VI. SLOPE RESPONSE TO ATMOSPHERIC FORCING TC "VI.  SLOPE RESPONSE TO ATMOSPHERIC FORCING" \f C \l "1" 
6.1  Introduction TC "6.1  Introduction" \f C \l "2" 
A detailed evaluation of the in-situ and survey data revealed that atmospheric processes at the ocean surface appeared to have influenced to varying degrees the circulation and transport patterns in the study area.  As evidenced from the presentation in Chapter 5, eddy-like features having several origins were present and affecting the observed currents.  The actions of multiple forcings by these eddy motions as well as atmospheric forcing tends to complicate isolation of particular process-response models.  When the meteorological forcing is large as it was when Hurricanes Earl and Georges traversed the study area, linkages between forcing and response can be clearer, although understanding the movement throughout the water column to this forcing remains a substantial undertaking.  Strong storm systems are not uncommon in the northeastern Gulf.  Figure 6.1-1 shows the number of storms with tropical status or greater per decade that moved through two subregions (Florida Panhandle and Big Bend) of the NE Gulf over a 110-year interval.  Most of the storms contributing to this total could have had an effect on circulation patterns in the study area.

Chapter 6 examines several time scales as well as the spatial extent of an oceanographic response to atmospheric forcing.  With the increased distance to the shoreline and the increased water depth, the relative importance of wind stress to circulation over the slope is often assumed to be lessened.  Results from the present study will indicate that wind stress often had a significant influence seaward of the shelf, i.e. over the slope.

6.2  Slope Response to Synoptic Wind Forcing TC "6.2  Slope Response to Synoptic Wind Forcing" \f C \l "2" 
The typical response of shelf currents to synoptic scale wind forcing is an energetic barotropic response of alongshelf currents to local alongshelf winds that are coherent over the shelf domain. This response is known as the arrested topographic wave (Csanady, 1978) and generally dominates the low-frequency current variability at most mid- and inner shelf locations (Beardsley and Butman, 1974 for the Middle Atlantic Bight, MAB; Mitchum and Sturges, 1982 for the west Florida shelf; and Lee et al., 1989 for the South Atlantic Bight, SAB). The response is different from a propagating continental shelf wave in that the forcing is local and the response is phase-locked to the forcing. The resulting amplitude of alongshore currents are uniform in the vertical and over the domain of the forcing, which is generally larger than the shelf scale for synoptic forcing events. The phase response of alongshore currents is also uniform over the water column and along isobaths, but increases with water depth. Upwelling (downwelling) alongshore winds will accelerate offshore (onshore) flows in the upper Ekman layer that are near in-phase with the wind forcing. Due to the coastal constraint these cross-shelf flows will cause a onshore (offshore) “adjustment drift” below the Ekman layer that in turn drives a uniform alongshore flow in the same adjusted geostrophically to the alongshore flows resulting in a set-down (set-up) of coastal sea level from the upwelling (downwelling) wind-driven alongshore currents. This is referred to as 

the “Ekman frictional equilibrium response” (Beardsley and Butman, 1974; Scott and Csanady, 1976). Typically, the response is limited to the shelf and pressure fluctuations at the shelfbreak are assumed zero. However, Lee et al. (1989) observed this response at the shelf break and over the slope in the SAB with strongest response in the lower layer. They attributed the spread of the response over the slope to the weaker bottom gradient in the SAB slope, which resulted in the cross-shelf scale of the slope being equivalent to that of the shelf. The arrested topographic wave response is often difficult to observe at shelfbreak or slope locations due to the strong influences from boundary currents and their eddies. Certainly, the SAB is no exception and the influence of eddies there is notorious and well observed. However, the first-order influences of boundary currents and their eddies tend to be baroclinic so that the barotropic response to alongshore wind forcing becomes relatively stronger closer to the bottom. 

In the DeSoto Canyon study area, the shelfbreak and slope region are subject to strong influences from the Loop Current, rings, cyclonic frontal eddies, anticyclonic eddies (ACE) evolving from warm streamers and smaller scale cyclonic shelf eddies that can develop on intruding warm fronts. This mixture of eddy processes produces strong current and temperature variability over the slope and can account for considerable cross-slope exchange. The time scale of variability from forcing by the LC and mesoscale eddies (LC frontal eddies (LCFE) and ACEs) tends to be longer than the synoptic wind event band of 5 to 15 days. Thus, current and temperature variability within the synoptic band are more likely due to a combination of wind forcing and submesoscale shelf eddies that are observed to develop on thermal fronts in the array. Also one would expect the wind response to be stronger and more observable at the shelfbreak sites compared to mid-slope or offshore moorings where the influence of mesoscale eddies is proportionally greater. 

The shelf region, shoreward of the present mooring array, is generally oriented in an east-west direction, but is closed at its western end by the Mississippi River delta and curves toward the southeast at its eastern end, although still open. The shelfbreak tends to be oriented in a northeast to southwest direction from moorings A to D and then curves to the southeast past site E. The slope tends to follow the orientation of the shelfbreak, although the slope is narrower in the western region of the array at sites A-C and widens out as the shelf curves to the southeast near D and E. Due to the general east-west orientation of the shelf one would expect the strongest response to occur for east-west (alongshore) wind events and that this response would be strongest toward the center of the shelf where the topography is more uniform, i.e. near sites B, C and D. The most observable wind response should be found at site D, which is furthest from the influence of mesoscale eddies and at the narrowest section of the shelf, where alongshelf flows could be amplified. The weakest response should occur at sites A and E, near the western boundary of the shelf and southerly alignment, respectively.

Visual inspection of the upper level current vectors from all measurement sites together with the winds from offshore buoy 42040 near mooring line A and coastal sea level time series at Panama City, FL, generally support the above expectations (Figures 6.2-1a–1d). There are at times significant correlations between alongshore wind, current and sea level events in agreement with the arrested topographic wave response. This response appears to be better defined at the shelfbreak, particularly at sites D and C and less so at shelfbreak (A and E) and offshore sites. The response is stronger during winter and spring seasons when wind forcing is greater due to the passage of strong cold fronts and winter storms. The winter of 1998 is a good example, wherein a storm in early February caused strong westward alongshore wind forcing and westward currents at most of the mooring sites together with a sharp rise in coastal sea level.

Seasonal wind forcing showing an interesting pattern in which winds shift from their strong oscillatory nature in winter and spring to a more persistent eastward direction in summer and southwestward direction in fall. The shelfbreak currents also tend to show these seasonal shifts, especially at site D1. The barotropic nature of the alongshore current response at the shelfbreak and the high correlation to wind forcing and coastal sea level is clearly displayed in the first year of current data from mooring D1 (Figure 6.2-1a and –1b).  Alongshore currents are coherent over the water column and tend to lag alongshore winds on the order of one day.  Coastal sea level is near in-phase with the alongshore currents as expected from local wind forcing. Also, a clear shift to persistent eastward flow occured during the summer consistent with the eastward winds.

The vertically averaged current vectors from each shelf break site plotted together with buoy winds near line A and Panama City coastal sea level are shown in Figures 6.2-2a to 2d. There are numerous examples of coherent, uniform current events that occured at all shelfbreak sites following strong alongshore wind events, as well as the seasonal shifts reported earlier.

6.2.1  Time Domain EOF’s (TEOF) TC "6.2.1  Time Domain EOF’s (TEOF)" \f C \l "2" 
Spectral analyses generally show significant energy peaks in the 5-15 day period band for subtidal current records from shelfbreak locations that were strongest during winter and in the lower part of the water column (example Figure 6.2-3a). Similar energy peaks were also observed in the 5-15 day period band for wind and coastal sea level records. In comparison, energy spectra for stations further offshore typically show the strongest current variability to be associated with motions at periods longer than 20 days (Figure 6.2-3b). Time domain EOF analysis was used to extract the coherent part of the total ensemble of wind stress from all wind stations and also for the ensemble of currents from all shelfbreak moorings. The EOF’s were computed separately for the alongshelf and cross-shelf wind stress components and current components and also for each summer and winter season. 

During all seasons the 1st mode EOF of the alongshelf wind stress components were nearly equal in amplitude and similar in phase at all stations and accounted for 70 to 80% of the total variance. The same can be said for the amplitude and phase of the 1st mode EOF of cross-shelf wind stress from all stations, which also explained about 70 to 80% of 

the total variance for all seasons, except for a 54% variance in the summer 1997.

For alongshelf currents at the shelf break, the 1st mode EOF explained about 60% of the total variance in winter and 45% in summer seasons. This mode was generally barotropic at all stations. Currents at stations B1, C1 and D1 were generally more highly correlated with the mode than at stations A1 and E1, with stations C1 and D1 usually showing the higher correlations and amplitudes. During summer seasons, a 2nd mode EOF for the alongshore currents accounted for 20 to 30% of the variance. The 1st mode EOF of the cross-shelf currents was also barotropic and explained about 30% of the total variability in winter and 24 to 46% in summer seasons. The larger amplitudes and correlations with this mode occurred at stations A and E. The 2nd mode EOF generally accounted for about 20% of the total variability in cross-shelf currents, but with much smaller amplitudes than mode 1 and weaker correlation between sites. Including currents from mid-slope stations for depths less than 100m together with the shelfbreak currents generally reduced the percent of total variance explained by the 1st mode to 30 to 50% for the different seasons for either current component and spread more variability into 2nd and 3rd modes.

As an example of the TEOF analysis we show time series of the TEOF modes of cross-shelf and alongshelf wind and current components from the shelfbreak for the period of significant wind forcing, winter 1998 (Figure 6.2-4a and –4b).  Also shown is the Panama City coastal sea level. The 1st mode alongshore currents have much greater amplitude than the 2nd or 3rd modes and also greater than any of the cross-shelf current modes; whereas, the amplitudes of the 1st mode alongshelf and cross-shelf winds are about equal.  The 1st mode alongshelf current EOF is visually well correlated with the 1st mode alongshelf wind stress and with the coastal sea level.

Spectra of the 1st mode alongshelf current has a well-defined energy peak centered at 10 days, whereas, energy peaks of the 1st mode wind stress EOF’s are spread over a period band of 8-10 days (Figure 6.2-5).  The 1st mode alongshelf current EOF is highly coherent with the 1st mode alongshelf wind stress over a wide period band with a phase lag that increases with frequency, suggesting a near constant time lag on the order of one day (Figure 6.2-6).  Even greater coherence occurred between the 1st and 2nd mode cross-shelf wind stress EOF’s with the 1st mode alongshelf current.  This may be explained by the curving nature of the shelfbreak study area where cross-shelf winds (toward 155(T) would have a significant alongshelf component over the eastern portion of the shelfbreak that could add to the alongshelf current modal variability. A similar response of alongshelf current modes to alongshelf and cross-shelf wind stress modes was observed when mid-slope currents in the upper 100m were included in the TEOF analysis indicating that the current response to synoptic wind forcing extends over the slope. 

6.2.2  Frequency Domain EOF’s (FEOF) TC "6.2.2  Frequency Domain EOF’s (FEOF)" \f C \l "2" 
Energy spectra of shelfbreak currents and wind stress records and their 1st mode TEOF’s consistently show well-defined spectral peaks centered 

within a 5-15 day period band. Frequency domain EOF (FEOF) analysis was conducted on the combined along isobath (v) and cross-isobath (u) current component time series within this band. The analysis was done separately for each mooring over the upper 100m for each of the four seasons of measurements. 

Results of this analysis are summarized as ellipses in Figures 6.2-7a to –7d for the 1st mode FEOF’s at selected depths on the shelfbreak moorings and for each season.  Mode 1 has a barotropic structure at all shelfbreak sites with near constant phase with depth and small decrease in amplitude near the bottom. The orientations of the ellipses are aligned with the shelfbreak isobaths and indicates that largest amplitude occurs with the alongshelf component of the mode. The 1st mode explains a large percentage of the total variance at each site. The percentage of the total variance explained is greater in winter than summer and is maximized at sites C1 and D1, where approximately 90% of the variance was explained during winter seasons and 60 to 80% was explained during summer. At station A1 and E1, the 1st mode FEOF accounted for about 60 – 70% of the total variance during winter and 50 – 70% in summer. The percentage of total variance explained generally decreased with offshore distance, but still there was 50 - 70% of the variance explained by the 1st mode from all sites for the upper 100m. 

6.2.3  Discussion TC "6.2.3  Discussion" \f C \l "3" 
The above analyses indicate that shelfbreak currents and upper level slope currents had a significant response to coherent synotpic-scale wind events similar to that observed on other wide, shallow continental shelves, the so called “Ekman frictional equilibrium response” to local alongshelf wind forcing (Beardsley and Butman, 1974; Scott and Csanady, 1976). Alongshelf winds that were coherent over the shelf domain, generated cross-shelf Ekman transports in the surface layer with opposite return flows beneath which accelerated barotropic alongshore currents that were balanced by cross-shelf pressure gradients from cross-shelf sea level slopes. The geostrophic adjustment time needed for sea level to balance alongshore flow is tg = L/(gh)1/2 (Winant, 1980). For the DeSoto Canyon shelf region with shelf width (L) of 100 km and mean shelf depth (h) of 40m, the geostrophic adjustment time is less than 2 hours, which is in good agreement with the observations. The time necessary for the alongshelf currents to reach equilibrium with the alongshelf wind stress is the frictional adjustment time tf = H/r, where “H” is the water depth and “r” is the bottom resistance coefficient. At similar outer shelf locations, “r” has been found to be approximately 0.1 (cm/s) (Lee et al., 1989). Using this value for r at the shelfbreak (100m) gives a frictional adjustment time of about 28 hours. This adjustment time is in reasonable agreement with the time lag of about 33 hours estimated from the phase lag of the 1st mode TEOF of shelfbreak alongshelf currents to alongshelf wind stress at the 10-day energetic period during winter 1998 (Figure 6.2-6)

This type of barotropic response to wind forcing is often observed to be trapped over the shelf on wide, shallow shelves with steep bottom slopes seaward of the shelf break like the Middle Atlantic Bight and South Australian shelf (Clark and Brink, 1985). Csanady (1978) found that the 

trapping width (Lx) associated with the arrested topographic wave (the barotropic response) could be estimated from Lx = (2rLy/fS)1/2, where Ly is the alongshore length scale of the wind forcing and S is the average cross-shelf bottom slope. For the shelf in the DeSoto Canyon study area Ly = 800 km and S = 10-3, which gives a trapping width for the barotropic response on the order of 170 km. This trapping width is almost twice the shelf width and may explain why barotropic currents at the shelfbreak and even over the slope were coherent with the alongshore wind stress and coastal sea level variations. A similar finding of significant barotropic response to alongshelf wind stress was reported for the shelfbreak region of the South Atlantic Bight (Lee et al., 1989). However, in the SAB the Gulf Stream influence occurs within the same period band as the wind forcing, making it difficult to separate wind and Gulf Stream forcing. In the DeSoto Canyon shelf area the offshore Loop Current and eddy forcing generally occurred at periods greater than 20 days, whereas, the synoptic wind forcing band is 5 to 15 days. In the DeSoto Canyon study area, the primary forcing mechanism in the 5 – 15-day period band appears to have been synoptic wind events, which makes the current response at the outer shelf and slope relatively more observable.

6.3  Seasonal Wind Response on the Slope TC "6.3  Seasonal Wind Response on the Slope" \f C \l "2" 
Seasonal EOF analyses were performed for four 99-day segments of the two-year study period.  Two summer (1997 and 1998) and two winter periods (1998 and 1999) were used.  They were chosen to avoid the short, rather ill-defined, spring and fall transitions in the wind regimes as well as hurricanes Earl and Georges, and to capture major differences in the current velocity characteristics.  As has already been noted, 5 – 15 day period fluctuations were much more prominent in the winter than the summer periods.  There were also differences in the offshore deep-water circulation between seasons.  For example, LC was well extended into the eastern Gulf from the beginning of the study to the end of summer 1998.  In fall 1998, the LC retreated south of 25°N and remained there until the end of the study in April 1999.

The time and frequency domain EOF analyses performed for each mooring separately, using the individual velocity records from the upper 100m, showed a strong wind-forced response over the slope in the two winter periods (see Section 6.2).  Similar analysis for the two summer periods showed no significant coherence between the along- and cross-slope wind stress modes and the principal velocity modes for the shelf-break and upper-slope moorings.  

The present section examines the current patterns for the summer and winter seasons to see if there were significant differences between weak and strong wind-forcing, respectively.  Because the previous analyses have shown that the current fluctuations were primarily barotropic in the upper 100m, the time domain EOF analysis uses the 0 to 100m depth mean U- and V-components of the velocity records for all 13 moorings.  The eigenvectors (multiplied by the square root of the eigenvalue to give units of cm/s) are represented by vectors in a similar manner to Merrifield and Winant (1989).  The time variation of each spatial pattern is both positive and negative. Therefore, the mode amplitude vectors are reversed for about half of the total period.

The first two modes for the two summer periods are given in Figure 6.3-1.  Though they differ in details, all these modes show fluctuations parallel to the isobaths over the Alabama slope.  The major differences occurred in the east, over the head of the canyon, where suggestions of eddy-like circulations generate flows in opposition to the general trends of the slope currents.  These patterns are similar to the 50 to 15-day period frequency domain EOF modes, derived from the two-year long velocity data, that are discussed in Section 5.4 (see Figures 5.4-15a and 16a).  The two modes for summer 1998 have similar patterns to the modes for summer 1997, if the signs of the vectors are reversed in the latter.  Mode 1 for summer 1998 accounts for 52.3% of the total variance with mode 2 being barely significant.  Both modes are significant for summer 1997.  This suggests that these type of patterns were typical, to some extent, but the degree to which they dominated at different seasons seems to depend upon the characteristics of the offshore eddy circulations.  Recall that cyclonic and anticyclonic eddies dominated in the 1997 and 1998 summer periods, respectively.  In both periods, the mean flow was eastward along the slope (see Figure 5.4-6 for summer 1997).  Thus, eastward and westward fluctuations reinforced and reduced, respectively, the prevailing eastward flows.  The first mode for summer 1998 accounts for the greatest fraction of the total variance (52.3%) for any of the seasons.  When the fluctuations were eastward over the Alabama slope, a cyclonic flow was generated encompassing C1, C2, D2, D9 and D1.  The strong northward flow through the canyon (D2 and D9) bifurcated producing strong onshore flow on the eastern canyon rim around E1.  When the flow is reversed, the canyon circulation would be clockwise and the slope flow to the west.  This flow pattern could be responsible for large on-off shelf exchanges on the eastern canyon rim.

Mode 1 for the two winters (Figure 6.3-2) shows that the fluctuations generally followed the trend of the isobaths along the slope and onto the west Florida slope.  Unlike the summer periods, the canyon head was not separated from this flow pattern.  Mode 2 on the other hand, has more complicated structures with opposing fluctuations and across isobath flows in the canyon.  Mode 1 for winter 1998 accounts for 42.8% of the total variance and is clearly much more energetic than mode 1 for winter 1999.  Winter 1999 had the highest total variance of any of the four seasons that were analyzed.  The highest amplitudes range from 15 to 20 cm/s along the 500m isobath.  The time series of normalized mode amplitudes for the four seasons (Figure 6.3-3) also show strong differences between summer and winter.  The mode 1 amplitudes for the summer show relatively slow changes with time that are more consistent with slowly changing eddy-driven circulations.  Mode 2 is similar with a little more variability at shorter periods.  In winter, the slow underlying changes were still present but they were accompanied by more energetic fluctuations with short periods of order three to ten days.  The short period fluctuations also had some degree of visual coherence between modes 1 and 2 for each winter period.  This would indicate that they had similar forcing and the long period variability was the primary reason that the modes were not correlated over the 99-day record.  The analysis of the winter wind-forced response, discussed in Section 6.2, 

found high correlations with the currents at individual shelf-break and 500m isobath moorings.  It will be demonstrated that the coherent wind-forced response was applicable to the shorter period motions of both modes in the winter seasons and thus, wind-driven currents were important across the slope in the upper layer.

EOF's were calculated for the east and north components of the wind-stress considered together.  The eigenvectors for mode 1 in both winters account for more than 60% of the variance of the four shelf and slope wind stations used in the analysis (Figure 6.3-4).  In both seasons, the fluctuations were directed across the Alabama slope and approximately parallel to the west Florida slope.  The differences are that the amplitudes were slightly larger in winter 1998 than in winter 1999, and the vectors were rotated a little more to the east-west direction and so had a larger component parallel to the Alabama slope.  This may explain why there are larger eigenvector amplitudes parallel to the Alabama slope in winter 1998 than in winter 1999 (Figure 6.3-2).  The spectra, coherence squared and phase differences for the wind stress mode 1 and the 0-100m mean current modes are given in Figure 6.3-5.  The wind stress spectra have energy from ~3 to 12 and ~3 to 7-day periods for the winters of 1998 and 1999, respectively.  The winter of 1998 was also the more energetic, particularly at longer periods.  This is reflected in the mode 1 spectra for the winter 1998 currents which has peaks around 10 and 3 days which are not observed in the other modes (Figure 6.3-5b).  The coherences between wind stress and current modes were high where the wind stress modes have energy.  The phase differences show that the wind stress led by greater than 90° which implies a lag of the currents of about 1 to 2 days.  This is probably a reflection of the ~500m average water depth of the moored array, and the topography of the canyon with respect to the direction of the wind stress fluctuations.  The lag could also be interpreted as the result of an arrested topographic wave generated by the along-slope wind stress over the west Florida side of the canyon.  The propagation of this response is to the west where the along-slope wind stress fluctuations were small.

6.4  Canyon Response to Storms  TC "6.4 Canyon Response to Storms" \f C \l "2" 
6.4.1  Overview TC "6.4.1  Overview" \f C \l "3" 
Time series of surface wind stress computed from wind speeds measured at NOAA buoys 42040 and 42039 (Figure 6.4-1) reveal that, by far, the strongest wind stresses influencing DeSoto Canyon during this study were generated by Hurricane Earl, which passed the mooring array in early September, and Hurricane Georges, which traversed the array at the end of September.  Another Earl and Georges superlative is revealed by the results of canyon edge flux calculations presented in Section 5.5.3.  The largest cross-margin fluxes of temperature and salinity were observed during the hurricanes.  In the present section, details of the current and temperature response to the Hurricanes Earl and Georges are examined, concentrating on the response at the canyon edge.  

Snapshots of the surface winds measured at the NOAA buoys and the near-surface water velocities measured by the moored array (Figures 6.4-2,3) 

reveal that both storms had a spatially complex wind field over the canyon and that this generated a complex response in the near-surface flow field.  Hurricane Earl approached the mooring array from the southwest.  Over a period of approximately one day, the center of Hurricane Earl moved northeastward past the southern end of the array and made landfall over the Florida Panhandle.   As the storm passed the array, its winds rotated cyclonically about the canyon.  The spatial scale of wind variation was particularly short as the storm approached the Florida coast on September 3.  At 00:00 on September 3, a northward wind was observed at the eastern end of the array (at buoy 42039) and a southward wind was observed at the western end of the array (at buoy 42040; see Figure 6.4-2).  In spite of this short-scale variation in the wind field, near-surface currents over the upper canyon and canyon rim were fairly uniform in direction, tending toward the east.  However, significant variations in the canyon currents were observed as the storm made landfall, with very large onshelf velocities appearing at the eastern canyon edge.

Hurricane Georges approached the array from the south.  Its center moved northward along the western end of the array before making landfall near the Mississippi-Alabama border (Figure 6.4-3).  As the storm’s center approached the array, a well-organized, cyclonic wind field was seen over the canyon.  However, as was observed during Hurricane Earl, winds over the canyon rapidly rotated and exhibited significant small-scale variations as Georges approached land.  The near-surface currents driven by Georges over the canyon edge differed significantly from the storm-driven currents over the interior canyon.  Currents over the deeper canyon rotated clockwise, at roughly the local inertial period, as the storm passed.  By contrast, direction of flow at the canyon edge was relatively steady during the storm’s passage.  This flow appeared to move cyclonically along the canyon rim, following the early hurricane wind pattern.

6.4.2  The Canyon Edge Response TC "6.4.2 The Canyon Edge Response" \f C \l "3" 
To illustrate the effect of the hurricanes at the canyon edge, Figures 6.4-4,5,6 show near-surface and near-bottom temperatures and velocities measured at the canyon rim moorings from late August through early October 1998. The plots of velocities have been rotated into along- and across-isobath components (see Table 6.4-1 for rotation angles).  The coordinate system used has the positive along-isobath velocity directed such that deeper is to its right (i.e., to the northeast at moorings A1, B1 and C1; and to the southeast at mooring E1), and has the positive across-isobath velocity directed onshore.  

Both storms generated a strong along-isobath flow near the surface.  This moved from east to west along the canyon rim (Figure 6.4-4), opposite to the direction of the long-term mean flow.  During Earl, the strength of this flow varied considerably as a function of position along the canyon edge.  It was strongest at the canyon apex mooring, D1, where it exceeded 130 cm/s at 16m depth.  The canyon edge flows were somewhat stronger during Georges than during Earl.  Of particular significance were the strong near-bottom velocities seen at the canyon edge during Georges.  Speeds in excess of 60 cm/s were measured at 5m 

above bottom at moorings C1, D1 and E1 as the storm approached the array.  It is likely that these strong near-bottom currents may have mobilized a quantity of canyon edge sediments.  

Strong and spatially varying across-isobath flows were seen at the canyon edge during both storms (Figure 6.4-5).  Mooring C1 experienced the strongest cross-isobath currents, in excess of 60 cm/s during both storms.  With very few exceptions, near-surface and near-bottom cross-isobath velocities measured at the canyon edge opposed each other during the hurricanes, evidence of a mode-1 baroclinic response to the storms.

Table 6.4-1.  Net onshore and offshore volume transport per unit alongshelf distance measured at canyon edge moorings during early February 1998 storm and at mooring A1 during the presumed eddy passage of the mooring.
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Although no appreciable changes in canyon edge temperatures were observed during Earl, precipitous increases in near-bottom temperature were seen at the canyon edge moorings as Georges approached the array (Figure 6.4-6).  These were not likely the result of local vertical mixing with warmer water from above because they were not matched by a coincident decline in near-surface temperatures at the canyon edge. They were probably the result of advection of warmer water from the shelf.  All of the temperature increases coincided with offshelf near-bottom velocities.  In addition, the large fluctuations seen in near-bottom temperature at moorings A1 and E1 during and after Georges were roughly 90o out-of-phase with cross-isobath velocities at the same level.  This would be expected if the temperature fluctuations resulted from advection of a cross-shelf temperature gradient.

Details of the canyon edge velocity response to the two hurricanes can be seen in contour plots of velocity as a function of time and depth (Figures 6.4-7,8).  During Earl, the highest velocities at the canyon edge tended to be concentrated in a near-surface jet.  At moorings C1 and E1 this jet was particularly shallow, extending to about 30 m depth (Figure 6.4-7).  By contrast, during Georges high velocities extended throughout the water column at all canyon edge moorings.  A remarkable mid-depth maximum of along-isobath velocity was observed at mooring C1 during Georges (Figure 6.4-8).  This suggests that the canyon edge 

currents were not simply the product of vertical momentum transfer from local wind forcing at the surface.  

No consistent trend was seen in cross-isobath velocities measured at the moorings during either hurricane.  In fact, similarities in the hurricane-driven cross-isobath currents measured at the canyon edge moorings were hard to discern.  During Georges, the cross-isobath flow measured at C1 was characterized by a strong and shallow onshelf current near the surface and a weaker onshelf current of greater vertical extent near the bottom (Figure 6.4-8).  By contrast, near-bottom and near-surface cross-isobath currents measured at A1 changed sign during the passage of Georges (Figure 6.4-5) and were strongest in the 40-70m depth range.  Still, different patterns were seen in the cross-isobath currents measured at the other canyon edge moorings during Georges.

6.4.3  Cross-margin Volume Transports at the Canyon Edge TC "6.4.3 Cross-margin Volume Transports at the Canyon Edge" \f C \l "3" 
An issue of importance to this study is the extent to which coastal and deep Gulf water masses were transported across the canyon rim as a result of the hurricanes.  Unfortunately, the details of heat and salt transport at the canyon edge cannot be studied with the moored array data, due to the sparseness of temperature and salinity sensors in the  array.  However, the array data are well suited for the calculation of cross-margin volume flux at the canyon edge.  

Using the velocity data from the canyon edge moorings, we computed the volumes of water transported on and off the shelf past each mooring during the passages of Hurricanes Earl and Georges.  The volume of water transported onshelf (per unit of along-shelf distance) was computed by: 
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Where uon denotes the cross-isobath velocities measured at the mooring that were directed onshelf, D is water depth, and t1 and t2 bracket the time over which the hurricane affected currents at the mooring.  The integration was carried out over the portion of the water column and times over which onshelf velocities were observed.   A similar expression was used to compute offshelf volume transport.  These integrations were carried out using the velocity data from moorings C1, D1 and E1 which extended over the depth range of 12-96m (no ADCP data were acquired at mooring B1 during the hurricanes, and no near-bottom velocities were measured at mooring A1 during the storms).  It was assumed that the cross-isobath velocity in the surface and bottom layers lacking velocity measurements was uniform and equal to the velocity measured directly below (for the surface layer) or above (for the bottom layer).  The along-isobath orientation at each mooring, on which the results of these calculations were sensitive, was chosen based upon the principal axes of the mooring’s low-passed filtered velocity data.  These orientations have an uncertainty of at least 5o.  We found that changing the along-isobath orientation by 5o altered the computed transport by 10-35%. 

The results (Table 6.4-2) indicate that Hurricane Georges generated significantly greater cross-margin volume transports than Hurricane Earl (by a factor of 2-3).  These results also provide convincing evidence that hurricane driven onshore and offshore transports were not balanced at all locations on the canyon edge.  A greater than 3:1 ratio of onshore to offshore transport was indicated at moorings D1 and E1 during Earl and at mooring D1 during Georges.  This is a much larger imbalance than can be accounted for by the uncertainty in along-isobath orientation.  These net onshelf transports, likely balanced by net offshelf transport elsewhere along the canyon rim, may have been the result of convergences and/or divergences in the flow along the canyon edge.  This type of flow pattern may be expected in a region such as the canyon where the angle between wind direction and along-isobath orientation changes over relatively short distances.

Table 6.4-2.  Net onshore and offshore volume transport per unit 

              alongshelf distance measured at canyon edge moorings 

              during Hurricanes Earl and George.

Storm
Mooring
Alongshelf

Orientation

Ccw of east
Dates

Sept. 1998
Onshelf

Transport

(x106) m2
Offshelf

Transport

(x106) m2

Earl
C1
45
2-4
1.3
1.0


D1
15
2-4
1.5
0.5


E1
-60
2-4
1.4
0.4








Georges
C1
45
26.5-30
2.0
2.7


D1
15
26.5-30
2.6
0.5


E1
-60
26.5-30
1.4
2.0

6.4.4  The Inertial Wake TC "6.4.4  The Inertial Wake" \f C \l "3" 
Previous investigators have found that storms passing over the Gulf of Mexico can leave vigorous inertial motions in their wake.  Clear evidence of this was presented by Brooks (1983) who examined current meter and thermistor string records during and after Hurricane Allen’s passage over the western Gulf of Mexico in 1981.  Brooks found that the storm generated inertial currents with roughly 50 cm/s maximum amplitude, and that these decayed with an approximate time scale of 5 days.  That analysis showed that the storm-driven inertial energy propagated downward through the thermocline at a rate which roughly accounted for the decay of the near-inertial currents in the surface mixed layer.  A longer-term examination of inertial currents over the Texas-Louisiana shelf and upper slope was conducted by Chen et al. (1996).  They found that pulses of near-inertial currents over the shelf tended to follow a sudden change in surface wind stress.  Their analysis indicated that the vertical structure of near-inertial currents over the shelf typically conformed with that of a first baroclinic mode, with close to a 180o phase difference between the near-surface and near-bottom currents.  The amplitudes of near-inertial currents observed by Chen et al. (1996) were maximal near the shelf-edge, and decayed gradually toward the coast but rapidly offshore.

To examine the inertial current signal in the velocity records from the DeSoto Canyon array, we employed a method developed by Perkins (1971). 

Termed “complex demodulation”, this method produces a time series of complex coefficients, D(_), according to:

+T

D() = 1/(2T)( [c(t) - <c>]eiftdt,

-T

where c = u + iv

+T

and <c> = 1/(2T)( c(t)dt,

-T

In the above, c is a complex representation of the velocity series; f is the local inertial frequency; and T is the length of the demodulation window.  In essence, D(()is the Fourier transform of c over the period  -T<t<+T and at the frequency f.  The magnitude and argument of D(t) thus approximate the amplitude and phase of the inertial velocity signal at time t.

The inertial current magnitude seen during and following the passages of Hurricanes Earl and George varied considerably from mooring to mooring (Figures 6.4-9,10).   Hurricane Earl generated weak inertial currents along the canyon edge.  As the hurricane passed the array, slight increases in inertial current magnitude were seen at moorings C1 and D1, while no appreciable changes in inertial current magnitude were observed at moorings E1 and A1 (Figure 6.4-9).  By contrast, Hurricane Earl generated vigorous inertial currents within the interior of the canyon.  These appeared to become stronger with increasing water depth.  Along each mooring line their strength was greatest at the deepest mooring (near the 1300m isobath).  The strongest inertial currents attributed to the storm were seen near the surface at mooring C3.  Their magnitude peaked near 50 cm/s, roughly equivalent to the maximum strength of the inertial currents observed by Brooks (1983) in the wake of Hurricane Allen. 

After the passage of Hurricane Earl, lengthy pulses of strong inertial currents appeared near the surface at moorings D2 and E1.  When viewed as a function of time, the magnitude of these pulses resembled the magnitude of the inertial current pulse seen at mooring C3, except shifted forward in time (Figure 6.4-11).  The time shift, relative to the C3 magnitude, was 1.2 days for the D2 pulse and 2.9 days for the pulse at E1.  This suggests that the inertial current pulses seen at moorings D2 and E1 were not locally generated, but had propagated to the moorings from the western canyon.  Based on the relative times of the pulse’s first appearance at moorings C3, D2 and E1, we have determined pulse may have propagated with a group velocity of roughly 30 km/day to the ENE.

Hurricane Georges appeared to have generated strong inertial currents all along the canyon rim.  Significant increases in inertial current magnitudes were observed at all canyon edge moorings during the hurricane’s passage (Figure 6.4-9).  However, the strongest inertial currents were again seen at the deepest moorings (Figure 6.4-10).  Subsequent increases in near-bottom inertial current were also observed at the deepest moorings, suggesting that the hurricane-generated inertial motions propagated vertically to the deep canyon floor.

Strong near-bottom inertial currents were also seen at the canyon edge moorings following the passage of Georges.  However, the relative phase of these currents was complicated and did not always conform with a mode-1 baroclinic structure (Figure 6.4-12).  

To summarize, Hurricane Earl generated relatively weak inertial currents over the canyon edge but vigorous inertial currents over the deep canyon.  The data suggest that the inertial motions generated over the deep canyon by Hurricane Earl may have propagated towards the ENE to the Florida shelf.  Hurricane Georges generated vigorous inertial motions over the entire canyon, but these were again strongest over the deep canyon.  The vertical phase of the inertial motions seen at the canyon edge during both storms were complicated and often bore little resemblance to a mode-1 baroclinic structure.  These observations are in marked contrast to those of Chen et al. (1996), who found that storm-generated inertial motions over the Texas-Louisiana shelf have a mode-1 structure and decay rapidly in magnitude going off the shelf.  The difference from our observations may be storm related or could reflect general differences in the character of inertial motions in the two study regions.  Such differences might be expected given the drastic contrast in the bathymetric setting of the study regions.

To compare the strength of inertial currents generated by Hurricanes Earl and Georges to inertial currents generated by other storms, or by different mechanisms such as frontal instabilities, Figure 6.4-13 shows time series of near-bottom and near-surface inertial current magnitude at selected moorings for the duration of this measurement program.  At some locations, inertial currents generated by Earl and Georges were the most vigorous of the study period (e.g., near the surface at mooring C3).  At other locations, inertial currents due to Earl and Georges were matched or bested in strength by inertial currents due to other events, such as storms during February 1998.  It is also seen that the decay of inertial energy going onshore to the canyon edge, seen during Earl and George, was typical of most inertial current events.  Careful inspection of the wind stress and inertial current magnitude time series reveals that pulses of strong inertial motions were often associated with episodes of strong winds.  However, there were times that strong inertial currents appeared when winds were weak (e.g., during May 1997 and April-May 1998).  Likely causes of inertial currents during these times include eddy shedding from the LC and eddy-eddy interaction over the canyon.

6.4.5  Storms vs. Canyon edge eddies during the winter of 1997-1998 TC "6.2.5 Storms vs. Canyon edge eddies during the winter of 1997-1998" \f C \l "2" 
When considering eddy vs. storm effects on the canyon rim, the winter of 1997-1998 is of particular interest.  The strongest storms of the study period, not designated as hurricanes, passed over DeSoto Canyon during this time (Figure 6.4-1).  The most intense of these storms occurred in early February 1998, with the second most intense storm traversing the canyon in late December 1997.   Although severely limited by frequent cloud cover, satellite SST imagery of the period clearly showed a LC eddy extending northward into DeSoto Canyon and smaller eddies and/or frontal instabilities at the canyon rim (Figures 6.4-14,15).  For example the STT image of January 16, 1998 shows an eddy (or frontal instability) at the western canyon rim in the vicinity of moorings A1 and B1 (Figure 6.4-15).  

The effect of the storms and eddies on the canyon edge can be seen in near-surface and near-bottom velocities from the canyon edge moorings (Figures 6.4-16,17).  The strongest winds of the late December 1997 storm were directed to the ESE.  These appeared to have generated an eastward tending near-surface flow at the canyon edge (Figure 6.4-16).  However, the effect of the storm on this current was not clearly defined by the moored array data, as they showed the strongest northeastward velocities occurring at moorings A1 and B1 shortly after the storm abated.  The early February storm generated a relatively strong current that moved cyclonically along the canyon rim.  Akin to Georges, this storm produced strong near-bottom currents at the canyon edge.  As the storm passed the array, current speeds in excess of 30 cm/s were measured at 5 m above bottom at all canyon edge moorings.  At mooring C1, near-bottom current speeds exceeded 45 cm/s for a full day during the storm’s passage.  Unlike Georges, a two-layer cross-margin exchange was not clearly evident over most of the canyon edge during the early February storm. It was only at mooring C2 that strong and opposing near-surface and near-bottom cross-isobath flows were observed at the canyon edge during this storm (Figure 6.4-17).

The canyon edge mooring data showed strong cross-isobath velocities during mid-January when winds were relatively weak and when SST imagery revealed eddies and/or frontal instabilities at the canyon edge (Figures 6.4-14,17).  The strongest cross-isobath currents of this period were seen at moorings A1 and B1 where the SST imagery showed clearest evidence of eddy and/or frontal instability activity (Figures 6.4-14,15).  A particularly strong and persistent flow, not related to wind forcing, was observed at mooring A1 during 14-20 January (Figure 6.4-18).  This had subsurface maximum in its along-isobath component of roughly 60 cm/s within the 20-40 m depth range.  It’s cross-isobath component reached nearly 40 cm/s in magnitude and underwent an abrupt change in sign (direction) on 18 January.  This is a velocity signal that may be expected due to the passage of an eddy or frontal meander.  

To compare eddy and storm driven cross-margin volume transports, we used the method outlined in Section 6.4 to estimate these transports during the early February 1998 storm and during the presumed mid-January canyon 

rim eddy event at mooring A1.  Volume transports observed during the storm were of a magnitude similar to the transports observed during Hurricane Earl (Tables 6.4-1 and 6.4-2).  Similar to the transport observed during Earl and Georges, onshelf and offshelf transports of the early February storm were approximately balanced at some moorings, and were grossly mismatched at others.  The onshelf and offshelf transports observed at A1 during the presumed eddy passage were roughly equivalent and similar in magnitude, to transport observed during Hurricane Georges.  A conclusion is that the canyon edge volume exchange generated by an eddy or frontal instability can be comparable to that generated by a hurricane.

6.5  Inertial Currents on the Slopetc "6.5  Inertial Currents on the Slope" \f C \l 2
The velocity records often show large amplitude fluctuations with periods near 1 day.  A typical example from the upper layer for the summer of 1997 is given in Figure 6.5-1.  The across (U) and along (V) isobath currents have similar magnitudes and the velocity vector rotates clockwise (V leads U by ~90().  Because of their intermittent nature and variability with depth, these oscillations are attributed to wind-forced inertial-internal waves.  This section describes the characteristics of these motions and their seasonal variability.  The exceptional inertial currents that occurred in the wakes of Hurricanes Earl and Georges in September 1998 are discussed in Section 6.4.  The inertial period (2(/f) at 29(N is 24.75 hours (0.97 cpd) which is in the center of the diurnal tide band.  However, barotropic diurnal tidal currents over the slope have magnitudes < 1 cm/s.  Internal tides may be present but should be phase-locked to the surface tide.  The variability of the daily oscillations in Figure 6.5-1 does not show the regularity that would be expected from internal tide motions.  The spectra also do not show distinct peaks at the K1 or P1 frequencies that would be expected for narrow band motions such as diurnal tidal currents.  Therefore, the majority of the daily oscillations are considered to be caused by inertial-internal waves even though diurnal tidal motions are difficult to separate out from the records.

The time series of the velocity components have several interesting features (Figure 6.5-1).  The strongest oscillations were at C3, the mooring furthest offshore and in the deepest water (1300m). Here, the inertial currents were present to some degree for most of this two-month period despite weak winds.  There is little apparent correlation of the magnitude of the offshore oscillations with wind events.  However, some of the abrupt shifts in wind direction (e.g. ~ August 1) seem to trigger bursts of inertial oscillations.  Eddies could generate inertial currents by interactions with other flows, and flows with large horizontal shears that generate negative, relative vorticity anomalies can trap inertial oscillations by causing a local decrease in the effective planetary vorticity (f) (Mooers 1975; Kunze 1985).  Thus, the eastward flowing upper-slope jet that is frequently found in the study region (see Section 5.2) could trap northward propagating inertial waves on its southern side (Kunze 1985).  The summer 1997 clockwise rotary spectra (Gonella 1971) for two depth levels on transect C are given in Figure 6.5-2.  The peaks around 1 cpd are broad, reflecting the 

intermittency of the inertial oscillations with the offshore being more energetic than the shelf break.  The shelf break spectra maxima also occur at slightly higher frequencies than at the offshore mooring because of its more northerly position and thus larger value of f.

In contrast to the summer, the winter period had much less energetic inertial motions at the shelf break than the summer despite the more frequent passage of storms.  The upper-layer subtidal currents during the winters of 1998 and 1999 were highly correlated with the local wind stress (see Section 6.2.3).  Figure 6.5-3 shows the velocity components (U,V) for C1, D9 and C3 for a two-month period in the winter of 1999.  Inertial oscillations were almost none existent at the three levels of C1, and intermittently present with small amplitudes at D9 and C3.  The main reason for this is reduced stratification in the upper 100m, particularly at the shelf break.  Inertial currents are not supported on the shelf if the water column is homogeneous (Kundu 1984).  Figure 6.5-4 shows the inertial current amplitudes obtained by complex demodulation (see Section 6.4.4) at 30m depth at C1 and C3 for the two-year study period.  The C3 record was almost always more energetic than C1 and the amplitudes have less seasonal variation.  The exceptional peaks at the beginning and end of September 1998 were caused by Hurricanes Earl and Georges.  The stratification at C1 is represented by the 16 and 80m temperature records.  The temperature difference became very small at the beginning of January 1999 and there was correspondingly little inertial activity at C1 despite the rapid fluctuations of wind speed (Figure 6.5-4).  In the previous winter, the vertical temperature differences were not quite so small, even though there were more high wind events. Therefore, the inertial amplitudes at C1 were not as well damped.

An EOF analysis was performed using the clockwise rotary spectra calculated for the summer 1997 interval (Figure 6.5-2).  Five depths were used from the 13 ADCP's (16, 32, 44, 56 and 68m, except for D9 for which 29, 63, 89, 107 and 159m were used).  The frequency band analyzed was 0.8 to 1.2 cpd.  The first mode accounts for 32.5% of the total variance in the spectra and represents the large scale coherent inertial signal over the upper 100m of the study area.  Phases and amplitudes consistently increase and decrease, respectively, with depth.  The upward propagation of phase (positive phase angles lead) is consistent with surface generation and downward propagation of energy.  Table 6.5-1 shows the mode 1 phase differences between the lowest and highest levels at each station.  The least square estimated vertical wave lengths range from about 90 to 190m, and increase with the depth of water.  The shelf break moorings show approximately 180( top-to-bottom phase differences as expected because of the shelf continuity constraint (Kundu 1984).  

The horizontal distribution of amplitudes and phases for mode 1 are shown in Figure 6.5-5 for the depth of 30m.  The other depths have similar patterns.  The highest and lowest amplitudes are found on the offshore edge of the array and the eastern side of the canyon rim (D1 and E1), respectively.  The phase distribution shows offshore propagation from the shelf break except around B3 which seems to be a focal point for propagating inertial waves.  The trapping of energy in this area is also suggested by the high amplitudes found there.

The mean flows for the upper-layer in the summer of 1997 are given in Figure 5.4-6.  An instantaneous geostrophic current map for early July is given in Figure 5.4-1b.  They indicate that the offshore region is between the northern edge of a cyclone and the eastward flowing upper-slope jet.  This should generate a region of negative relative vorticity that may be trapping the offshore propagating inertial energy (Kunze 1986).  Thus, eddy and jet flows may in some circumstances enhance inertial oscillations over the slope over those at the shelf break.  Figure 6.5-4 seems to indicate that such offshore enhancement is the rule.  An estimate of the horizontal wavelength from a least square fit of the 30 and 65m level phases gives 580 (100 km directed along 155((20((T).  Since the horizontal group velocity is proportional to the wave number, the large estimated horizontal wavelength implies the energy was primarily propagating in the vertical direction.

This preliminary investigation into non-hurricane inertial oscillations has shown that they dominated the high-frequency spectrum and were present in offshore waters throughout the year. Their spatial structure was complex because of the characteristic intermittency and the velocity and vorticity structure of the upper-layer flows on the slope.  This is in contrast to the Texas-Louisiana slope where Chen et al. (1996) found that the inertial energy decayed rapidly seaward of the shelf-break.

Table 6.5-1
EOF Mode 1 inertial oscillation analysis vertical wavelength estimates from Mode 1 phase differences

Station
Water Depth (m)
Bottom-Top Level  Phase Differences
Wavelength (m)

A1
100
190
105

A2
500
140
131

A3
1300
132
148

B1
100
174
110

B2
500
149
127

B3
1300
122
144

C1
100
124
146

C2
500
123
159

C3
1300
121
157

D1
100
230
86

D9
200
251
192

D2
500
153
120

E1
100
172
115

All
-
-
153

187

