was much less energetic than the low frequency fluctuations discussed above.  Mode 1 ellipses for the upper and lower layers are given in Figure 5.4-15.  For this mode, the velocity fluctuations were essentially in-phase, both horizontally and with depth.  Therefore, there is little evidence of propagating signals.

At the start of the cycle (e.g. ~0( phase angle) the flow consisted of two similar-sized (~100 km diameter) anticyclones, one over the Alabama slope with a center over or seaward of the 2000m isobath, and the other weaker circulation over the head of the canyon with a center between D9 and D2 (Figure 5.4-15a). At ~180( phase angle the situation was reversed with two cyclones present.  At depth, only the slope anticyclonic/ cyclonic circulation was present (Figure 5.4-15b).  Mode 2 (Figure 5.4-16) reversed the sign of the slope circulation such that there was cyclonic flow when there was anticyclonic flow over the head of the canyon and vice-versa.  The flows were also more perpendicular to the isobaths on the lower slope (1300m moorings) than for the first mode.  Because the second mode accounted for less of the total variance, the occurrence of counter rotating eddies was less prevalent than eddies of the same sign.  The flow patterns for both modes indicate that the two eddies were interacting through flows along the upper Alabama slope.  The implication of this analysis is that slope and canyon eddy circulations were relatively short lived (~10 to 25 days) and of considerable complexity.  This may account for the shifting position of the peaks in this 0.02-0.065 frequency band.  The relatively low percentage of the total variance accounted for by the significant modes also implies that smaller scale eddies were poorly resolved by the array.  This is in contrast with the more organized, energetic, large-scale wave-like motions diagnosed in the 0-0.02 cpd frequency range.  

5.5
Slope Dynamics and Fluxes TC "5.5
Slope Dynamics and Fluxes" \f C \l "2" 
5.5.1  Divergence and Relative Vorticity TC "5.2.5.
Divergence and Relative Vorticity" \f C \l "2" 
The arrangement of the moored array allowed resolution of both north-south and east-west spatial gradients of velocity.  The divergence (D) and relative vorticity (() are given by:

D = (u/(x + (v/(y, and ( = (v/(x - (u/(y,

respectively, where (u,v) and (x,y) refer to the geographic coordinate system.  Direct calculation of these quantities is expected to be noisy.  Therefore, following Chereskin et al. (2000), least square planes were fitted to arrays of 4 to 6 velocity components at a given depth level.  Thus,

u(x,y,t) = uO + x ( (u/(x + y ( (u/(y + HOT, etc.,

where (x,y) were measured from the center position of the array.  In the least square fit, the velocity components were weighted by their standard deviations.  The resulting standard deviations of the gradient terms in the plane model were of order 0.05 to 0.09f, where f is the Coriolis parameter (~0.7 10-4 s-1). Standard least square methods (Chapter 15, Press et al., 1992), rather than the matrix inversion method described by Chereskin et al. (2000) were used for these calculations.  The array positions used in the calculation of D and ( for various depth levels at B3, C2 and D9 are shown in Figure 5.5-1.

The time series of divergence and relative vorticity at 40, 70 and 500m depths are given in Figures 5.5-2 and 5.5-3, respectively.  Substantial fluctuations of D and ( occurred at both the 40 and 70m level for B3 and C2.  The signals were coherent with depth except at D9 where both D and ( fluctuations were small.  Vorticity was also coherent between the upper levels of B3 and C2.  The divergence at the upper levels of B3 and C2 were weakly positively correlated (R = (0.25 and 0.35, respectively) with temperature records at the same positions.  The 80m temperature record at B3 was, however, negatively correlated (R (-0.48) with the vorticity.  The same relation does not hold at C2.  The implication is that only a small part of the temperature signal could be attributed to local vertical velocities.  At B3, there was a stronger relationship to whether a cold or warm eddy (positive or negative vorticity, respectively) was present on the lower slope.  The same relation did not hold for C2 because it was often situated in the outer parts of different eddy flows.

It is clear from Figure 5.5-3 that the vorticity fluctuations at B3 were closely related to the along-slope currents.  Thus, eastward flow corresponded to negative vorticity and vice-versa.  The large negative anomaly in July and August 1998 corresponded to the intense anticyclonic circulation observed over the slope (see Figure 5.4-1e).  Even though the vorticity at C2 was similar to that at B3, it was much less closely related to the C2 currents.  Again, this most likely occurred because of the position of C2 on the edges of the major deep-water eddy circulations (Figure 5.4-1).  The small magnitude 

of the vorticity fluctuations at D9 is somewhat surprising given that flows following the rim of the canyon should have considerable curvature.  However, major flow events often bypassed the head of the canyon, and the eddy scales were often smaller than the separation between the moorings used for these calculations (Figure 5.5-1).  

The spectra of D and ( show that most of the energy was at periods longer than 50 days (Figure 5.5-4a).  The peak at (100 days is similar to those found in the velocity spectra (Figure 5.4-12) and suggests that the major vorticity fluctuations were associated with the long period propagating slope waves that are probably related to LC and LC ring effects.  Figure 5.5-4 also shows the coherence squared and phase differences of the most coherent records with D and ( at B3 and C2 (40m depth).  At long periods, the vorticity was coherent and 180( out-of-phase with the along-slope current at B3.  This confirms the visual correlations of the time series in Figure 5.5-3.  However, D and B3 were coherent and in-phase with the along-slope current at C2 at both long periods and periods of order 10 days.  D and ( were not significantly correlated at B3 and because ( at B3 and C2 were highly correlated (Figure 5.5-4c), ( at C2 was only weakly correlated with the along-slope currents at C2.  A dynamical explanation of why the divergence of the eddy circulations over the lower slope were closely related to the current over the middle slope is not apparent at the present time.  The other interesting relation to come from the coherence analysis is that the divergence at C2 was most strongly related to the across-slope current at C2 (Figure 5.5-4c).  This seems to indicate that part of the up- and downwelling that occurs along the edge of eddies on the lower slope was induced by cross-slope exchange.

5.5.2  Across Margin Transport of Momentum at the Canyon Edge TC "5.5.2 Across Margin Transport of Momentum at the Canyon Edge" \f C \l "2" 
Cross-margin flows at the canyon edge can also result in exchange of momentum between the canyon and the adjacent shelf.   Using the velocity data from canyon edge moorings, the total cross-margin fluxes of along-isobath velocity, and its eddy contribution were computed according to: 

FM = uv, and FMe = u’v’

where FM and FMe are the total and eddy fluxes, respectively; u is along-isobath velocity; and u’ and v’ are fluctuations about the means of u and v.  Hereafter, FM and FMe are referred to as momentum fluxes (although, technically, they are related to actual momentum fluxes through sea water density).  The velocity rich data set from the canyon edge moorings allowed for the computations of momentum fluxes throughout most of the water column.  These data further enabled us to compute “momentum transport” at each of the moorings by integrating the momentum fluxes over depth, i.e.

TM = (FMdz, and TMe = (FMedz

where TM and TMe are referred to as the total and eddy cross-margin momentum transports, respectively. The ADCP data from each of the shelf-edge moorings were used to compute these TM and TMe time series.  These data spanned a depth range of roughly 12-72m. 

Integration of TM over time gives an estimate of the quantity of momentum transferred across the canyon edge per unit along-canyon distance.  When considering the direction of this momentum transport, it is necessary to take into account the direction of the along-isobath flow, u.  The coordinate system used in these calculations has the positive u direction set such that deeper water is to its right(i.e., to the northeast at moorings A1, B1 and C1; and to the southeast at mooring E1).  With this convention, the positive v direction is always onshelf.  In this rotated coordinate system, positive momentum fluxes and transports represent the onshelf flow of positive along-isobath momentum (positive u) or the offshelf flow of negative along-isobath momentum.  Consider, for example, momentum fluxes occurring at mooring C1 when the flow at the mooring is northeastward (positive u).  Positive momentum fluxes represent an onshelf transfer of the momentum of this flow.  However, if the flow at the mooring is to the southwest (negative u), then a positive momentum flux represents an offshelf transfer of momentum from this flow (because, in this case, [uv] is positive for an offshelf velocity).

Unlike the cross-margin fluxes of temperature and salinity discussed later in Section 5.5.3, the cross-margin momentum fluxes and transports computed from the canyon edge mooring data were dominated by the eddy contributions.  For all computed momentum transport time series, the ratio of TMe to TM variance was 0.82-0.95.  

Time series of vertically averaged along-isobath current and TM, computed from the canyon edge ADCP velocity profiles (Figure 5.5-5) reveal a number of events of strong along-isobath flow coupled with large cross-margin momentum transports.  At all canyon-edge moorings, the largest vertically averaged along-margin flows occurred during Hurricane Georges (late September 1998).  These flows were in the negative u direction (having an alongshore westerly component) at all canyon edge moorings, indicating a hurricane-induced flow moving counterclockwise along the canyon rim.  As with the cross-margin salinity and temperature fluxes discussed in Section 5.5.3, the computed canyon edge momentum transports differed greatly from mooring to mooring during the hurricane.  

Large along-isobath currents and cross-margin momentum transports were also observed during the winter of 1997-1998.  As noted in Section 6.4, this was a period when intense storms passed over the canyon and when a vigorous eddy was seen at the western canyon edge.  The vertically averaged velocities and cross-margin momentum transports from this period (Figure 5.5-6) reveal a response to wind forcing which varied from storm to storm; and, for each storm, from mooring to mooring.  The late December 1997 storm generated positive along-isobath flows along the canyon rim.  Computed cross-margin momentum transports associated with these flows were relatively large and directed onshelf at moorings A1 and E1, but were negligible at mooring C1. By contrast, the storm of early February 1998 generated strong negative along-isobath flows along the canyon rim.  Computed cross-margin momentum transports during this storm were unusually large only at mooring C1.  These very large momentum transports at C1 would have carried the storm-generated momentum onshelf.  Relatively large cross-margin momentum transports 

were also observed during mid-January 1998 when the winds were mild and an eddy was observed at the canyon edge.  These large momentum transports were confined to moorings A1 and B1, which is consistent with satellite imagery which show the eddy in the area of these mooring during mid-January (see Figure 6.4-14,15).  The computed transports at A1 changed sign (from onshelf to offshelf) on January 18, presumably due translation of the eddy by the mooring.

To assess the possible influence of the computed momentum transport “pulses” on the canyon-edge velocity field, consider an idealized situation in which the onshore momentum flux is confined to an outer shelf band of width, W, and mean depth, D.  In the absence of friction, the average velocity in this band will be changed by: 

t2
     (v = (TMdt/(DW)

t1
Integrating over the successive onshelf and offshelf momentum transport pulses seen at A1 during mid-January 1998 (associated with the eddy encounter with the canyon edge) and setting D and W to 60m and 20 km, respectively, gives a (v of 20 cm/s.  Using the same D and W values and integrating over the onshelf momentum pulse seen at mooring C1 during the early February 1998 storm, gives a (v of 50 cm/s.  Clearly, results of these over-idealized calculations are not robust in a quantitative sense.  Nevertheless, they provide evidence that cross-margin momentum fluxes during storms and times of eddy contact with the canyon edge may significantly influence flows over the shelf near the canyon edge.  

To estimate the overall extent to which wind-forcing contributed to the cross-margin momentum fluxes, we computed a wind-driven component of the fluxes using the method outlined in Section 5.5.  The relationship of the estimated wind-driven fluxes at various depths was investigated through cross-spectral analysis.  For a particular mooring, cross-spectra were computed between the shallowest and all other flux time series.  Coherence and phase relative to the shallowest flux series was determined according to standard formulae (Bendat and Piersol, 1971; p 32) and by frequency band averaging over the entire cross-spectra.  As demonstrated here by the results for mooring C1 (Figure 5.5-7), the estimated wind-driven fluxes accounted for roughly one half of the total flux variance.  The wind-driven fluxes were highly coherent over the water column, with coherence always exceeding the 99% confidence interval.  Their relative phases suggest a two-layer structure to the wind-driven momentum flux, with near-bottom fluxes nearly 180( out-of-phase with fluxes above (Figure 5.5-7).  The zone separating the layers was relatively narrow and deep, extending over the 55-60 m depth range at mooring C1. 

Because the cross-margin momentum fluxes were determined from both along and across-isobath velocity components, an obvious concern is their sensitivity to the choice of along-isobath orientation.  To test this, we computed across-margin fluxes and transports at each canyon 

edge mooring using along-isobath orientations differing by ( 5o of the orientation chosen for the calculations which produced the results discussed above (these orientations are given in Table 6.4-2).  Although the details of the momentum fluxes and transports changed with varying orientation, all of the features discussed above were seen at all orientations tested.

5.5.3  Across Margin Heat and Salt Fluxes at the Canyon Edge TC "5.5.3 Across Margin Heat and Salt Fluxes at the Canyon Edge" \f C \l "2" 
Cross-margin flows at the canyon edge can effect an exchange of warm, saline within the canyon with the fresher and cooler coastal water onshore.  Using temperature, salinity and velocity time series from the canyon edge moorings, cross-margin fluxes of temperature and salinity were computed using:

FT = vT,      FS = vS

where T, S and v represent temperature, salinity and the across-isobath component of velocity.  FT and FS can be converted to heat and salt fluxes by multiplying by seawater heat capacity and density, respectively.  The portion of the property fluxes produced by random, “eddy” motions, was estimated in the typical fashion as the product of property and velocity fluctuations about their means.  For example, eddy fluxes of temperature were calculated as:

FTe = v’T’, with v’ = v – <v>, and T’ = T - <T>

Where <> denote time averaging.  With this convention, total mean fluxes could be divided into eddy and advective components, i.e.

<FT> = <v><T> <v’T’>

Computation of temperature and salinity fluxes at the canyon edge was limited by the paucity of temperature and salinity data from the canyon edge moorings.   These allowed for determination of coincident temperature and salinity fluxes at only 11 points over the canyon-edge (Tables 5.5-1 and 5.5-2), concentrated near the bottom and near the surface.  In addition, times over which the fluxes could be calculated were limited by sensor failure, and varied greatly from point to point. 

At all locations, eddy fluxes made a relatively small contribution to the total cross-margin flux of temperature and salinity (e.g. Figure 5.5-8) keeping in mind that both salinity and temperature are always positive and always greater than some minimum value, thus the total fluxes may be large due to the contribution of temperature and salinity above the local minimum values.  Certainly the sign of this total flux is the sign of the cross isobath velocity.  For salinity fluxes, variance of the eddy flux was 0.1-2% of the total flux variance.  Eddy fluxes of temperature made a somewhat larger, 4-14%, contribution to the total variance of temperature flux.  

Of particular note is the strong linear relationship between temperature and salinity fluxes, demonstrated here by the plot of all salinity fluxes against all temperature fluxes at the canyon edge moorings (Figure 5.5-9).  Slope of the least-squares linear regression line 

relating these fluxes was 1.49 psu/oC with a 95% confidence interval of only 0.004 psu/oC.  In view of the much lower costs of acquiring temperature vs salinity measurements, this result may be of value in designing future studies in the area.  Water mass fluxes may be adequately determined from temperature and velocity measurements alone.

When judged by their statistical errors, the computed mean fluxes of temperature and salinity across the canyon edge were significant at moorings C1, D1 and E1, and not at A1 and B1 (Tables 5.5-1 and 5.5-2).  The mean fluxes at C1, D1 and E1 were dominated by their advective components.  These means suggest that, in the long term, the water mass exchange at the canyon edge may be something of a two-layer phenomenon, with onshelf flux near the surface and offshore flux near the bottom. 

Unfortunately, the limitations in available mooring data does not support an evaluation of how fluxes in the center of the canyon edge water column may conform to, or clash with, this view.

Table 5.5-1. Estimated cross-margin temperature fluxes at DeSoto Canyon edge moorings (at 100 m isobath).  Positive fluxes are onshelf.

Mooring
Sensor

Depth

(m)
Dates
Total Fluxes

oC cm/s
Eddy Fluxes

oC cm/s




Mean
Std. Err.*
Mean
Std. Err.*

A1
16
08/18/1998 – 01/28/1998
1.1
49.6
-1.33
2.73

A1
16
12/17/1998 – 04/01/1999
-28.2
20.9
-1.97
1.2









B1
20
 04/01/1997– 08/18/1997
-26.9
18.9
-4.66
1.98

B1
62
11/25/1997 – 04/04/1998
16.5
15.5
0.79
0.81

B1
82
11/25/1997 – 04/04/1998
1.0
9.7
1.11
0.76

B1
82
04/01/1997 – 07/01/1997
-0.8
12.6
0.92
0.57









C1
16
08/17/1998 – 04/01/1999
-51.2
25.9
-6.79
3.62

C1
20
03/27/1997 – 08/08/1998
-16.5
11.2
1.16
1.39

C1
82
08/27/1997 – 12/05/1998
40.0
5.1
-0.82
0.58









D1
62
08/14/1998 – 03/30/1999
-66.1
8.1
-0.09
0.88









E1
20
03/31/1997 – 11/14/1997
-85.7
19.1
-3.58
1.78

E1
20
04/12/1998 – 03/31/1999
-49.7
15.3
-5.73
1.93

E1
62
11/23/1997 – 04/03/1998
8.1
16.5
-1.15
1.02

E1
82
07/20/1997 – 08/07/1998
5.4
5.2
-0.39
0.42

*  Standard Errors were computed as Std. Err. = SD/(df)1/2, where SD is the standard deviation of the fluxes about the estimated mean and df are the number of independent flux measurements from which the mean was calculated.  df were approximated as T/TC, where T is the length of the flux series and TC is the correlation time scale of the series.  Based on autocorrelation functions of the flux series TC was set to 60 hrs.  90 % confidence limits of the means are roughly twice the standard errors (see Bendat and Piersol, 1971; p 115).

An issue of importance is the extent to which canyon edge fluxes were the product of wind-induced flow or the result of other types of motions, such as those generated by LC eddies.  To address this issue, a standard statistical technique was employed to extract that portion of a salinity or temperature flux series that was statistically related to the surface wind stress.  The procedure was carried out in two steps.  In the first, the relation between flux and wind stress was quantified by computing a spectral transfer function with east and north wind stress components as inputs and cross-margin flux as the output (see Bendat and Piersol, 1971; pp 151-153).  In the second step, this function was combined with the wind stress components to produce the estimated wind-driven component of the flux series.

In Figure 5.5-10, supports a comparison of the total and estimated wind-driven component of cross-margin temperature flux at moorings C1, D1 and 

E1.  Also shown are the ratios of the wind-driven flux variance to the total flux variance, a rough estimate of the proportion of flux generated by wind motions.  These ratios suggest that wind-forced flows may have accounted for a significantly higher proportion of the cross-margin temperature flux near the bottom than at the surface.  This disparity is best evidenced by the mooring C1 flux variance ratios.  The admittedly sparse time series suggest a seasonality in the importance of wind-induced fluxes.  The greatest mismatch between total and wind-forced temperature fluxes tended to occur in the spring and summer.  Of note are the large temperature fluxes seen at the 20m level of mooring E1 during May-July 1998, which coincided with negligible estimates of wind-driven temperature flux. At all moorings, the largest cross-margin temperature fluxes occurred during Hurricanes Earl and Georges (in September 1998).  However, the character of the fluxes during these storms was not the same at all moorings.  At mooring C1, they were offshore near the surface and onshore near the bottom, while the reverse was observed at moorings D1 and E1.

Table 5.5-2.  Estimated cross-margin salinity fluxes at DeSoto

  Canyon edge moorings (at 100 m isobath). Positive 

  fluxes are onshelf.

Mooring
Sensor

Depth

(M)
Dates
Total Fluxes

psu cm/s
Eddy Fluxes

psu cm/s




Mean
Std. Err.*
Mean
Std. Err.*

A1
16
08/18/1998 – 01/28/1998
1.2
64.3
-1.97
1.09

A1
16
12/17/1998 – 04/01/1999
-44.0
34.3
-0.39
0.51









B1
20
 04/01/1997– 08/18/1997
-33.7
28.0
-0.98
0.45

B1
62
11/25/1997 – 04/04/1998
27.9
27.2
-0.04
0.16

B1
82
11/25/1997 – 04/04/1998
-0.2
19.1
0.01
0.12

B1
82
04/01/1997 – 07/01/1997
-3.2
23.2
-0.03
0.03









C1
16
08/17/1998 – 04/01/1999
-66.9
35.0
-0.07
0.68

C1
20
03/27/1997 – 08/08/1998
-27.6
17.0
-0.55
0.27

C1
82
08/27/1997 – 12/05/1998
78.5
9.8
-0.07
0.07









D1
62
08/14/1998 – 03/30/1999
-114.8
13.9
0.02
0.10









E1
20
03/31/1997 – 11/14/1997
-119.3
27.2
-1.07
0.43

E1
20
04/12/1998 – 03/31/1999
-68.6
23.1
-0.24
0.25

E1
62
11/23/1997 – 04/03/1998
17.1
31.1
0.40
0.19

E1
82
07/20/1997 – 08/07/1998
10.8
10.3
-0.21
0.09

*  See Table 5.5-1 for an explanation of the standard errors.

5.6  Deep Currents TC "5.6. Deep Currents" \f C \l "1" 
Previous sections have described the circulation in the upper 500m of the water column.  Over the slope, the circulation was dominated by eddies and an eastward flowing current with reversed flows at depths below about 200m.  A major source of energy for these flows appears to have been eddy circulations, including LC/LCFE, in the deep eastern basin of the Gulf.  The LC and LC rings penetrate to depths of 800 to 1000m.  Below these depths, lower-layer currents have been observed to have the characteristics of topographic Rossby waves (TRW) (Hamilton 1990) with periods ranging from about 10 to 100 days.  TRW motions are columnar, slightly bottom intensified, have wavelengths of order 50 to 250 km and propagate with group velocities of order 10 to 20 km/day.  The majority of studies of TRW's have been in the Middle Atlantic Bight (e.g. Thompson 1977; Hogg 1981) where there has been some success in relating deep TRW motions to Gulf Stream meanders (Pickart 1995).  The source of TRW motions in the Gulf is presumed to be the LC though the generation mechanisms have not been established.  Numerical model studies, on the other hand, have predicted deep eddy circulations associated with the detachment and westward propagation of LC rings.  These lower water column eddies have similar propagation speeds to their overlying LC anticyclone (Welsh and Inoue 2000).  The existence of these eddies has not yet been established from observations.  If the source of TRW's is primarily in deep water, then wave motions propagating towards the slope will tend to be refracted by the increasing bottom slope back into deep water (Shaw and Csanady 1988). Limited observations of near-bottom currents in depths of about 1000m on the northern slope have shown very small velocities (<10 cm/s) compared to current magnitudes of order 30 cm/s under the LC (Hamilton 1990).

The present study made velocity and temperature measurements at 10m above the bottom at three positions (A3, B3 and C3) on the 1300 m isobath along the northeast Gulf slope.  The 40-HLP time series for the two-year study period are shown in Figure 5.6-1.  These velocity records were not significantly correlated with the 500m level currents on the same moorings and, therefore, they have been analyzed separately.  There were differences between the first six months (April to September 1997) of the A3 velocities and the remainder of the record.  In the first six months there was a westward mean flow of 2.1 ( 0.5 cm/s which was similar to the mean at 500m.  The fluctuations were not significantly correlated between the two levels of A3.  The significant westward mean could be attributed to the cyclonic circulation that was present on the lower slope for most of this period (see Figure 5.4-6 for the summer 1997 mean currents and Figure 5.4-2a & b for the 500m level geostrophic flows in March and July 1997).  After October 1997, flows at all three positions had more variability in direction and became more energetic.  The eastern most station (C3) and the western most (A3) had the highest and least fluctuation energy, respectively.  In examining these figures, there is also visual coherence of some of the events in both the currents and temperature fluctuations.

The kinetic energy and temperature spectra are given in Figure 5.6-2a and b.  For the analyzed interval, there was a peak in the spectra for C3 at about 20 days.  Hamilton (1990) showed that the 20- to 30-day 

period TRW's dominate the spectra in water depths greater than 2000m, particularly in the central and western Gulf.  On the northeast Gulf slope, the energy at these periods decreased rapidly towards the west indicating that the source could have been further to the south along the west Florida escarpment and thus may have been related to LC frontal eddies on the east side of the LC.  At higher frequencies the spectra had a number of small peaks.  There was little energy associated with these motions though there were intervals in the records when short period fluctuations (amplitudes ~5 cm/s) dominated at one or two of the moorings. An example is the May-June 1998 period at A3 and B3 (Figure 5.6-1c).  The phase and coherence between the 500 and 1300m along-isobath (V) components (Figure 5.6-2c) confirms that the lower slope bottom currents were largely decoupled from flows in the upper layers. 

An EOF analysis for the 10- to 50-day fluctuations (0.02 to 0.1 cpd) was performed for the bottom velocity and temperature records at the three moorings.  A common interval of 300 days beginning on November 21, 1997 was used for the analysis.  This avoids the period at the end of September 1998 where relatively large velocities of ~20-25 cm/s (Figure 5.6-1d) caused by Hurricane Georges were observed (see Section 6.3).  The spectra were normalized by the variance of the frequency band so that U, V and T had equal weight in the EOF decomposition.  The results are given in Figure 5.6-3 where the top panel shows mode 1 velocity ellipses and the lower panel the normalized amplitude and phase of temperature (T), and the cross (U) and along (V) isobath velocity components.  Only the first mode, which accounts for 48.8% of the normalized variance in the frequency band, was significant.  The velocity ellipses show the rapid decay of kinetic energy from east to west with the signal at A3 lagging that of C3.  The major axes also rotated clockwise with respect to the local isobath direction.  In the east, at C3, the major axis of the ellipse was at a small angle to the north-south trend of the west Florida escarpment isobaths.  In the west, at A3, the fluctuations were almost perpendicular to the slope.  If these motions were TRW's, then this must have been caused by changing bottom slopes from steep to less steep so that the wave frequency moved closer to the cut-off frequency (Rhines 1970) above which TRW motions were not supported.  

The phase of T and V show a linear increase with distance along the isobath (Figure 5.6-3b) where positive phase differences lead.  Thus, westward propagation is clearly indicated with an average phase difference between C3 and A3 of 58(.  This results in an along-isobath wavelength of 620 km.  The across-isobath wave number is the larger component for short-wavelength TRW's.  Therefore, the true wavelength will have been less than 620 km.  These westward propagating wave-like motions appear similar to TRW's found in deeper water.  There is no information on the variability with depth in the bottom few hundred meters of the water column, and therefore, it is not known if there was any bottom trapping of these fluctuations that is characteristic of TRW's.  It is however noted that the EOF analyses of the upper-layer currents at these frequencies showed no indication of any westward propagating signals.  In this upper layer, propagating wave-like fluctuations were restricted to periods longer than 50 days.  This 

separation by frequency and characteristics of upper and lower layer waves indicates that they had different sources and generation mechanisms.  These are unknown at the present time.
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