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research on ocean flow dynamics as it pertains to the prediction of ocean motion.
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1. “Genesis of the Gulf of Mexico Ring as Determined from Kinematic Analysis,”
J. Geophys. Res., 92(C11), 11727-11740, 1987.
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Genesis ofa Gulf of Mexico Ring as Determined From Kinematic Analyses

James K. Lrwis

Sewence Applicattons International Corporation, College Station, Texas
:

A. D. KiIrwan, Jr.! :

Umeersuy of Souh Flarwda, Department of Marine Science, St. Petershury

The kinemalics of the Loop Current are studied using trajectories of drifters in the Gull of Mexico
duning mid-June through September 1985. One of the drifters was in the Loop Current proper, while
ather drifters were in two recently shed Loop Current nngs. The drifter in the Loop Current showed
strong anticyclonic motion during the study period. This Loop Current anticyclone first began off the
northwest coust of Cuba. It rapidly moved northward into the Gulf of Mexico as a ring pinched off from
the Loop Current. Analysis of the Loop Current drifter motion showed that the anticyclone became an
integral part of the Loop Current, taking on many of the characteristics of the most recently shed ring.
The results of the analysis suggest a process by which Loop Current rings can be generated. Apparently,
tins mechanism can cause the Loop Current to become reconfigured in 2-3 months for beginning the

process of fing senarittion,

[, INTRODUCTION

The shedding of Loop Current rings has a major impact on
processes in the central and western Gulf of Mexico. These
large anticyclones transport a tremendous amount of momen-
tum. heat. and salt across the gulf. all the way to the Mexican
coast [ Ellior, 1982; Kirwan et al., 1984; Lewis and Kirwan,
19RS ], In order 1o consider balances of momentum, mass, and
heat within the Gulf of Mexico, it is important to have some
idea of the characteristics of the kinematics of the Loop Cur-
rent, including how often a ring may be pinched ofll

During Junc 1985. an attempt was made to put an Argos
daifter into the Loap Current as a ring was pinching ofl. How-
cver, the ring did not totally disconneet from the Loop Cur-
rent, and the drilter ended up spending approximately 3
months in the Loop Current proper. The dnlter exited the
Gulf of Mexico (GOM) through the Florida Straits in Scptem-
ber 1985 (Figure I, drifter 3354). Fortunately, a sccond drifter
(3378, Figure 1) was placed in the ring in July 1985. Together,
these two Lagrangian data scts provide a unique view of the
motion of the Loop Current winle it is tn the process of shed-
ding a ring. They provide spccial insight into Loop Current
kinematics as this system cxtends northward. as well as the
kincmatics of a Locp Current ring. Finally, we comment on
the existence of a third anticyclone in the GOM. The eddv
was discovered sereadipitously as a third drifter became en-
trained in its flow field and circled around the eddy all the
way to the Mexicor coast (G. Forristall, personal communi-
cittion, 1986). This cddy has been referred to as Ghost Eddy
because there had been no previous indication of its existence
prior to the first of August 1985, Its general motion and extent
during August and September 1985 is shown in Figure |.

' Now it the Department of Qceanography, Old Dominion Uni-
vessity, Norfolk. Virginiu.

Copyright 1987 by the American Geophy«cal Union
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014%-0227/87/007C-0606305.00

The following analysis is obtained from the movement of
drifters 3354 and 3378 as well as concurrent sea surface tem-
perature (SST) data and XBT data. These, along with the
presence and location of Ghost Eddy, suggest a new prozess
by which uan anticyclonic vortex is formed that can eventually
become a Loop Current ring. The original mechanism for
spinning up the vortex appeiars to be the lateral sharing
stresses caused by the Loop Current off the northwest coast of
Cuint.

A detailed description of the kinematic characteristics of the
Loop Current and the ring is provided by an analysis of the
:rdier paths. This analysis gives us the time histories of the
rotation rate, cceentricity and orientation of the ellipses of the
trajectories, swirl velocities, and movement of the centers of
rotation. A comparison is made of the kinematics of the Loop
Current as cetermined by drifter 3354 during the time it co-
existed with a ring. The latter is designated by drifter 3378.
"The comparison of the last part of drifter 3354 (before it exited
the GOM) with the first month of ring 3378 provides an in-
teresting contrast between the motion characteristics of a
northern extension of the Loop Current before and after it
pinches off to become a ring.

2. Patit DATA

The path data used in this study are the position data of the
dnifters with Argos identification numbers 3354 and 3378. The
GOM ring that was seeded by drifter 3378 will be referred to
as ring 3378. References to drifter 3354 will indicate a refer-
ence to the Loop Current proper. Drifter 3378 was drogued by
a weighted 200-m line, while drifter 3354 was drogued by 2
window shade drogue at 100 m.

Drifter 3354 was seeded at 25.9°N. 87.9°W on June 18, 1985.
The drifter immediately moved southeastviard ~ 525 km and
reached 23.2°N, 83.7°W by June 29, 1985. At this point the
drifter became entrained in 2 westward, anticyclonic flow field
with a center of rotation at about 24°N, 85.5°W. After two
rotations (into mid-August) the drifter suddenly movad nortis-
westward and made three additional rotations centered at
about 25.5°N, 86.5°W. The drifter then left this flow pattern in
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Fig. . Trajectories of dnifter 3384 from mud-June through mid-September 1985 and of drifter 3378 from mid-July

through September 1985. Also shown 1s the location of Ghost

Eddy duting August and September 198S. Squares denote

the beginning postions of the drifter trajectonies and triangles denote the end positions.

mid-September 1985 and exited the GOM through the Flori-
da Straits.

Drifter 3378 was seeded in ring 3378 at 26.4 N, 89.3 W on
July 18, 1985 By that tme. the ring had totally separated
from the Loop Current As shown in Figure [, ring 378
stowly moved westward, reaching approvimately the 91 W
meridian by mid-August Recall that after mid-August. the
Loop Current (as determined by drifter 1354) mosved north-

TABLE !

Listing of Cruses Duning Which XBT Data Were

Collected in the Central and Eastern Guil of Mexco

Vessel

Date 11985)

F. M. Queeny

MV Nestor |

M V Stena Hispama
E. M. Queeny

MV Stena Hhispama
MV Stena Hispama
E M. Queeny

L. M. Queeny

M.V Stena Hispama
M/V Stena Hispama
E. M. Queeny

RV Suncoaster
MV Nat Co 6
MV Stenn Hispania
E. M. Queeny

MV Stena Hhispama
M V Ambassador

M.V Ambassador
MV tuhgecydor

B

May 7 ¢
May 1011
May 17 IR
May 26 27
May 27 2R
May 30-1
June 7 8
June {314
June 26-28
June 29-30
July 1-2
July 9 22
July 16-19
July 16-17
July 31 to Aug. |
Aug. 16-18
Sept. 4 §
Sept. 11 14
Sept 24-25

westward and remained there until at feast mid-September.

- During that same 30-day period, ring 3378 continued moving

westward. reaching to the 92.5 W meridian.

The oflshore industry launched a drifter in June 1985 which
eventually became entrained in the flow field of Ghost Eddy.
At the beginning of August 1985, this ring was centered at
23.5 N, 93} W (Figure 1). The ring gradually moved southwest-
wird across the deepest portion of the GOM. By the end of
September 1985, Ghost Eddy was sull strongly rotating at
23 N 945 W,

3. TeMPERATURE DATA

A number of XBT data sets were collected in the eastern
GOM during May-September 1985 (Table 1). These data pro-
vide indications of the location and the structure of the Loop
Current and ring 3378. In addition, weekly SST contour
charts arc available for the entire gulf. Some of these SST data
are presented here, but unfortunately little in the way of ther-
mal structure can be picked out since the SST gradients are
small in the GOM during the study period (summer and early
fall).

Cruise tracks for the period May 26-31, 1985, are shown in
tigure 2a. The resulting XBT data are shown in Figures
2h -2d. These data were collected before ring 3378 was shed,
and the edges of the Loop Current (maximum horizontal tem-
perature gradients) indicated by the XBT data are shown in
Figure 2q. (Smaller slopes of the isotherms were taken as an
indication that the transects were crossing the Loop Current
edge at an angle. and some of the edges were thus drawn at a
45 angle to the cruise track.) It appears that the Loop Cur-
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Fig. 2. (a) Cruise tracks for XBT data collected during May 26-31, 19RS. The arrows denote the flow at the edges of
the Loop Current based on the vertical temperature structure shown in (h) temperature data from the E. M. Queeny cruise,
May 26-27. 1985, () temperature data from the Stena Jlispania cruise. May 27-28, 1985, and (d) temperature data from the

Stena Hispama cruise, May 30 31. 1985,

rent was flowing northward on the east side of the Yucatan
Straits. swirled westward and around the region where ring
3378 would be spawned, and then turned northeastward
before exiting the GOM.

As previously mentioned, drifter 3354 was deployed in the
northward extension of the Loop Current during mid-June
1985, The trajectory of 3354 duzing June 18~24, 1985, is piot-
ted on the corresponding GOM SST chart in Figure 3. As

indicated by the trajectory (and to some degree by the SST
data), ring 3375 had obviously not separated from the Loop
Current during this period. The return flow frum the area of
the northward extension appears to be mostly southeastward,
toward the northern coast of Cuba.

Three XBT data sets were collected during June 26 to July
2, 1985 (Figure 4), and the temperature profiles are shown in
Figures 4h-4d. The outline of ring 3378 is quite distinct in
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Fig 3 Trujectory of drifter 3354 and SST data for June 18-24, 1985.

Figures 4b and 4c, while tne Loop Current can be scen to  of the ring and the Loop Current from the XBT data in
extend to 25 N in Figure 4d. These data would scem to imply  Figure 4a arc also shown, and ve sce some of the rotational
that reng 3378 1< stil} connected to the Loop Current. The SST  characteristies within the Loop Current from the path of dril-
data for Junc 29 to July 5. 1985, along with the associated ter 3354, The rotation near the Cuban coast continued into
trayectory of drifter 3354 are shown in Figure S, The outlines  mud-July.
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Fig. 4. () Cruise tracks for XBI data collected during June 26 to July 2, 1985. The arrows denote the flow at the
edges of the Loop Current hased on the vertical temperature structure <hown in (b) temperature data from the Stena
Hispama cruise, June 26-28, 1985, (¢) temperature data from the Stena Hispania cruise, June 29-30, 1983, and (d)
temperature data from the L. AL Queeny cruise, July 1-2, 19885,
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Duning July 16 19, 1985, two XBT duta scts were collected
(Figure 6) which distinctly show that ring 3378 had separated
from the Loop Current. The SST contours for the same period
are shown in Figure 7. There is no surface signature of ring
1378, although its rotation is weil delineated by the trajectory
of dnifter 1378. As for the Loop Current, Figure 7 shows that
the rotational feature within the current had reached the
northern edp= of the current, about 25 N.

Both the Loop Current and sing 3378 contmued to rotate
anticvelonically through August 1985. An XBT data set col-
lected on August 16-18. 1985 (Figure 8) indicates that the
Loop Current had extended northward to 26.6 N, Looking at
the SST map for August 12-19. 1985 (Figure 9), we sce that
ring 3378 and the Loop Current were rotating at about the
sime Jattude, 25.5 N By nird-September, the sei surface had
cooled sufficiently 1n the castern GONM so that the northern
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(continued)

cuension of the Loop Current is readily defined (Figure 10).
The trajectories for this period of time show ring 3378
strongly rotating but drifter 3354 leaving the rotational fea-
ture of the Loop Current along the eastern side of a 28°C
tongue of watcr. The following week's SST chart (Figure 11)
shows the 28 'C tangue reaching up to 27.5°N, while drifter
1354 moved toward the Florida Straits along the northern
coast of Cuba. Ring 3378 was still rotating with a center at
about 25.5 N, 92 W,

4. KINEMATIC ANALYSES
The trujectory data were used to calculate various kin-

‘ematic parameters of the flow ficld. The methodology outlined

by Kirwan et al. [1984, 1987] for geophysical fluids was used
in these calcutations. (lor more details, see Kirwan et al.
[1987]) Although Kirwan et al. [1984] used a 100-hour low-

85'w

20°N

a5'w

Fig. 5. Trajectory of dnifter 3354 (farge arrow) and SST datn ( C) for June 29 to July 5, 198S. Shorter arrows denote
the flow at the edges of the Loop Current while dotted hines indicate the locations of Loop Current waters (based on XBT

datat)
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pass filter 1n making their calculation: for a ring in the west-
crn GOM, 1t was found i this study that such a filter was not
sufficient to remove higher-frequency fluctuations recorded by
drifter 3354, As a result, we used a 164-hour (half power point)
low-pass filter on the velocily data of the drilters. We then
calculated the period of rotation, the ellipticity, the orienta-
tion. and the velocity about the translation ring center (swirl
velocity) as scen by drifters 3354 and 3378.

Loop Curremt Kinematics

The observed (filtered) Loop Current velocitics as scen by
dnifter 3354 arc shown in Figure 12. The specd fluctuates in
magnitude from 15 to 80 cm/s, and there are minimums at the

beginning of tiie record and during Julian days 210-225. It
was during days 220-230 that drifter 3354 moved northwest-
ward, ar apparent rapid northward extension of the Loop
Current. The swirl velocity associated with the cotation of the
Loop Current is shown in Figure 13. These magnitudes also
vary from 15 to 80 cmys.

The extent of water involved with the northward movement
of the Loop Current is indicated by Figure 14, which shows
the time history of the distances from the drifter to the center
of rotation. Prior to the northwest movement, the maximum
radius of the rotation as seen by the drifter was 85 km. After
the northwest movement the radius increased up to 100 km.

The rotational frequency of the Loop Current is shown in




LEWIS ash KIRW AN Crsisis oF A Gt oF MEXICO RING 11.733

95°w ] —
RS YR Y B 4,
S 7:’/,9”" R\, ///
’ 30th ,;/}ér',,;;//{///;,,;, "/// 2 ~7 : o
(7 ; % 7
v 2% < .
20 2\/ Sj >
1!
d Z P s ¥
2
29 " Z
10 X
fa}
[al L/ o
28 '
\ )
30
%
_S 0
, //// 7
"
200 7 2 G o
- N J
iy . X
L :5/ 7 // / A
S Vo I )i 0

os*w [ ] as'w

Tig 7 Trajectones of drifters 3354 tsolid lurge arrow) and 3378 (dashed large arrow) and SST data ( C) for July 16-23,
1985, Shorter arrows denote the flow at the edges of the Loop Current, while dotted lines indscate the locations of Loop
Current waters {based on XBT data)

tigure 15, (For the calculation of this term, see Kirwan ef al.  moved northwest. the mean period of retation decreased from
[1983]) Figure 15 shows & general decreise and then increase  about 13 days to approximately 105 days. If we compare
in frequency. with a minimum occurring right before the Figures 14 and 15, we see that longer periods tend to be
northwestward extension of the water mass. As the water  associated with larger radii.
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As for the shape of the field of rotation, we use eccentricity  Kinematics of Ring 3378
c. defined as the major axis length divided by the mnor axis
length  Also, we calculate the north.east orientation of the The filtered velocitics of ring 3778 are shown in Figure 17,
mdjor avis, and both of these variables are shown in Figure  The magnitudes of these oscillations are relatively large, up to
16 The flow field starts out rather elliptical (¢ = 1.75) but  ~8S cmys with a minimum of about 50 cm/s. The swirl speeds
becomes more circular by day 250 {e = 1 ). The elliptical are shown in Figure 18, and we see here an initial increase
orientation was mostly cast west at first but eventually  from 20 to 75 cmy's followed by a decrease to about 50 to 60

became more northwest southeast, cm/s. These vanations in swirl magnitude coincide with vari-
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ations tn the size of the circle of rotation (Figure ). Figure 19
quantilies the distances from the centcr of rotation, with a
maxumum radius of 95 km.

The rotation frequency of ring 3378 is shown in Figure 9.
The initial minimum in frequency (~0.11 ') is followed by an
increase to about 0.14°'. From about day 220 and on, the
rotational frequency of ring 3378 gradually decreased. with the
period of rotation increasing from about 8 days to about 9
days.
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Fig. 12, Time histories of the filtered ohserved speed components
for drifter 3354, The hight curve is the cast/west speed, and the darker
curve 1s the north,/south speed.

Considering the shape, the data indicate that the ring was
initially rather elliptical (Figure 21). Within two rotation
periods this cccentricity decrcased somewhat, with the ring
becoming almost circular. The results shown ir Figure 21
imply that the initial ellipse oricntation was mostly cast/west.
This orientation did not seem to change significantly as the
ring became more circular.

5. DiscussioN
The classical concept of Loop Current processes is one in
which part of the Gulf Strcam at first flows directly from the
Yucatan Straits to the Flonda Straits. Within this flow field,
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tig. 13 Time histories of the swirl speed components about the

center of ratation for the Loop Current. The light curve is the east/
west speed, and the darker curve is the north/south speed.
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instabilitics exist which result in meandering of the Loop Cur-
rent [Hurthurt and Thompson, 1980]. As the sices of the mean-
ders increase and reach northward. it is gencrally believed that
the flow lickl wraps back onto itsell and “shorts™ across the
strcam of flow- part of the {low would still go northward
around the Loop Current extension, while the remainder of
the flow would take the more direct, southerly route to the
Florida Strints This is analogous to other geophysical phe-
nomena, such as the creation of ox-bow lakes by meandering
rivers, Finally, as the curvitture of the flow reaches its maxi-
wmuny, moge of the Loop Current llow takes the southerly
route, and 4 GOM ring 1s eventually pinched off.

Thke interesting point indicatzd by the data presented here is
the closed anticyclome flow within the Loop Current immedi-
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Fig 15, Time history of the rotational frequency within the Loop
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(asterisks) and orientation of major axis (dashed lines). For the flow

. lield orientation, north is 1n the posiive e directiua, and east 1s in the

positive ime direction.

ately after ring 3378 was pinched ofl. Also, the trajectory of
drifter 3354 reveals that this rotational feature initially existed
off the coast of Cuba. Tt has been shown in numerical studies
that the flow of the Loop Current can itself create an anti-
cyclonic flow field off che northwestern coast of Cuba
[ Thompson, 19861. The northward flow west of the tip of
Cuba along with the southeasterly flow along the north cen-
tral coast of Cuba will obviously produce negative vorticity off
Cuba's northwestern shore. Such un anticyclonic flow has
been documented by a number of hydrographic surveys [e.g.,
Nowlin and Mclellan, 1967; Cochrane. 1972). Using hydro-
graphic data. Hofinann and Worley [1986] esumated the depth
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of this Cuban eddy to be ~ 800 m with a current magnitude of
10-25 em s good agreement with the data from this study
thigure 12) Also. data show that the temperature and salinity
characteristies of GOM rings and the Cuban eddy are practi-
cally dentical {Melellan, 1960, Elhor. 1982]

1 he Cuban eddy appears 10 be the Now tield i which dnf-
ter 33584 initialy became entramed. The drifter trajectory indi-
cates that this Now hekd moved shghtly northwest while rning
VTR was sull connected to the Loop Current. But it was only
shortly after ing 3378 pinclied off that this anticyclone pushed
more northwesterls. to abeut 26 § N Fagures 10 and 11 indi-
cite that alter thas final push (kte August 1985), the rotational
fickd became an integial component of the Loop Current,
Fhus the data i this case imply that the kernels of Loop
Current rings may come from waters ofl the northwest coast
of Cuba.
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An example of a modeled ring pinch-off in the GOM s
shown in Figures 22 and 23 (from Wallcraft, 1986]. On day
63 (Figure 22) the model shows a configuration similar to that
when drifter 3354 was sceded. The ring is well defined as the
northern extension of the Loop Current. but it has not com-
pletely pinched off Note that there does exist a hint of anti-
cyclonic motian off the northwestern coast of Cuba. By day
153 (3 months fater) the model shows the ring free of the Loop
Current. Morcover, the anticyclone off Cuba is larger and
much better defined. However, the model shows the northern
edge of the Loop Current extending to only 26'N. whereas
XBT and dnfter data presented here show an extension to
27 N ina similar time period (3 months).
It is not untl after 9 months hefore the Loop Current in
this simulation pushes northward again in the process of
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Fig. 21 I'me mstories of the eccentricity (usterisks) and major
aas onentation (dashed hines) for ring 3378 For the flow field orien-
tatton, north is in the positive ¢ direction. and east 1s in the positive
nme direchion,
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praching ofl another sing (Figure 23) By this time, the anti-
edone that had heen spua up by the Loop Cutrent has lost
its adennity (Jay V72 Pigare Y1) Thas the process as deter-
precod o T oy o dniter A3SE s difierent from tus
Sarncu’ skt i e mager ways, binst, the Loop Cur-
eovnd s santlewn d 10 27 Noin 2 S manths

due of 16 moenths for sech, niodel

e Lt oaped oveension was gecompaned by
e o Jourculd e overies ongimadly gencrated ofl the coast
Poabn Howner woother simuadations with no deep in-flow
thivugh the Yucatan Steats, signiticant Loop Current pene-
tations can oceur 40 days Clearly. this is a phenomena

tirat requires further study

) [ (I

Lt Seran

Loop Curvert Versus Ring Kinematies

Drifters 3354 and 3378 were both in the GOM during
Jubian davs 199 204, 1985, However, the initial variations of
the hinematic paraineters of ring 3378 (Figures 17-21) all indi-
wate an adjustment penod from days 199 220 duning which
tume the didter (with its 200-m weighted hned found an appro-
prate ocbit withim the ring Thus we compare the ring and
1 oop Current kinematies from day 225 to day 264. At the
veginming of this time period the Loop Current was rotating
warh o peresd of dhout 108 days, while ring 3378 had a period
uf ~ 8 2dme Phie onentations of the ellipses of rotation {(Fig-
urey "o aad 21) were quite similar tgeneratly cist west), but the
Lobs Current was slighthy more elliptical (¢ = 1.5) than ring
N = 1 2%

The swarl speeds and the radn of revolution for the dnifters
m oth annbeyelopes wete guite similar for diys 225- 264 80
em s don the s peed s and = 96 km for the radii relative to
the 1o eerter tnterestingly, both anticvddones expenzaced
lonwer ¢ ciogs of rotation lor smaller distances frone the center

v F N,

Aooenac s Betooe wnd ifrer a Ring Detachment

We pow turn ta the hmematies of the Loop Current at aits
mest o ther iy extension (Julinn davs 230-264) and the kin-
of ning 2378 soon alter it troke free from the Loop
Cuwrent (Julian days 225-235) Kceeowmg in mind that these
dara represent two different anticyclonic phenomenit, how
wpical are the GOM rings before and after they break off
from the Loop Current?

The stnularitics between the two sets of kinematics arc con-
siderable. First, the magnitudes of the swirl speeds and of the
radii arc practically identical. Morcover, their clliptical orien-
tattons arc both northwest,'southcast. The Loop Current was
sh:hity more clliptical than ring 3378, but onc might cxpect
aich o diflerence n cllipticity scemg that an anticyclone stull
attached to the Loop Current 1s a “caplured™ phcnomena,
wlhile 2 detached 1ing 1s an isolated vortex. The similaritics of
the anticsclones plus their close pertods of rotation imply that
the basic kinematie characteristics of GOM rings can be cs-
tablished as the Loop Current pushes northwestward off the
shore of Cuba.

SHAHE

Summary

I'he scenario implied here is one in which the essence of the
ting 1< established ofF the northwest coust of Cuba, develops in
deeper waters o) de coastline, and then takes on its final
characteristics shortly after the previous ring co.upletely de-
taches from the [ oop Current.

Liwgs avn Kirwan Gisisss o A Guer or Mexico Risg

The implication of such a mechinism s that of time scales
One is not required to wait until instabihities in the flow ficld
grow large enough to produce a closed rotational feature. The
data hkete show that & uew Loop Corrant rotationat leature
can be well estabiished even before the previous ring has to-
tally pinched ofll It was estabiished that ring 3378 wax de-
tached from the Loop Current by wiid-July 1985, Yet it was
seen that the new rotational structure had rroved to lantude
26.5"N by the beginning of Scptember 1985 Thus the Loop
Current was reconfigured for another ring separation only 1.5
months after the previous ring separation. Ellor {1982 docu-
mefted three ring scparations in a 12-month period using
hydrographic data. The presence of Ghost Eddy along with
ring 3378 implics a similar scparation rate. Modcl studies
[e.g.. Hurlburt and Thompson, 1980; Thompson, 1986; Wall-
crafi, 1986] rcport scparation rates ranging from 4 to I8
months, depending upon the type of instability involved.
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Observed and Simulated Kinematic Properties of Loop Current Rings

A. D. KIRWAN, Jr.,'*? J. K. LEwIs,®> A. W. INDEST,* P. REINERSMAN,! aND I. QUINTERO!

Two rings, shed by the Loop Current in 1980 and 1982, wers observed for several months by
satellite-tracked drifters to migrate across the Gulf of Mexico. The drifter path data have been inverted
to obtain estimates of the paths of the centers of the two nings, ring shape, and the swirl velocities. Three
drfters were deployed in the 1980 ning, and the analysis of that data set establishes the vanabulity of the
above kinematic estimates for one ring. A companson of the analysis of data from both rings provides
some tdea on inter-ring vanability. Both rings impacted the Mexican continental slope at about 22.8°N,
955"W After a brief adjustment penod, both rings reestablished and maintained a vortex character for
several months in the slope region while migrating slowly to the north. The paths of the centers of the
two rings along the slope are virtually identical. The same analysis routine was applied to some simulat-
ed dnfter data obtained from the Hurlburt and Thompson (1980) Gulf of Mexico primitive equation
model. In the midgulf, the agreement between the observed nings and the simulated ring is good,
although the former showed stronger interaction with the continental slope topography and/or circu-
lation than was seen 1n the latter. Along the slope, the moddl ring kinematic charactenstics were n

extraordinary agreement with the observations.

I. INTRODUCTION

The circulation of the Gulf of Mexico has been the subject
of a surprising amount of theoretical and observational stud-
1es. From the turn of the century [Sweitzer, 1898] until 1973
[Austin, 1955; Nowlin and McClellan, 1967; Nowlin, 1972], the
emphasis was on analyses of hydrographic data. These studies
established the presence of poorly defined, but quasi-
permanent, anticyclonic signatures i1n the central part of the
gulf.

Since 1973, the emphasis has shifted from qualitative de-
scriptions of the hydrography to attempts at quantifying dy-
namical mechanisms associated with the anticyclonic struc-
tures. Sturges and Blaha {1976] and Blaha and Sturges [1978]
proposed that the western gulf circulation was the result of the
balance of wind stress curl and planetary vorticity, i.¢., a mini-
western boundary current effect in the Guif of Mexico. Elliot
[1979, 1982] disputed this, noting that this balance was not
generally achieved if synoptic wind data on a fine scale were
used His work also gave more credence to the earlier idea of
Ichiye [1962] that the anticyclonic features were in fact rings
that had been shed by the Loop Current in the eastern gulf.
Kirwan et al. [1984a] substantiated this hypothesis by track-
ing the migration of a ring shed by the Loop Current across
the gulf to the continental shelf off of Mexico.

In a companion paper, Kirwan et al. [1984b] assessed the
translation velocities, local vorticity, deformation rates, and
shape of the ring as it propagated across the gulf. The analyses
of the three drifters that were in the ring simultaneously
showed generally good agreement of these properties. The re-
sults also are in general qualitative agreement with the nu-
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merical simulations from the general circulation model (GCM)
of Hurlburt and Thompson [1980], hereinafter referred to as
HT.

[s the qualitative agreement between GCM calculations and
one particular ring fortuitous or the result of deterministic
dynamics? We examine this question with observations from
two different rings along with simulated data from the HT
model. Specifically, we compare in detail kinematic properties
such as the movement of ring centers, ring translation and
swirl velocities, and ring shapes from 1980-1981, 1982-1983,
and simulations from the HT GCM.

The analysis routine used to determine these kinematic
properties 1s an improved version of that reported by Kirwan
et al. [1984b]. The routine inverts Lagrangian path data to
obtain the desired kinematic properties. Unlike the earlier
study, the present routine emphasizes ring shape and trans-
lation. Also, considerably better time resolution on parameter
estimates can be made with the new routine. Some details are
given below and in the appendix. The internal consistency of
the analysis routine is being assessed separately with simulat-
ed data from the HT GCM.

The following observed data were utilized in this study.
These come from two rings which occurred in 1980-1981 and
1982-1983. We have reported previously on the former [see
Kirwan et al., 1984a, b] using the more primitive analysis
routine. That ring had three drifters in it simultancously, and
s0 our re-analysis provides some indication of intraring varia-
bility along with some indication of the consistency of the
analysis routine. Only a descriptive analysis of the latter ring,
which had only one drifter, has been reported before [Lewis
and Kirwan, 1985]. Comparison of these {wo rings provides
some measure of inter-ring variability.

These observed data are compared with simulated La-
grangian data from the HT GCM. This model was a two-layer
(lower layer active) nonlinear primitive equation model of the
Gulf of Mexico with realistic bottom topography. The grid
spacing for the calculations used here was 10 km. The simulat-
ed path was obtained by advecting a parcel at each model
time step (4 hours) to a new position given by the product of
the velocity vector at the current position of the parcel and the
time step. Since the position of the parcel was rarely at a grid
point, it was usually necessary to interpolate the velocity
vector from surrounding grid points. These calculations were
kindly performed by A. Wallcraft.
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Both the observations and the simulations track appropri-
ate rings for many months. During this time, the real and
simulated rings move from the midgulf region with fairly flat
topography in excess of 3000 m to the continental slope off of
Mexico This area of interest 1s depicted in Figure 1. In the
midgulf region. nng translations are governed essentially by
Rossby wave dynamics, and so one expects them to move
west-southwest But along the slope, interactions of the ring
with bottom topography become :mportant. Since the dynam-
ics in these two geographic regions are so different, we have
performed separate analyses for the rings in the two regions.
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Fig 1 Depiction of the area tn which the observed and simulated

Loop Current rings are studied

2. ANALYSIS PROCEDURE

The observations used 1n this study are the positions of the
Polar Research Laboratory drifters with Argos identifications
1598, 1599, 1600, and 3374. Kirwan et al. [1984a, b] reported
on the analysis of 1598, 1599, and 1600, which were deployed
simultaneously in November 1980. Position data from these
three drifters are analyzed to establish the variability within a
ring. Intraring variability is assessed by comparing the analy-
sis performed on the three drifters in the 1980-1981 ring with
that of drifter 3374, which was deployed in the 1982-1983
ring. Each dnfter was the standard Polar Research Labora-
tory buoy drogued by a 200-m chermistor line. No thermistor
data are available from any of these units.

The analysis procedure utilizes a parametric kinematic
model discussed by Kirwan et al. [1984b] for inferring the
translation and swirl velocities as well as the vorticity, hori-
zontal divergence, and deformation rates. This model was first
proposed by Okubo [1970] to describe small-scale motion
about flow singularities. Kirwan [1984] showed that same
model can be applied to larger scales if the model parameters
are constant along a parcel path.

The model assumes that the swirl velocity 1s given as a
linear function of the distance from a local flow center. Here
the local parcel flow center will be referred to as the “ring
center” or some times “orbit-determined center”. This termin-
ology is dictated only by the nature of the available data.

KIRWAN ET AL.. KINEMATIC PROPERTIES OF LOOP CURRENT RINGS

Flher! [1981] has pointed out that this center may not coincide
with an “Eulenian” center. (We interpret this as a center of
mass.) Smith and Reid [1982] have developed a general for-
malism for studying the centers of the distribution on any
property, for example, mass, potential energy, kinetic energy
or enstrophy. in general, these centers do not coincide, nor do
their propagation velocities. Establishing the relations Us-
tween these various centers for Gulf of Mexico rings requires
much more dat~ than is now available.

For the present model the total velocity (u, v} of a drifter 15
composed of the translation velocity (U, V;) of the ring
center and the swirl velocity (ug, vy):

u=Us+ ug
(n
v=Vp 4+
usg=(d + a)x/2 + (b — ¢c)y/2

P4
vs = (b + ¢)x/2 + (d — a)y/2

Here x and y are the instantaneous coordinates, relative to the
ring center of a particular parcel (drifter). If (2) is regarded as a
Taylor expansion for the velocity field, then the parameters a
and b can be interpreted as deformation rates and ¢ and d as
the vertical vorticity and horizontal divergence. It is stressed
that these parameters are evaluated along individual paths.
Eulerian estimates of deformz:ion rates, vorticity, and diver-
gence likely would differ from these estimates. Consequently, it
is better to interpret a, b, and ¢ as shape functions which
determine the orientation and ellipticity of a particular orbit
in a ring. See Kirwan et al. [1984b] for details.

The general solution to (1) and (2) is easily obtained
[Okubo, 1970]. The procedure here is to apply this solution to
every time interval between fixes (in practice, interpolated
positions). Thus for the interval ¢, £ ¢ < ¢, |, one obtains

u, = Up + (d, + a,)x/2 + (b, — c)y,/2
v = Vo + (b + ¢)xy2 + (d, — a)y/2

3
)
where
x,={exp [rult —t)I[Xu/a* +b* ~c, +a) + V(b — )]
—exp [ra(t—1)IIXa,— /0,2 + 5,2 — ¢, )) + Vb, — )]}
-2/a2+b2—c* (9
v = {exp [ru(t = t)IIX by +c)+ N/ @ + b, —c? —a))]
+exp [ryult—t)I[ = Xylby +c) + Yi(/a 2 + b2 —c 2 +a,)]1}
(6)

NPT

In (5) and (6), (X,, Y;) are the coordinates of the parcel in
question at time ¢ = 1, relative to the ring center. Also,

r=+Ja’ +b*— )2 ™
roa = dy — Va2 + bt — ¢, 22 (8)

are the eigenvalues of the matrix

d,+a) (b~ c,)]
2M, =
* [(b,, +c) (@d—-ay

Note that these eigenvalues are complex conjugates when
¢} > a2 + k2 This, naturally, produces real periodic solu-
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tions which are a characteristic of swirl velocities of drifters
trapped 1n a ring.

To apply this model to drifter data, differentiate (3) and (4)
three times with respect to time. One side of these equations
contains the unknown variable set Z, = (q,, b,, ¢, d;. X, Yo).
The other side of these equations can be estimated from path
data. These six equations do not contain the translation veloc-
ity, since it is assumed a prion to be constant for a time
interval. (But, of course, its value may change from one time
interval to the next.) These six equations are inverted analyti-
cally for the six elements of Z,. The translation velocities can
be recovered from (3) and (4), since all other quantities are
now known. Alternatively, the translation velocities can oe
obtained by differentiating the path of the ring center. Both
procedures provide comparable estimates. Here we uce the
latter procedure. With all elements of Z, now determined, one
then moves to the next time interval and repeats the calcula-
tions, thus obtaining a time series of Z,. Details are given in
the appendix.

We have expended a great deal of effort in learning how to
make rehable time derivative estimates of the path data. For
the data analyzed here, the raw position files have been edited,
interpolated to equally spaced time intervals, and low-pass
filtered (half power point of 100 hours). All derivative esti-
mates were obtained by fourth-order accurate, centered differ-
ence schemes. Each derivative file was edited and low-pass
filtered. The calculations, as described in the appendix for Z,,
were performed with the latter derivative files. The calculated
Z,, In turn, were edited and low-pass filtered.

The analysis procedure just outlined is an improvement
over that used by Kirwan et al. [1984b]. Their method re-
quired an a priori assignment of a solution form to (4) and (5);
i.e., (7) and (8) were assumed to be complex conjugates, and
values of Z, were assumed to be constant over one ring revo-
lution (approximately 15 days). The procedure used here does
not require an a priori assignment of the solution form; it lets
the data determine this. Thus it should have wider utility. In
addition, the Z, are now required to be constant over seven
time intervals (42 hours in the present case) rather than 2
weeks.

As was indicated above, g, b, and ¢ are not especially useful
for comparison with Eulerian data. For rings a more appro-
priate description would be the elliptical structure of the orbit
traversed by a particular drifter. As was shown by Kirwan et
al. [1984b], the characteristic equation is

(e + bJx? + (6 — 5N — 2a%,,
=Lexp{—=d(t—t)] 9

Here L, is the angular momentum per unit mass relative to
the ring center. This can b2 calculated directly (see equation
(A18)). In (9) the argument in the exponential terta can be
made zero by making the evzluation at the beginning of the
time interval ¢ = t,. Note that a requirement for (9) to describe
an ellipse is that ¢,2 > a,? + b,%.

From analytic geometry it is known that for anticyclonic
motion, ¢, < 0, the major axis of the ellipse makes an angle
with east of

a, =4 tan~ ! (—ayb,) (10)
In evaluating (10), care .nust be exercised in the quadrant
assignment. Also, the semilength of the major axis is
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R, =/ Liflex = h) (1

where
h?=a?+b?

The paradiym just outlined for analysis of Lagrangian data
puts critical emphasis on time derivatives of path data. Incon-
sequential errors in the path data can become consequential in
the derivative estimates. Moreover, the nonlinear algebraic
combinations of these dertvatives in the paradigm may mag-
nify further the impact of these errors on the inversion. The
concern is that two paths which contain the same kinematic
information but differ by small random and/or round off
errors, will produce vastly different kinematic estimates when
run through the paradigm. The internal consistency of esti-
mates of ring kinematics is presently being examined with
simulated data from the HT GCM.

3. MIDGULF

3.1. Observations

Here the results of the intraring and inter-ring comparisons
are presented for the midgulf region. This includes ring kin-
ematics as inferred from the three drfters in the 1980-1981
ring and the single dnifter in the 1982-1983 ring. While in the
midgulf region, both rings began to interact with the conti-
nental slope topography and/or circulation. This period is iso-
lated in the analysis. The same analysis routine is then applied
to simulated midgulf ring data from the HT GCM.

The 1980-1981 ring. The data for this portion of the study
come from three drifters (1598, 1599, and 1600) which were
seeded in the 1980-1981 ring. Kirwan et al. [1984a, b] have
already reported on this. The data have been reanalyzed using
the general algorithm discussed in the preceding section and
in the appendix.

Figure 2 shows the paths of these three drifters in the
mdgulf region along with the positions of the centers and the
orbit cllipses. Arrows on the drifter and center paths mark
10-day intervals, while the ellipses are presented at 15-day
intervals. The paths for cach drifter are for a common time
interval (day 340, 1980, to day 118, 1981). This figure es-
tablishes three points. First, all three make the same swath
through this portion of the gulf, suggesting that they generally
tollowed the ring. The overall path characteristics of drifters
1598 and 1600 (Figures 2a and 2¢) are remarkably similar,
suggesting that they wete in very similar orbits. Second, the
paths for the center of the ring, as determined independently
from the three drifters, is in good agreement as far as about
94°W (the first 2 months of the record). Discounting the very
beginning where there are numerical problems, the typical dif-
ference in the location of the center at any one time is 30 ¥m,
about 20% of the diameter of the ring as determined from
satellite imagery [Kirwan ot al., 1984b]. This is about 10 km
larger than the rms disy’ acement between the maximumr sur-
face and interface displacement anomalies of the HT GCM.
The 30-km variability is considerably larger than that report-
ed by Hooker and Olson {1984] using a variant of the tech-
nique employed here under ideal conditions. In view of our
results along the continental slope, described below, it is not
clear whether the large variability is due to data, technique, or
rapid evolution of the ring.

Finally, the ellipses also show generally good agreement
east of 94°W. Note the tendency to develop a northwest elon-
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gation as the ring approaches 94°W Waest of 94°W, all three
orbits suggest that the ring begins to interact with the conti-
nental slope circulation and,/or topography. This is discussed
later.
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Fig. 2. Drifter paths, inicrred center path (red) and orbit ellipse
(blue) for the three dnfters in the 19801981 ring: (a) 1598, (b) 1599,
and (c) 1600. Arrows on the paths are at 10-day intervals, while the
cllipses are shown at 15-day intervals. Here S and F refer to start and
finish.
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Figure 3 shows the time series for the swirl and translation
velocities. All three records indicate swirl velocities in excess of
50 ¢m s throughout most of the record. The dominant pericd
1s abut 14 days with a variation of about 2 days between the
records. This is recogmized as the ring’s rotation period. How-
ever, from about day 30 to 60, 1981, all three drifters show a
smallar-period component (about S days) in the time series
and a decrease in swirl amplitude. As will be discussed below,
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Fig. 3. Swirl (left scale) and translation velucities (right scale) in-
ferred from the three dnifters 1n the 198C-1981 ning. (a) 1598, (b) 1599,
and (c) 1600. The east and north components of the translation veloc-
ity are depicted in red and blue, respectively.
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1t 1s speculated that duning this period the drifters were re-
sponding to effects produced by the continental slope and, or
circulation further to the west. All the translation velocities
show a consistent westward component of about 4 cm,s up
until about day 30. 1981. For the reason just given, 1t 1s not
clear that the analysis applies to this ring for the period from
day 30. 1981, to day 60, 1981 After day 60, 1981, the ring
centers appear to be stationary.

The 1982 1983 ring and comparison with the [980-1981
ring. The same characteristics are seen 1n the analysis for the
1982-1983 nng. Figure 4 shows the drifter path, inferred
center path, and the orbit elhipses for dnfter 3374. As in Figure
2, there 1s significant distortion of the orbits west of 94°W.
Unhke the earlier ning, no significant northwest cllipticity is
developed as the ring approaches 94°W. Comparison with
Figure 2 indicates that the 1982-1983 ring center followed
nearly the same path as that of the 1980-1581 ring.
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Figure 5 shows the translation and swirl velocities for the
1982-1983 ring. The swirls are slightly less than 50 cm/s,
which could reflect a smaller orbit of the drifter. The dominant
period 1s still about 14 days. Note that around day 1, 1983 the
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swirl velocities decrease sigmficantly and show some evidence
of higher-frequency companents. This is the period when the
dnfter moves west of 94°W and executes the deformed,
northwest-oriented loop. As with the earlier ring, this is inter-
greted as evidence for topographic and/or slope circulation
interactions.

Figure 2 indicates that west of 94°W, the three drifters in
the 1980-1981 ring show significant divergence in the calcula-
tion of the inferred center Furthermore, dnifters from both
rings showed anomalous path characteristics 1n this region. In
particular, 1598 and 1600 appeared to become entrained in
smaller, anticyclonic eddies, while 1599 and 3374 exhibited
warped and elongated ellipses. This has been attributed to
interaction between the ring and the continental slope and,jor
slope circulation further to the west,

Figure 6 focuses on this time interval, Figure 6a shows the
paths of all four driiters during the period in question. It is
clear from this that all four drifters were under the influence of
different dynamical processes here than those they experienced
to the zast.
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Fig. 6. Paths of drifters 1598, 1599 and 1600 in the 1980-1981
nng and 3374 in the 1982-1983 ning for the penod when they were
mteracting with the slope topography and/or circulation. The arrows
are at {0-day intervals. (a) Drifter paths. (b) Inferred centers of flow.

Figure 6b compares the movement of the inferred cen.ers.
In interpreting this figure, it should be emphasized that the
center calculation is greatly complicated by the changes in
curvature of the paths. The paradigm interprets this as a
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change from an anticyclonic to cyclonic structure with a
consequent change in the location of the center. No doubt the
real dynamics during this period are much more complicated
than the rather simple scenario available from the kinematic
model. The geographic vanation in the paths clearly is much
larger than that seen east of 94°W or, as will be seen shortly,
than that found along the slope. This suggests that each of
these drifters was either briefly pulled out of the parent ring or
its orbits deformed through interaction with the continental
slope topography or circulation. This hypothesis accounts for
the deformed orbits and the brief occurrence of high fre-
quenctes in the swirl velocities.

3.2,

Attention is now turned to the simulated data. There are
two issues involved 1n the utilization and interpretation of this
data. First, how consistent 1s the paradigm in recovering ring
kinematics which should be independent of the orbit? This
1ssue is presently being addressed. Addressed here is the issue
of establishing how well the GCM agrees with the observa-
tions. Specifically, the center path, orbit ellipses, and trans-
lation velocity as inferred from the simulated data are com-
pared with the same properties as determined from the obser-
vations.

Simulations
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Fig. 7. Path and orbit ellipses (blue) of a simutated drifter from
the HT GCM. Arrows on the path are at 10-day intervals, while
cllipses are shown at 15-day ntervals. Figure 7a shows the ellipses
using the orbit-inferred center as the flow center, and Figure 7b uses
the maximum interface displacement anomaly. Both centers are
shown 1n red.
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Figure 7 shows the path of one of several simulated drifters
from the HT GCM along with the orbit ellipses. Figure 7a
depicts the results using the ring center as inferred from the
drifter orbit, while Figure 7b repeats the ellipse calculation
using the position of the maximum displacement anomaly of
the interface. The choice of the interface displacement as rep-
resentative of the ring center is arbitrary. Presently, we are
comparing the maximum interface displacement, the maxi-
mum surface clevation displacement and orbit-determined
centers. In general, all are within 30 km of each cther.

The most significant difference between the orbit-
determuned centers and interface displacement anomaly occurs
in the interval between 91°W and 93°W where the orbit-
inferred ring center shows a significant southern loop. This is
not seen in the path of the maximum interface displacement
anomaly. At 93°W the orbit-inferred center executes an anu-
cyclonic loop that, again, is not seen in the displacement
anomaly path. Elsewhere, the orbit-determined path is consis-
tently 5 to 25 km south of the displacement anomaly path.

A comparison of Figures 2, 4, and 7 shows that the simulat-
ed and observed centers follow the same general path through
this part of the midgulf. In general, the simulated center path
is 10 to 35 km south of the observed path, depending upon
which of the two simulated center paths is used. There is
virtually no evidence of the interaction with the continental
slope topography and circulation in the model i asults as was
seen in the observations. None of the simulated orbits were
deformed or appeared to be pulled out temporarily from the
ting. Somewhat surprisingly, we have found less consistency in
the ellipse calculations for the simulations than in the observa-
tions. A number of the ellipses from the simulated data are
quite deformed. They also show frequent reversals of the
major and minor axes. Overail, however, as the ring nears the
slope region, a northeast orientation appears to develop in the
orbit ellipses.

Figure 8 shows the translation and swirl velocities for the
simulation. Figure 84 gives the results using the orbit center,
and Figure 8b uses the maximum displacement anomaly as
the ring center. The dominant period in the swirl velocities is
about 24 days, or 10 days more than was found in the obser-
vations. Note that the swirl velocities, as calculated from
cither center, are of comparable magnitude, about 30 cm/s.
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This is somewhat less than the observed swirls, but this could
be rectified by picking a simulated drifter in a greater orbit.
There seems to be more differerce in the translation velocities.
Because its path 1s straighter, the displacement anomaly path
has less variance. The mean westward component in both
cases of about § cmys 1s consistent with the observations.

27°

26° P

25°

24°

LATITUDE

23°

ORBIT 1 —
1374 L IXYY 3
1598 esese
22° of 1599 -
1600 - o=
PRESSURE emmm
2 1° 2 '] _3 [l ) 1
94° 93° 92° g1° 90°
LONGITUDE

Fig. 9. The centers for the 1980-1981 ring, the 1982-1983 ring,
and the HT GCM simulation. Orbit | (red) refers to the orbit-
determined center, and pressure (blue) refers to the maximum dis-
placement anomaly path. Arrows depict 10-day intervals.

Figure 9 compares the inferred center movement for ail four
drifter: along with the inferred center of the simulated drifter
and the displacement anomaly path east of 94°W. This is the
region where there is no apparent effect of slope topography
or circulation in the observations. Of course, details in the
paths vary, but overall the agreement is quite good. The maxi-
mum deviation at any one time between any of the paths is
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100 km. which 1s only two-thirds the diameter of a typical
ring. For most of the paths, the orbit-determined centers are
somewhat south of the displacement anomaly path. However.
as the paths near 94°W, the observed centers move north of
the displacement anomaly. All the orbit-determined center
paths show considerably more structure than does that of the
displacement anomaly.

4. CONTINENTAL SLOPE

It is remarkable that both observed rings and the simulated
ring impacted the continental slope in the same area. This 1s
seen in Figure 10, which shows the drifter paths, inferred
center paths, and orbit ellipses for all three cases. In the case
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Fig. 10. Drifter paths, inferred centers and orbut ellipses for (a) the
1981-1982 ring, (b) the 1982-1983 ring (above); (c) the simulated ring,
and (d) center paths along the continental slope (next page). Arrows
on the paths depict 10-day intervals, while the ellipses are at 15-day
intervals.

of the simulated data (Figure 10¢), the orbit-inferred center
path and the Jisplacement anomaly path are virtually identi-
cal. Conseguently, it is only necessary to display one set of
caiculations. The orbit-determined centers were used here.
Figure 10d illustrates how close the movements of the two
observed and simulated rings are. There the paths of the in-
ferred centers along with the displacement anomaly path have
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been superimposed. Except for the beginning and end of the
paths, the maximum deviation is 70 km with a rms deviation
of 12 km. Moreover, all paths show the same general charac-
teristics. Both the observations and simulation show a north-
ward migration along the isobaths but with some eastward or
looping component.
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Fig. 10. (cont,) Drifter paths, inferred centers and orbit cllipses for

(c) the simulated ring, and (d) center paths along the continental slope.
Arrows on the paths depict 10-day intervals, while the ellipses are
shown at 15-day intervals.

The northward migration along the slope is puzzling, as
conventional theocy [Smith and O'Brien, 1983] would have
topographic beta drive the rings to the south. Recently, Smith
(1986] has suggested that the northward migration may be
due to boundary effects. An alternate explanation was offered
by Nakamoto [1986], who found northward propagating soli-
ton solutions in a two-layer, nonlinear, quasi-geostrophic
model.

The swirl and translation velocity iiinie series are shown in
Figure 11. In the 1980-1981 ring the dominant period is 15
days, almost exactly that found in the midgulf. For the 1982~
1983 ring the dominant period is about 11 days, slightly less
than that found in the midgulf. The simulated ring also shows
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a decrease in the dominant period to about 15 days. The
magnitudes of the observed ring’s swirl velocities are about 40
to 50 ¢mys, which is close to that found 1n the mudgulf. The
swirl velocity for the simulated ring is about 80 ¢m/s, substan-
ually more than what was obtained [or the midgulf. All trans-
lation velocities indicate a fairly steady northward movement
of about 4 cm/s.
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5. CONCLUSIONS

The paths, translation and swirl velocities, and orbit ellipses
have been calculated from Lagrangian observations for two
large anticyclonic, Gulf of Mexico rings and one simulated
ring. Within the capabilities of the data base and the analysis
routine, the following are now established.

1. The paths of the three rings across the central Gulf of
Mexico to the continental slope off of Mexico are virtually
identical. However. not all Loop Current rings will follow this
path. See Lewts and Kirwan [1987].

2. The intraring variability of translation and swirl veloci-
ties and the inferred center paths for the 19801981 ring are
essentially the same as the inter-ring vanability between the
1980-1981 and 1982-1983 rings.

3. For the observed rings, there was evidence of strong
ellipticity developing as these rings approached the conti-
nental slope. The axis of orientation was approximately
NE-SW. No independent data on ellipticity were available for
the 1982-1983 ring, so it cannot be ruled out that this ring
was so orientated. Similar but less pronounced ellipticity was
seen in the simulated ring.

4. Both observed rings showed significant distortion of the
dnifter orbits west of 94°W. Ths is attributed to interaction of
these rings with the continental slope topography and/or slope
circulation features. Such interaction was not observed in the
simulated ring.

5. After encountering the continental slope off of Mexico,
both observed dnd simulated rings retained their integrity for
at least several months while they migrated to the north. The
track of the center of both was very close to the 1200-m
isobath. The observed swirl speeds were <lightly changed from
the values obtained from the midguif. The simulated ring ex-
hibited a substantial increase in swirl velocity. For both the
observed and simulated data, the translation speeds were com-
parable to those obtained for the midgulf.

There are a couple of broader implications of this study
pertinent to eddy-resolving GCM’s. Both the volume of data
as well as the time and space scale resolution of simulated
data available from these models far surpasses the typical ob-
servational data bases used for verification. Because of the
different time and space scales of resolution in the simulated
and observed data bases, it is not clear how to establish reli-
able criteria for statistical comparisons. This study suggests
that a potent alternative is to compare model and observed
Lagrangian kinematics. Both simulated and observed La-
grangian data sets provide comparable space-time resolution
on the evolution of specific circulation features. Moreover, the
assessment of the prediction of such features is a more strin-
gent test of a model's predictive capability than are general
statistics. The Lagrangian data also provide a means of fine-
tuning model parameters such as layer depth, density differ-
ences, etc., so that observed and simvlated swirl velocities can
be matched. As to the HT model, this study has documented
the interesting situation that the prediction improves in time,
at least as far as the movement of the ring is concerned.

The second and related issue is the use of Lagrangian obser-
vations for updating prognostic models. In character, such
data are similar to sea surface topographic data derived from
satellites [see Hurlburt, 1986; Thompson, 1986; Kindle, 1986].
The Lagrangian data contain information on the motion of
representative parcels but no information on what is happen-
ing nearby. Satellite topographic data return information just
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along the satellite path but give no information on the actual
motion Supplementing the latter data with the former data in
eddy-resolving general circulation models could significantly
upgrade their predictive capabilities.

APPENDIX

The purpose here is to provide some details on the inver-
ston of (3) and (4) to obtain the time series for the elements of
Z,. The basis for this inversion is a Taylor expansion in time
about the instant r, of the velocity vector. From the left-hand
side of (3) and (4) one obtains

ult) = ulty) + W(e)t — t) + w6, — 6,)%/2

+ u (ot — )36
wt) = ”ty) — V(6N = 1) + Vet — th)}/2

+ 0 - 436 (A2)

(Al

for the interval ¢, St S t,.,. The primes represent time de-
rivatives. Now each of the terms on the right-hand side of (A1)
and (A2) can be estimated from the velocity record. For exam-
ple u(t,) and u{t,) are merely the velocities at time ¢,. The
derivatives can be estimated by a variety of techniques; here
we have employed centered finite differences.

Now the analytic solution, (5) and (6), can be expanded in a
Taylor series as well. When this is done and coeflicients of the
appropriate powers in this expansion and (Al) and (A2) are
equated, a system of simultaneous nonlinear equations is ob-
tained for each time interval. With the subscript k suppressed,
these are

Xa+d)+Yb—0c)+2U;=2u (A3)
Xb+c)+ Y(d—a)+ 2V, =20 (Ad)
X[(d + a)® + b* = c?] + 2Yd(b — ¢) = 4u’ (AS)
2Xdb +¢) + Y[(d — a)® + b2 = 3] =& (A6)
X[(d + a)® + (b* — c33d + a)]
+ Y(b — cX3d? + a® + b* — ¢?) = 8w’ (A7)
X(b +cX3d? +a* + b2 =
+ Y[d—aP + (b —c*)3d—a))=8" (A8)
X[(a® + b* = ¢ + d*)? + 4d*(a® + b* — ¢?)
+ dad(a® + b* — c* + d¥)]
+ 4Yd(b — cXa® + b? — ¢ + d*)] = 16u” (A9)

4Xd(b + cla® + b — ¢* + d*) + Y[(a® + b? — c? + d?)?
+4d*(a® + b —c*)—4ad(@* + b* =2 +dH)]=16v" (A10)

These eight equations are inverted at each time step for X, Y,
Uy, Vi a, b, ¢, and d. To our surprise it seems that this can be
done analytically. The key to this is the observation that the
geometric invariants of the matrix M,, i.e, Tr (M) and det (M),
can be calculated from observations without knowing a, b, or
¢, a prion, After 3 years of inspection it was seen that

det (M) = Au"v"” — u"v")/(u'v" — v'u")y = M?*  (AlL)
Tr (M) = (v — vu")/(Wv" - vu")=d (A12)

Insertion of M? and d, calculated from (All) and (A12),
respectively, into (A5)-(A10) significantly simolifies the latter
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expressions. Considerable routine algebra then yields

X = 8[u'(M? + 2d%) = 2u”"yM* (Al13)
Y = 8[v(M? + 2d%) — 0"}/ M* (Al4)
a= —{KM?+ K, + Ky(d/2)}/N (A15)
b={H,M?+H, + Hd2}N (A16)
¢ = —{G,M? = G, + G,(d/}N (A17)

where

N = 8(u'v" — u'v');

G, =2u? + v'¥);
G, =8(u? + v,
G, = 16(u'u" + v'v");
H, =2uw? -3,
Hy = 8w —v"?);
Hy = 16(u'y” — v"v');
K, =2u'v;

K, =8u"v";

Ky = 8(u'v" + u"v').

Incidentally, the parameter N is directly related to the angu-
lar momentum per unit mass of the orbit L:

L= —4N/M* (A18)

The final step in the calculations is to determine the trans-
lation velocities from (A3) and (A4). This is trivial, since all
other terms are now known.

Acknowledgments. We acknowledge suoport for this research from
the Office of Naval Research under cor..act N-00014-83-K-0256 to
the University of South Flonda. Support for J.K.L. was supplied by
the Minerals Management Service, Gulf of Mexico Physical Ocean-
ography Study, through contract with Science Applications Interna-
tional Corporation. A.D.K. acknowledges the support of the Slover
Oceanography Endowment to Old Dominion University. A. Wall-
craft very kindly supplied the simulated data from the HT GCM.

REFERENCES

Austin, G. B, Some recent oceanographic surveys of the Guif of
Mexico, EOS Trans. AGU, 36(5), 885-892, 1955.

Blaha, J. P., and W. Sturges, Evidence for wind forced circulation in
the Gulf of Mexico, technical report, Dep. of Oceanogr., Fla. State
Univ.,, Tallahassee, 1978,

Elliot, B. A., Anticyclonic rings and the energetics of the circulation of
the Gulf of Mexico, Ph.D. dissertation. Tex. A&M Univ,, College
Station, 1979.

Elliot, B. A, Anticyclonic rings in the Gulf of Mexico, J. Phys. Ocean-
ogr., {2, 1293-1309, 1982.

Flierl, G. R., Particle motions in large amplitude wave fislds, Geophys.
Astrophys. Fluid Dyn., 18, 39-74, 1981,

Hooker, S. B., and D. B. Olson, Center of mass estimation in closed
vortices* A verification in prinaiple and practice, J. Atmos. Oceasic
Technol., 1(3), 247-255, 1984.

KIRWAN ET aL.: KINEMATIC PROPERTIES OF LoOP CURRENT RINGS

Hurlburt, H. E.. Dynamic transfer of simulated alttmeter data into
subsurface information by a numencal ocean model, J. Geophys.
Res.. 91(C2). 2372-2400, 1986. °

Hurlburt, H. E.. and J. D. Thompson, A numencal study of Loop
Current intrusions and eddy shedding, J. Phys. Oceanogr., 10,
1611~1651, 1980.

Ichiye, T.. Circulation and water mass distribution in the Gulf of
Mexico, Geofis. Int.. 2, 47-76, 1962,

K'ndle, J. C., Sampling strategies and model assimilation of altimetric
data for ocean modehng and prediction, J. Geophys. Res., 91(C2),
2418-2432, 1986.

Kirwan, A. D,, Jr., A note on a geophysical fluid dynamics vanational
principle, Tellus, Ser. A, 36, 211-215, 1984.

Kirwan, A, D, Jr, W. J. Merrell, Jr., J. K. Lewts, and R. E. Whitaker,
Lagrangian observations of an anticyclonic ring in the Western
Gulf of Mextco, J. Geophys. Res., 89, 3417-3424, 1984a.

Kirwan, A. D, Jr., W. J. Merrell, Jr., J. K. Lewss, R. E. Whitaker, and
R. Legeckis, A model for the analysis of drifter data with an appli-
cation to a warm core nng in the Gulf of Mexico, J. Geophys. Res.,
89, 3425-3428, 1984b.

Lewss, J. K., and A. D Kirwan, Jr.,, Some observations of nng-
topography and ring-ring interactions in the Gulf of Mexico, J.
Geophys. Res., 9(CS), 9017-9028, 1985.

Lewis, J. K., and A. D. Kirwan, Jr., Genesis of a Gulf of Mexico ring
as determined from kinematic analyses, J. Geophys. Res., 92(Cl11),
11,727-11,740, 1987.

Nakamoto, S., Application of solitary wave theory to mesoscale
eddies in the Gulf of Mexico, Ph.D. dissertation, 50 pp., Dep. of
Oceanogr., Tex. A&M Univ., College Station, 1986.

Nowlin, W. D., Winter Circulation Patterns and Property Distri-
butions, Tex. A&M Umwv. Oceanogr. Stud., vol. 2, edited by L. R. A,
Capurro and J. L. Reid, pp. 3-53. Guif, Houston, Tex., 1972.

Nowlin, W. D, and H. J. McClellan, A characterization of the Gulf of
Mexico waters in winter, J. Mar. Res., 25, 29-59, 1967.

Okubo, A., Horizontal dispersion of floatable particles in the vicinity
of veloaity singularities such as convergences, Deep Sea Res., 17,
445454, 1970.

Smuth, D. C,, IV, A numerical study of Loop Current eddy interaction
with bottom topography 1n the western Guif of Mexico, J. Phys.
Oceanogr., 16(7), 1260-1272, 1986.

Smith, D. C., IV, and J. J. O'Brien, The interaction of a two layer
isolated mesoscale eddy with topography, J. Phys. Oceanogr., 13,
1681-1697, 1983.

Smith, D. C, 1V, and R. O. Reid, A numerical study of non-friction
decay of mesoscale eddies, J. Phys. Oceanogr., 12(3), 244-255, 1982.
Sturges, W, and J. P. Blaha, A western boundary current 1n the Gulf

of Mexico, Sctence, 192, 367-369, 1976.

Sweitzer, N. B, Jr, Ongin of the Gulf Stream and circulation of
waters in the Gulf of Mexico with special reference to the effect on
jetty construction, Trans. Am. Soc. Civ. Eng., 40, 86-98, 1898,

Thompson, J. D., Altimetér data and geoid error in mesoscale ocean
prediction: Some results from a primitive equation model, J. Geo-
phys. Res., 91(C2), 2401-2417, 1986.

A. W. Indest and A. D. Kirwan, Department of Oceanography, Old

Dominion University, Norfolk, VA 23508.

J. K. Lewis, Science Applications International Corporation, 1304
Deacon, College Station, TX 77480.

I. Quintero and P. Reinersman, Department of Manne Science,
University of South Florida, 140 Seventh Avenue South, Saint Peters-
burg, FL 33701.

(Recerved March 20, 1987;
accepted May 18, 1987)




JOURNAL OF GEOPHYSICAL RESEARCH. VOL. 93, NO. C8, PAGES 9337-9339. AUGUST 15, 1988

Notes on the Cluster Method for Interpreting Relative Motions

A. D. KIrRwaN, Jr.

Department of Oceanography, Old Domtmion University, Norfolk, Virgia

[t 1s shown that the so-called cluster method for determining the honizontal gradients of the horizontal
velocity has some basic himitations caused by restrictive physical assumptions. For large-area clusters
there 1s ahasing of these estimates by large-scale shear. while for small-area clusters, the displacement of
the statistical cluster center from a physically significant flow center can produce seriously ahased cluster
model parameter estimates. These effects are independent of typical experimental problems such as
measurement error and statistical reliability. An alternative to the cluster paradigm is proposed. This.
however. requires solving a nonlinear inverse problem to recover estimates of the horizontal velocity

gradients.

INTRODUCTION

Estimates of the horizontal spatial derivatives of the near-
surface, horizontal velocity are of obvious importance in a
wide range of scales in ocean dynamics. They are notoriously
difficuit to obtain. Most estimates have come from relative
motion analysis of drifter clusters. For an older summary of
results, see Kirwan [1975]). Fahrbach et al. {1986] have recent-
ly applied this technique to drifter data from the equatorial
Atlantic.

Sanderson et al [1988] have pointed out a statistical bias in
using this techmque if the number of drifters in the cluster is
small Of course, the statistical significance of model parame-
ter estimates, as well as the effect of measurement errors in
estimating the velocity gradient tensor, is important. There is,
however, another problem with this technique. This is the tacit
assumption that the center of mass of the cluster corresponds
to the center of the flow field about which a Taylor’s ex-
panston of the velocity field can be made.

The purpose here is twofold. The first is to show that with
the ciuster paradigm, a deviation of the cluster center from a
flow center can result in serious biases in gradient estimates.
The other 1s to propose an alternative to the cluster model
that avoids the center bias problem. The new approach pro-
vides independent estimates of the velocity gradient estimates;
however, it requires solving a nonlinear inverse problem.

THEORY
The first part of the cluster paradigm is given by

(r? = r, WA =u,? = U2 + T Hyry? +1,%8 (1)
]

Here A 1s the time difference between fixes, r,? is the a compo-
nent of the position vector from the cluster center of mass to
the drifter path, r 7 is its original or previous position vactor,
H,, 1s the velocity gradient, and U_° is a steady mean flow.
Figure la is a cartoon of the general geometry. As has been
noted by many previous investigators, (1) can be obtained by a
Taylor's expansion of the velocity field.

The first term on the right-hand side of (1) is a uniform
translation of the center, and the second term is a local swirl
induced by a homogeneous deformation field. The last term in
(1) 1s a residual, the minimization of which yiclds estimates of
U,° and H,,. For the latter operation it is necessary to intro-

Copyright 1988 by the American Geophysical Union.
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duce the cluster average of property h?
<hPY =Y hPIN (2)

where N is the statistical degrees of freedom in the cluster
average and the sum is over all dnifters in the cluster see
Sanderson et al., 1988]. Note that by definition

> =0 (3)

This is the second part of the cluster paradigm. It is stressed
that (3) sigmificantly constrains the basic assumption and va-
lidity of a two-term Taylor expansion.

By standard mimmuzation augmented with (3), the least
squares estimates of U,% and H,, are

U, =" 4)
Hab = Z Rb/<uapr7> (5)

where
Ry, = {(rgr,P) " (6)

is the inverse of the statistical moment of inertia matrix of the
cluster. Details and variations of (4) and (5) are given by Molin-
ari and Kirwan {1975], Okubo and Ebbesmeyer [1976], and
Okubo et al. [1976].

This model is critically dependent upon (1) a translation
velocity U,° common to all drifters, (2) a velocity gradient
tenscr H,, common to all drifters, i.e., a homogeneous defor-
mation field, and (3) equation (3).

In order to assess the role these assumptions play. consider
a more general kinematic flow model:

u? = V2 + 3 G,yP%," +r,"A (M
[

Here x,” 1s the position vector to the drifter path from a
physically relevant local origin. This is called the flow center
to distinguish it from the cluter center. See Figure la for the
geometric relation between x,” and r,”. The latter depends
upon the geometric characteristics of the drifter array; the
former depends on true flow field characteristics. This model
differs from (1) in that it allows for a separate Taylor's ex-
pansion for each drifter. Thus there are distinct translation
velocites V.7, as well as distinct velocity gradients G,,*, for
each drifter. Also in contrast to (3)

(x") #0 &

It should be clear, however, that if the three assumptions listed
in the preceding paragraph are imposed on (7), it will reduce
to (1).
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Fig. | Cartoon showing the essential geometry. (a) Basic vectors
z, r. and x for thc present configuration. (bj Displacements for case 1.
This could resuit from equal shear and normal deformation and anti-
cyclonic rotatton. The solid line mdicates the present configuration,
cnd the dashed line indicates the previous configuration. (¢) Displace-
ments for case II Imually, che cluster and flow centers coincide, but
in the present (solid hine) configuration the flow center has mcved
away from the cluster center. All panels depict the movement and
deformation of the matenal lines connecting the drifters as well as a
hypothetical array initially symmetric about the flow center.

Given only cluster data, the observables are U,” and r.*.
We now examine the effect of naively applying the cluster
paradigm to this more general situation. Taking the cluster
center as the local origin and letting

2,2 =r? —x.? ©)

be the displacement vector from the cluster center to flow
center, it is deduced from (4), (5), (7), and (9) that

Ul = VP + 3 <Gy - 27D (10)
L]

Hy =Y R, (KV.2r,> + 3. G P(r? = 2,717 (11)
4 3

These last two equations show that in general, the cluster
model parameters are weighted averages of the flow model. In
order for (10) and (11) to reduce to (4) and (5), all three as-
sumptions given above must be made.

The following special cases illustrate the tenuous character
of the cluster model,

Case I. Thare is no translation (V,° = 0), and the defor-
mation field is homogeneous; ie., G,” is the same for all
drifters (G,,” = G,). An example of this situation would be
when the drifters are embedded in a flow field characterized by
no translation and homogeneous vorticity and deformation
fields (see Figure 1b). It is seen immediately from (10) and (11)
that the cluster model will yield bogus parameter estimates of

US =~ X Gulz" (12)
b
H,y =Gy — Y Ry, T Gol2,"r,”> (13)
¥ L]

The bogus translation velocity has the structure of a swirl
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velocity and is of the order of the true velocity gradient times
the distance between the two centers. For small area clusters,
this displacement could well be of the cluster horizontal scale,
and so the cluster determined translation velocity could be of
the order of the swirl velocity. In the case of the velocity
gradient estimate, there is no a-prior: reason to expect
{z,4Pr,P> to be small; hence the “correction™ term in (13) could
be of the order of the correct value. As an aside, (13) is recog-
nized as an extension of Pappas’ theorem from mechanics.

Case 1. The translation velocity varies from drifter to
drifter; however, assumptions 2 and 3 hold (see Figure Ic).
This case would include the situation where the drifters are
deployed in a jet such as the Gulf Stream. Perhaps, fortu-
itously, the cluster center initially coincides with the flow
center, say, the axis of the jet. The cluster parameter estimates
now are

UL =<KV.2
H, =G,P + 3 R, (V,r,»>
Y

{14)
{15)

If the flow center is indeed the jet axis, then the cluster
model will yield a translation velocity for the center somewhat
less than the maximum velocity of the jet as indicated by (14).
Moreover, if the jet velocity is symmetric about the flow axis,
then the cluster gradient estimates of the cluster scale velocity
gradients will include an alias from the larger-scale shear
across the jet as exemplified in the inhomogeneous nature of
V,? (the second right-hand side term in (15)). In general, \he
cluster model may not be able to distinguish between small-
scale and large-scale shears.

These two cases highlight a basic difficulty of the cluster
method. If the area covered by the cluster is small, there is a
high likelihood that there will be a significant displacement
between the cluster and flow centers. This 1s where case I
applies. This can be alleviated by increasing the area extent of
the cluster (with or without additional drifters), but then the
large-scale shear may defeat the cluster model, as is indicated
by the analysis in case II.

Case I[11. Only assumption 2 holds. In this case, the clus-
ter parameter estimates will superpose (12) and (14) for U,°
and (13) and (15) for H,,.

It is emphasized that the problems indicated above cannot
be rectified by increasing the number of drifters and/or the
cluster area and/or the position fix accuracy and frequency.
The basic issue here is the weakness of the physics implied by
the approach, not the accuracy or statistical significance of the
measurements.

DIiSCUSSION

The preceding analysis suggests that the cluster method for
estimating velocity gradients should be used with extreme cau-
tion. Other observations should be used to establish its appli-
cability in specific experiments.

There is an alternative to the cluster paradigm for extract-
ing velocity gradient information from path data. The alter-
native makes use of a kinematic model first proposed by
Okubo [1970] and recently discussed by Perry and Chong
[1987]. This approach makes use of the fact that (7) (and
hence (1)) can be readily integrated to obtain particle paths. If
the deformation field is homogeneous and stationary, then a
single particle path contains the same information on the de-
formation as does a hypothetical cluster of nearby particles.
The only characteristic difference in the paths is their starting
positions.

To illustrate how the deformation information 1s contained
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n the path data, it 1s necessary to calculate the path. Neglect-
ing the last term 1n (7) and assuming that V,? 1s steady in time,
standard techmques yield

w, 2(t) — W () = VPt = t,) + x,%(t) (16)
(17)

Here w,?(¢) 1s the absolute position at time ¢, and W,™(t,) 15
the initial position of the flow origin at time ¢, of drifter p.
The other quantities 1n (16) and (17) are

X, 2(0) = {exp [m. 2t — ()X, U7 + G?) + X,°G,,]}
—{exp [m_ 2t —t)][X (G — [P} + X ;G ,,°1}/21°
(18)

woP(t) = WoP(e,) = ViRt — 1) + x,7(1)

x,°(0) = {exp [m. 7t = t)][X " Gy, + X,°U° — G7)])
+{exp [m_ 2t =1 )}[ = X,°G,,"+ X, (1" +G")]} /21"

(19)

m, P =[TnG,’) £ I7])2 (20)

G* = Gy,* - G,,° (v2))]

P = {(G") +(G\,* + G, = (G,” — G, P} 22
X = X.F(t) (23)

Given the path data, i.e., the left-hand side of (16) and (17)
for a few intervals of time, the velocity gradient G,,* and trans-
lation velocity V,? can be estimated. This, however, 1s a prob-
lem in nonlinear parameter estimation and hence of more
fundamental mathematical interest than purely linear statis-
tical models. Kirwan et al. [1988] have provided one method
of obtaining these estimates. Presumably, more efficient meth-
ods are available.

It is stressed that the estimates of the velocity gradient and
translation velocity apply only to drifter p. Other drifters, if
present, would supply independent estimates. This would
allow statistical assessments of the uniformity of the flow field
parameters.

A cautionary note on application of the proposed technique
should be made. First, gradient estimates from this approach
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are truly Lagrangian, and so there may be some difficulty
relating them to Eulertan estimates. Second, there are certain
pathological situations where the deformation field will pro-
duce variability in only one of the velocity components. In
these cases it may not be possible to recover all the gradient
information. See Okubo [1970] and Perry and Chong [1987]
for a complete discussion of pathological situations in critical
points 1n flow fields.
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