ad

-

AD-A237 123 - 2
RINIEAN

DEPARTMENT OF OCEANOGRAPHY

COLLEGE OF SCIENCES
!:)rql‘l}(:: OLD DOMINION UNIVERSITY

NORFOLK, VIRGINIA 23529

ELECTE
JUN 1 9 1591 Technical Report No. 91-6
[) MESOSCALE CHARACTERISTICS AND THE ROLE

OF DEFORMATION ON OCEAN DYNMAMICS

.BY

Albert D. Kirwan Jr., Principal Investigator

Final Report
For the period 1 October 1987 to 31 January 1989

Prepar red for
~"Officé of Naval Research "~~-...__
800 N Quincy Street e

. Arllngton, Virginia 22217-5000

°szsunonsurvmx , ST
{

m!oved for puplic releasef |
e. - Diatributich Unlumtod e}

Under
ONR Contract N00014~-88-X-0203
Dr. Thomas Kinder, Scientific Officer

Submitted by the
014 Dominion University Research Foundation
P.O. Box 6369

',_ Norfolk, Vvirginia 23508-0369

L

oy 1991

02386
\\\\\‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

91 6 17 03%




~ OCEANOGRAPHY

Norfolk, Virginiz 23529.0276
(804) 683-4285
Fex (804) 683-5305

OLD DOMINION UNIVERSITY TS cma 9
DTiC 7am 1
Degarmcxs of Oceaxegragky Unznnourncze 5

Oli Drmizioz Uniressity Justification June 5, 1991

oo rss s st nrannsssermmnn

B‘ .
Chief of Naval Research D{sts'ib::iic:: ! h
c/o Dr. Thomas Kinder ————
Office of Naval Research Auailabliily Cedes
800 N Quincy Streei Dist | Avail ardijor

Spzcisi

A |
Dear Sir/Madam:

This letter constitutes the revised final report for ONR contract N00014-88-K-0203
awarded to Old Dominion University for the period October 1, 1987 though January
31, 1989. The original final report was submitted to the Office of Naval Research as
part of a renewal proposal.

Arlington, VA 22217-5000

The bulk of the research activities conducted under this contract consisted of basic
research on ocean flow dynamics as it pertains to the prediction of ocean motion.
During the contract period, three papers describing aspects of the research were
published in the adjudicated scientific literature. These papers are:

1. “Genesis of the Gulf of Mexico Ring as Determined from Kinematic Analysis,”
J. Geophys. Res., 92(C11), 11727-11740, 1987.

. “Observed and Simulated Kinematic Properties of Loop Current Rings,” J. Geo-
phys. Res., 93(C2), 1189-1198, 1988.

3. “Notes on the Cluster Method for Interpreting Relative Motions,” J. Gco-
phys. Res., 93(C8), © 37-9339, 1988.

o

In addition to these pap.crs, the results of the research were reported at the 1988 Liege
Colloquium on Ocean Hydrodynamics, Mesoscale/Synoptic Coherence in Geophysical
Turbulence..

As a part of the research effort, the funds were used to support William Indest, a
Ph.D. graduate student in the Department of Oceanography.

I am grateful to the Office of Naval Research for continued support for this research.

Respectfully,
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A. D. Kirwan, Jr.
Samuel L. and Fay M. Slover
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Genesis of.a Galf of Mexico Ring as Determined From Kinematic Analyses

Jamss K. Lews

Science Applications Intcrnutional Corporation. Coliege Stmtion. Texas

A: D. Kmwan, In.* ’

Unircrsity of Simak Flovida. Depariment of Marine Science. St. Petersiury

The kinematics of the Loop Cusrent are studied using trajectosies of drifiers in the Gull of Mexico
during mid-June through September 1985. One of the drifiers was in the Loop Current proper. while
other drificrs were in two recontly shod Loop Current rings. The drificr in the Loop Current showed
strong anticyclonic motion during the study period. This Loop Current anticyclone first begas off the
northwest coast of Cuba. It rapidly moved ncrthward into the Gulf of Mexico as a ring piached off from
the Loop Current. Analysis of the 1.oop Current drificr 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 2 process by which Loop Current rings can be gencrated. Apparently,
this mechanism c:tn cause the Loop Current to become reconfigured in 2-3 months for beginning the

process of ring scparation.

I, INTRODUCTION

The shedding of Loop Current rings has a major impact on
pracesses in the central and” western Gull of Mexico. These
large anticyclones transport a tremendous amount of momen-
tum. heat. and salt across the gull. all the way to the Mexican
couast [ Ellin, 1982; Kirwan et al., 1984; Lewis and Kirwan,
1985 ], tn order to consider-batiances of momentum, mass. and
heat within the Guif of Mexice, 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 off.

During Junc 1985, an attempt was made to put an Argos
drifter into the Loop Current as a ring was pinching off. How-
ever. the ring did not totally discanncect fram the L.oop Cur-
reut, and the drilter ended up spending approximately 3
months in the Loop Current proper. The drilter exited the
Gulf of Mexico (GOM) through the Florida Straits in Scptem-
ber 1985 (Figure 1, drifter 3354). Fortunatzly, a second drifter
{3378, Figure 1) was placed in the ring in July 1985. Together,
thesc two Lagrangian data scts provide a uniquc view of the
motion of the Loop Current while it is in the process of shed-
ding a ring. They provide special insight into Leop Current
kincmatics as this system extends northward, as well as the
kincmatics of a Loop Current ring. Finally, we comment on
the existence of a third anticyclone in the GOM. The eddy
was discovered sererdipitously as a third drifter became en-
trained in its flow ‘ield and circled around the eddy all the
way 1o the Mexican coast (G. Forristall, personal communi-
cation, 1986). This eddy 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 und September 1985 is shown in Figure (.
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The following analysis is obtained from the movement of
drilters 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 process
by which an anticycloric vortex is formed that can eventually
become 2 Loop Current ring. The original mechanism for
spinning up thc vortex appears to be the lateral sharing
stresses caused by the Loop Current off the northwest coast of
Cuba.

A detailed description of the kinematic characteristics of the
Loop Current and the ring is provided by an analysis of the
drifter paths. This analysis gives us the time histories of the
rotation rate, cccentricity 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 deterniined 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-
tercsting contrast between the motion characteristics of a
northern extension.of the Loop Current before and after it
pinches off to become a ring.

2. Patii DATA

The path data used in this study are the position data of the
drifters 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 a
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 southeastward ~ 525 km and
reached 23.2°N, 83.7°W by June 29, 1985. At this point the
drifter became entrained in a westward, anticyclonic flow field
with a center of rotation at about 24°N, 85.5°W. After two
rotations (into mid-August) the drilter suddenly moved north-
westward and made three additional rotations centered at
about 25.5°N, 86.5°W. The drifter then leit this flow pattern in
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Fig. 1. Trajectories of drifter 3354 from mid-June through mid-September 1985 and of drifier 3378 from mid-July
through September 1985. Also shown is the Iocation of Ghost Eddy duting August and September 198S. Squares denote
the beginning positions of the drifter trajectorics and triangles denofe 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 time. the ring had totally separated
from the Loop Current. As shown in Figure 1. ring 3378
slowly moved westward, reaching approximately the 91 W
meridian by mid-August. Recall that after mid-August. the
Loop Current (as determined hy drifter 3354) moved north-

TABLE 1. Listing of Cruises During Which XBT Dt Were
Collected in the Central und Eastern Gulf of Mexico
Vesscl Date (1985)
F. M. Queeny May 7 8
M.V Nestor | May 10 11
M V Stena Hispania May 17 IR
E. M. Querny May 26 27
M’V Stena Hispama May 27 2%
MV Stena Hispama May 30-31
E. M. Queeny June 7 8
L. M. Queeny June 13-14
M,V Stena Hispania June 26-28
M/V Stena Hispania June 29-30
E. M. Queeny July 1-2
RV Suncoaster July 9 22
MV Na Coéb July 16-19
MV Stena Hispania July 16-17
E. M. Queeny July 31 to Aug. 1
MV Stena Hispania Aug. 16-18
MV Ambassador Sepl. 4 S
M.V Ambassador Sept. 13 14

MV Ambassador Sept. 24-25

westward and remained there until at least mid-September.

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

westward. reaching to the 92.5°W meridian.

‘The olishore industry launched a drifter in June 1985 which
cventually beciume entrained in the flow field of Ghost Eddy.
At the beginning of August 1985, this ring was cantered at
23.5 N, 93 W (Figure I). The ring gradually moved southwest-
ward icross the decpest portion of the GOM. By the end of
Scptember 1985, Ghost Eddy was still 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 littie 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
fail).

Cruise tracks for the period May 26-31, 19885, are shown in
Figure 2a. The resuiting X8T 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 2a. (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, 198S. The arrowns denote the flow at the edges of
the Loop Current based on the vertical temperature structure shown in (h) temperature dats from the E. M. Queeny cruise,
May 26-27, 1988, (¢) temperature diutit from the Stena Hispania cruisc, May 27-28, 1988, anc (d) temperature data from the

Stena Hispania 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 during Jung 18-24, 1985, is plot-
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 from 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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Figures 4h and 4¢, whilé the Loop Current can be scen to
cxtend to 25 N in Figure 4d. These data would scem to imply
that ring 337K is still connected to the Loop Current. The SST
data for Junc 29 to July 5, 198S, along with the associated
trajectory of drifter 3354 are shown in Figure S. The outlines

.

of the ring and the Loop Current from the XBT data in
Figure 4a arc also shown, and we sce some of the rotational
characteristics withi:y the Loop Current from the path of dril-
ler 3354. The rotation near the Cuban coast continued ‘into
mid-July.
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Fig. 4. (continued)

During July 16 19. 1985, two XBT data-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
3378, although its rotation is well delineated by the trajectory
of drifter 3378. As for the Loop Current. Figure 7 shows that
the rotational feature within the current had reached the
northern edge of the current, about 25'N.

Bath the Loop Current and ring 3378 continued to rotate
anticyclonically through August -1985. An XBT dita sct col-
lected on Augast 16-18. 1985 (Figure 8) indicates that the
Loop Current had extended northwird to 26.6 N. Looking at
the SST map for August 1219, 1985 (Figurc 9), we sce that
ring 3378 and the Loop Current were rotating at about the
same batitude, 25.5 N, By mid-September, the sea surface had
cooled sufficiently in the castern GOM so that the northern
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extension 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 water. The following week's SST chart (Figure 11)
shows the 28°C tongue reaching up to 27.5°N, while drifter
3354 moved toward the Florida Straits along the northern
coast of Cuba. Ring 3378 was still rotating with a center at
about 255 N,9Y'W,

4, KINEMATIC ANALYSES
‘The trajectory data were used to calculate various kin-

“ematic parameters of the flow ticld. The methodology outlined
by Kirwan et al. {1984, 1987] for geophysical Auids was used

in these calculations. (For more details, see Kirwan et al.
[1987].) Although Kirwan et al.-[1984] used a 100-hour low-
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Fig. 5. Trujectory of drifter 3354 (large arrow) and SST data ( C) for June 29 to July-5, 1983, Shorter arrows Jenote
the flow at the cdges of the Loop Currant while dotted lines indicate the locations of Loop Current waters (tased on XBT
data).




n.m Lrwis AN Kinwas: GINess of & GuLF or Mexico Ring-

. V_ U 9V _ SV 8IU 6w SV e 2y
x,':‘ - 1, I o J! H Wf‘r »n -
/"f-/,‘ * - i
z s
2N i 23
e .98 28N
-— AN
V X 33 _
21N \ 21N F]
”‘\_ SIaTIoN
b ] A S \‘ b
BN . —~4 28N
28 3/
W/ LA LLE P
i Naas
Lz Tl 3
i s 4 - .‘\ “ 5
. 7 O bl
- « x
i . "’\ L % E
2wl ) a %
o~ LEGEND LA
e M3
M/V Not Co 6 Cruise 85°01 A ™3 3%
22 NI gieno Hisponio Cruse 8507 8 1
k) Y
2N | I | [ B 58 199 150 208 2% 9 3%
S1v 8BV B89V B8V 8TV Qv - DISTANCE (KN}
180
200
1
@ @ .
& & 308 k
KJ =
% ¥ w00
E 5 500
a 2
g 8
600
700
eg‘a 1 1 L soo 1 £ 3 1 1 1 L J

1 —_ 1
] 50 100 158 200 250
DISTANCE (KXM)

9 120 200 J00 400 3500 6Q0. 700 080
DISTANCE (KH)

Fig. 6. («) Cruise tracks for XBT data collected during July 16-19. 1985, The arrows denote the flow at the edges of
the Loop Current and ring bascd on the vertical temperature structure shown in (h) and (c) both temperature dats from
the M,V Nat Co 6 cruise, July 16-19, 1985, and (d) temperature data from the Stena Hispania cruise, July 16-17, 1988,

pass filter in making their calculations for-a ring in the west-
crn GOM. it was found in this study that such a filter was not
sullicient 10 remove higher-frequency fluctuations recorded by
drifter 3354. As a result, we used a 164-hour (hail power point)
low-pass filter on the velocity data of the drifters. 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.

Loap Current Kinematics
The observed (filtered) Loop Current velocities as seen by

drifter 3354 are shown in Figure 12, The specd fluctuates in
magnitude from 1§ to 80 cm/s, and there are minimums at the

beginning of tiie record and during Julian days 210-2285. It
was during days 220-230 that drifter 3354 moved northwest-
ward., am apparent rapid northward extension of the Loop
Current. The swirl velocity associated with the rotation of the
Loop Current is shown in Figure 13. These magnitudes also
vary from 15 to 80 cm/s.

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
vadius 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
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Figurz 15, (For the calculution of this term. see Kirwan e al,
[1983].) Figure 15 shows a general decrease and then increase
in frequency. with a minimum occurring right before the
northwestwind extension of the water mass. As the water
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maoved northwest, the mean period of rotation decreased from
about 13 days to approximately 10.5 days. If we compare
Figures 14 and 15, we-see that longer periods .tend to be
issociated with larger radii.
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Loop Current waters (based on XBT data),

As for the shape of the field of rotation, we use eccentricity
¢, defined as the major axis length divided by the minor axis
length. Alsa, we calculate the northieast orientation -of the
major axis. and both of these variables are shown in Figure
16. The Nlow field starts out rather clliptical (¢ = 1,75) but
becomes more circular by day 250 {e = 1.4} The clliptical
orientation wis mostly cast west at first but eventually
became more northwest southeast,

30°N

25'N

20°N

Kinematics of Ring 3378

The filtered velocitics of ring 3378 are shown in Figure 17.
The magnitudes of these oscillations are relatively large, up to
~ 85 cmys with a minimum of about’ S0 cmy/s. The swirl speeds
are shown in Figure 18, and we see here an initidl increase
from 20 to 75 cny/s followed by a decrease to about 50 to 60
cm/s. These-variations in swirl magnitude coincide with vari-

[ T3]

Fig. 10, Trgectories of dnfters 3354 (solid lurge arrow) and 3378 (dashed large argow) and SST data (°C) for September
10-17, 198RS,
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Fig. 11, Trajectories of drifters 3354 (solid Jarge arrow) and 337'8 {dashed large arrow) and S5T data (*C) for September
. 17-24; 1988,

ations in the size of the circle of rotation (Figure 1). Figure 19
quantilies the distances from the center of rotation, with a
maximum radius of 95 km,

The rotation frequency of ring 3378 is shown in Figure 20.
T he initial minimum in frequency (~0.11 Y is followed, v an
increase to about 0,147, 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 observed speed components

for drifier 3354. The light curve is the east/west speed. and the darker
cune is 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 decreased somewhat, with the ring
becoming almost circular. The results shown in Figure 2I
imply that.the initial ellipse oricntation. was mostly east/west.
This orientation.did not seem to change significantly as the
ring became more circular.

S, DiscussioN

‘The classical concept of Loop Current processes is one in
wihich part of the Guif Stream at first lows directly from the
Yucatan Straits (o the Florida Straits. Within this flow field,
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Fig. 13, Time histories of the swirl speed components about the
venter of rotation 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 [Hurtburt and Thompson, 1980). As the sices of the mean-
ders increase and reach northward, it is generally believed that
the flow fick! wraps back onto itself and “shorts™ across the
stream of flow: part of the flow would still go nortkward
around the Loop Current extension, while the remainder of
the flow wauld take the more direct, southerly route to the
Florida Straits. This is analogous to other geophysical phe:
nomena. such as the creation of ox-bow lakes by meandering
rivers, Finally, as the curvature of the flow reaches its maxi--
wum. mote of the Loop Current low takes the southerly
route. and 1 GOM ring is eventually pinched ofl,

The interesting point indicated by the data presented here is
the closed anticyclome flow within the Loop Current immedi-
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Fig. 16. Time histories of the Loop Current eccentricity
(asterisks) and orientation of major axis (dashed lines). For the flow

. field orientation, north is in the posilive e direction, and east is in the

positive time 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. It has been shown in numerical studies
that the flow of the Loop Current can itsell create an anti-
cyclonic flow field off che northwestern coast of Cuba
[Thompson, 1986). The northward flow west of the tip of
Cuba along with the southeasterly flow along the north cen-
trul coast of Cuba will obviously produce negative vorticity ofl
Cuba’s northwestern shore. Such an anticyclonic flow has
been documented by a number of hydrographic surveys [e.g.,
Nowlin and MclLellan, 1967; Cochrane, 1972). Using hydro-
graphic data. Hofimann and Worley [1986] estimated the depth
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Fig. 17. Time histories of the filtered observed speed components

for ring 3378, The light curve is the cast/west speed, and the darker
curve is the north/south speed.
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of this Cuban eddy to he ~ 800 1 with a current magnitude of
10-25 ¢cm s. in good agreement with the data from this study
(Figure 12). Also, datit show that the temperature and salinity
characteristics of GOM rings and the Cuban eddy are practi-
cally identical [ MeLellun. 1960: Ellior. 1982].

The Cubin cddy appeirs to be the flow licld in which drif-
ter 3354 initially became entrained. The drifter trajectory indi-
cates that this flow fickl moved slightly northuest while ring
2378 was still connected to the Loop Current. But it was only
shortly after ring 3378 pinched ofF that this anticyclone pushed
more aorthwecterly. to about 26,5 N. Figures 10 and 11 indi-
cate that after this final push (late August 1985), the rotational
ficld became an integral component of the Loop Current.
I'hus the ditta in this case imply that the kernels of Loop
Current rings may come from waters off the northwest coast
of Cuba,
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An example of 2 modeled ring pinch-off in the GOM is
<iown in Figures 22 and 23 [from Wallcrafi. 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 2 hint of aati-
cyclonic motion off the northwestern coast of Cuba. By day
133 (3 months Tater) the modcl shows the ring free of the Loop
Current. Morcover. the anticyclone off Cuba is Jarger and
much better defined. However. the model shows the northern

-edge of the Loop Current extending to only 26°N. whereas

XBT and drifter data presented here show an extension to
37 Nin a similar time period {3 months).

It is not until after 9 months before the Loop Current in
this simulation pushes northward again in the process of
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time direction,
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pinching off another ring (Figure 23). By this time. the ati-
cyclone that-had been spua up by the Loop Current-has lost
its identity (day 1’1 Figure 2. Thus the process as deter-
e Gam e vedesiory of deifter 3384 i dofierent from this
arziculne o) Satica i tas majcr ways. First, the Loop Cur-
St s vad e ! sotthwssd (0 27 Noin 2.8 nionths
e b aiur o 16 months for suech, mogel
s tienn. Secomd, this sapid exicnsion was accompanicd by
sesized circubarses vories originaily gencrited off the coast
£ Uit Huwaver, it other simulations with no deep in-flow
through the Yucatan Straits, signilicant Loop Current pene-
trations cn oécur in 30 days. Clearly, this is a phcnomicna
that requires further study.

Leiop Currees Versus Ring Kinematics

Drifters 3354 and 3378 were both in the GOM during
Julian days 199 264, 1985. However, the initial variations of

_the kinematic parameters of ring 3378 (Figures 17-21) all indi-

citte an adjustiment period from days 199 220 during which
time the drifter (with its 200-m weighted linc) found an appro-
priaste orhit within the ring. Thus we compare the ring and
Loop Current kinematics from day 225 to day 264. At the
veginning of thiz time period the Loop Current was rotating
wiih 1 pericd of akout 10.5days, while ring 3378 had a period
of ~ 8.2 days. The orientations of the elfipses of rotation (Fig-
uras 10 sd 21) were quitesimilar eenesally cast. west), bui‘the
Lann Currént was stightly more elliptical (¢ = 1.5) than ring

3T e = L2SL

o swirl speedds andd the radii of revolution for the drilters
i both anticyclones were guite similar for days 225-264: X0

e« dor the swirl speeds and ~ 96 km for the radii relative -

the ricy conter. Intessstingly. both anticsclones vinetienced

Ionger periods of rotation tor smaller distances from the center .

wi Inadion,

Minenwstn s Sefoe and ifter a Ring Detachmen

We now turn to the kinematics of the Loop Current at its

mest portherly extension (Julian days 230-264) and the kin-

crsadies of ting 3378 soon atter it broke free from the Loop
Current (ulian days 225-235). Keeping i mind that these
data represent two different anticyclonic phenomena, how
typical are the GOM rings before and after they break off
from the Loop Current?

The similarities between the two sets of kinematics arc con-
siderable. First, the magnitudes of the swirl speeds and of the
radii are practically identical. Morcover, their clliptical orien-
tations arc both northwest/southeast. The Loop Cuirent was
slightly more clllpucal than ring 3378, hut onc might cxpect
snch u dillerence in cipticity sccing that an anticyclone still
attached o the Loop -Current is a “captuted” phenomena,
while 1 detached ring is an isolated vortex. The similaritics of
the anticyclones plus their close periods of rotation imply that
the bastc kinematic characteristics of GOM rings can be cs-
tublished as the Loop Current pushes northwestward ofl the
shore of Cuba.

Summary

T'he scenario implicd here is onc in which the essence of the
ring is established off the northwest coast of € uba, develops in
deeper waters ofF the coastline, and then takes on its final
characteristics shortly after the previous ring con:pletely de-
taches from the Loep Current,

The implication-of such a.mechanism is that-of time scales.
One is not requited to wait until‘instabilities.in the flow field
grow. large enough to produce a-closed rotational feature. The
data kere show that a new Loop- Coisent. rotationai feature
can be well estabiished eveil befoie the previous ring has to-
tally pinched -off. Jt was-estabiished that ring 3378. was de:
tached from the. Loop Curicn:t by asid-July 1UX5. Yet it was
seen that the ncw retational structure had:moved o Lutitwde
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. Ellior [1982] docu-
mehted 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. Model studies
(c.g.. Hurlburt and Thompson, 1980; Thompson, 1986; Wall-
crafi, 1986] rcport scparation rates ranging rom 4 to 18
months, depending upon the type of instability involved.
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Observed and Simulated Kinématic Properties of Loop Current Rings

A. D. KIrRwaN, Jr.,}-2 J. K. LEwis;®> A. W. INDEsT,* -P. REINERSMAN,! AND L. QUINTERO?

Two rings. shed by the Loop Current in 1980 and 1982, were.observed for several months by
satellite-tracked drifters to migrate across the Gulf of Mexico. Tli¢ drifter path-data-have beeri inverted
1o obtain estimates of the paths of the centers of the two rings, ring shape, and the swirl velocities. Three
drifters were deployed in the 1980 ring, and the analyus of that data set establishes the’ vamblluy of the
above kinematic estimates for one ring. A comparison of the analysls of data from both rings provides
some idea on inter-ring variability. Both rings unpacted the Mexican contiuental slope at about 22.8°N,
95.5°W. After a brief adjustment period, 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 sunulat-
ed drifter data obtained from the Hurlburt and Thompson (1980) Gulf of Mexico pnmmve equauon
model. In the- midgulf, the agreement between the observed rings and the simulated ring is good.
although the former showed stronger interaction with the continental siope topography and/or circu-
lation than was:seen in the latter. Along thé slope, the model ring kinematic characteristics were in

extraordinary agreement with the observations.

1. INTRODUCTION

The circulation of the Gulf of Mexico has been the subject
of a surprising amount of theoretical and observational stud-
ies. 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 in the central part of the
guif.

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.e., a mini-
western boundary current effect in the Gulf 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.

Is 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 velocmes. and ring shapes from 1980-1981, 1982-1983,
and simulations from the HT GCM.

The analysis routine used to determine these kinematic
properties is an improved version. of that reported by Kirwan
et.al. [1984b]. The routine inverts Lag angian path data to
obtain the desired kinematic properts. 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 préviously on the former [see
Kirwan et al, 1984a, b] using- the more primitive analysis
routine. That ring had three drifters in it simultaneously, and
so 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 two 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 {0 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 is depicted in Figure 1. In the
midgulf region, ring 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 important. 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 in which the observed and simulated

Loop Current rings are studied.

2. ANALYSIS PROCED'/RE

The observations used in 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 drifter was the standard Polar Research Labora-
tory buoy drogued by a 200-m thermistor line. No thermistor
datz 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 is 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

Flierl {1981] has pointed out that this center may not coincide
with an “Eulerian” 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 be-
tween these various centers for Gulf of Mexico rings requires
much more data than is now available.

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

u= UT + us
1)
v= V. + v
ug=(d + a)x/2 + (b — )y/2
(4]

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 deformation 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. [19845] 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 ¢, St £ ¢, , one obtains

ug = Up + (d, + a)x,/2 + (b, — c)y/2
v = Vi + (b + c)x/2 + (dy — a)y,/2

3

@

where

xy={exp [ru(t=t)IIX(V a2 +b 2 —ct +a)+ Yi(by— )]
—exp [ra(t =)@ — /a2 +b,7 =0 )+ Kb —a)])

+2/a,2 +bt—¢,?
v = {exp [r e —t)][Xulby +c)+ Y/ @ + b2 —c,* —a)]
+exp [ra(t~t)I[=Xi(by +cp+ N/ +b 2 —c, 2 +a)])
(6)

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

)

+2./a2 + b2 —¢?

ru= W+ Ve + b — 6?2 Y]
ra =y = Va? + b2 —c?)2 ¥

are the eigenvalues of the matrix

[(dk +a) (b— c,‘)]

2
My by +c¢) (@ —a)

Note that these eigenvalues are complex conjugates when
c? > a2 + b, % This, naturally, produces real periodic solu-
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tions which are a characteristic of swirl velocities of drifters
trapped in 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,, Y))-
The other side of these equations can be estimated from path
data. These six equations do not contain the transiation veloc-
ity, since it is assumed a priori 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. Alternativsly, the translation velocities can be
obtained by differentiating the path of the ring center. Both
procedures provide comparable estimates. Here we use 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 reliable 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 4, the characteristic equation is

(e + % + (e — by, — 28,0,
=Lyexp[-dt—-t)] )

Here L, is the angular momentum per unit mass relative to
the ring center. This can be calculated directly (see equation
(A18)). In (9) the argument in the exponential term can be
made zero by making the evaluation at the beginning of the
time interval t = t,. Note that a requirement for (9) to describe
an ellipse is that ¢,2 > 4,2 + b, 2.

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

o, =41tan~! (—ayb) (10)

In evaluating (10), care must be exercised in the quadrant
assignment. Also, the semilength of the major axis is
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Ry = /LG — )

(11

where
h?=a+5b2

The paradigm 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. Morcover, the nonlinear algebraic
combinations of these derivatives 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 drifters in the 1980-1981
ring and the single drifter 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
midgulf region along with the positions of the centers and the
orbit ellipses. Arrows on the drifter and center paths mark
10-day intervals, while the ellipses are presented at 15-day
intervals. The paths for each 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
followed the ring. The overall path characteristics of drifters
1598 and 1600 (Figures 2a and 2c) are remarkably similar,
suggesting that they were 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 numericat problems, the typical dif-
ference in the location of the center at any one time is 30 km,
about 20% of the diameter of the ring as determined from
satellite imagery [Kirwan et al., 1984b]. This is about 10 km
larger than the rms displacement between the maximum 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. West 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, inferred center path (red) and orbit ellipse
(blue) for the three drifters in the 1980-1981 ring: (a) 1598, (b) 1599,
and (c) 1600. Arrows on the paths are at 10-day intervals, while the
ellipses are shown at {5-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 cmys throughout most of the record. The dominant period
is about 14 days with a variation of about 2 days between the
records. This is recognized as the ring’s rotation period. How-
ever, from about day 30 to 60, 1981, all tﬁreg drifters show a
smaller-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 velocities (night scale) 1n-
ferred from the three dnfters in the 1980-1981 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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it is speculated that during 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, it is 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 1o be stationary.

The 1982-1983 ring and comparison with the 1980-1981
ring. The same characteristics are seen in the analysis for the
1982-1983 ring. Figure 4 shows the drifter path, inferred
center path, and the orbit ellipses for drifter 3374. As in Figure
2, there is significant distortion of the orbits west of 94°W,
Unlike the earlier ring, no significant northwest ellipticity 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 1980-1981 ring.
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Fig. 4. Drifter path, inferred center path (red), and orbit ellipse
(blue) for the dnfter in the 1982-1983 ring. Arrows on the paths are at
10-day intervals, while the ellipses are shown at 15-day intervals.
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swirl velocities decrease significantly and show- some evidence
of higher-frequency components. This is the period when the
drifter moves west of- 94°W and executes the deformted,
northwest-oriented loop. As with the earlier ring, this is inter-
preted as evidence for. topographic and/or slope circuiation
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, drifters from both
rings showed anomalous path characteristics in 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 thie ring and the continental slope and/or
slope circulation further to the west.

Figure 6 focuses on this time interval. Figure 6a shows the
paths of all four drifters 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 east.
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Fig. 5. Swirl (left scale) and translation velocities (right scale) in-
ferred from the three dnfters in the 1982-1983 ring. The cast and
north components of the translation velocity are depicted in red and
blue, respectively.

Figure S5 shows the translation and swirl velocities for the
1982-1983 ring. The swirls are slightly less than 50 cmys,
which could reflect a smaller orbit of the drifter. The dominant
period is still about 14 days. Note that around day 1, 1983 the
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Fig. 6. Paths of drifters 1598, 1599 and 1600 in the 1980-1981
ring and 3374 in the 1982-1983 ring for the pericd when they were
interacting with the slope topography and/or circulation. The arrows
are at 10-day intervals. (a) Drifter paths. (b) Inferred centers of flow.

Figure 60 compares the movement of the inferred centers.
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 variation 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-
quencies in the swirl velocities,

3.2. Simulations

Attention is now turned to the simulated data. There are
two issues involved in the utilization and interpretation of this
data. First, how consistent is the paradigm in recovering ring
kinematics which should be independent of the orbit? This
issue 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 :rans-
lation velocity as inferred from the simulated data aie com-
pared with the same properties as determined from the obser-
vations.
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Fig. 7 Path and orbit cllipses (blue) of a simutated dnfter from
the HT GCM. Arrows on the path are at 10-day intervals, while
ellipses are shown at S-day irtervals. Figure 7a shows the ellipses
using the orbit-inferred center 2, the flow center, and Figure 7b uses
the maximum interface displacement anomaly. Both centers are
shown in 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 elevation displacement and orbit-determined
centers. In general, all are within 30 km of each other.

The most significant difference between the orbit-
determined 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 anti-
cyclonic loop that, again, is not seen in the displacement
anomaly path. Elsewhere, the orbit-determined path is consis-
tently S 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 results as was
seen in the observations. None of the simulated orbits were
deformed or appeared to be pulled out temporarily from the
ring. 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 rcversals of the
major and minor axes. Overall, 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 8a 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
either 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 difference in the translation velocities.
Because its path is straighter, the displacement anomaly path
has less variance. The mean westward component in both
cases of about 5 cmy/s is consistent with the observations.
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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 all four
drifters along with the inferred center of the simulated dnfter
and the displacement anomaly path east of 94°W. This is the
region where there 1s no appareat effect of slope topogranhy
or circulation in the observations. Of course, details in the
paths vary, but overall the agreement 1s quite good. The maxi-
mum deviation at any one time between any of the paths is
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100 km, which is only two-thirds the diameter of a typical
ring. For most of the paths, the orbit-detérmined centers are
somewhat south of the displacement anomaly path. However,
as the paths near 94°W, the observed centers inove 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 is
seen in Figure 10, which shows the drifter paths, inferred
center paths, and orbit ellipses for all three cases, In the case

o & S
- ) IR

3
g

'y
25°8 .\fy PQSITIQN s
/] ELLIPSE e
" PATH  ewam
CENTER wmwme
PR} 3
w
Q
2
=
P
-
23°p
22°p
4 'l i
98¢ 97¢ Ngge LT 94°
LONGITUDE
Fig. 10a
& &8st
Q 'R Q
S AP
25°% POSITIQN e
ELLIPSE wmm=
PATH - o
CENTER ==
» \
L 2 \
a
o)
[=d
2
P
23 p
22°p
4 2 1 %
98° \gge 95° 940
LONGITUDE
Fig. 10b

Fig. 10. Drifter paths, inferred centers and orbit 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 10c), the orbit-inferred center
path and the displacement anomaly path are virtually identi-
cal. Consequently, it is only necessary to display one set of
calculations. 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 n-
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 ellipses 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 theory [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 time 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 1S days. The
magnitudes of the observed ring’s swirl velocities are about 40
to 50 cmys, which is close to that found in the midgulf. The
swir) velocity for the simulated ring is about 80 cm/s, substan-
tially more than what was obtained for the midgulf. All trans-
lation velocities indicate a fairly steady northward miovement
of about 4 cmy/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 Guif of
Mexico to the continental slope off of Mexico are virtually
identical. However, not all Loop Current rings will follow this
path. See Lewis and Kirwan [1987].

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

3. For the observed rings, there was evidence of strong
cllipticity 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
drifter orbits west of 94°W. This is attributed to interaction of
these rings with the continental slope topography and/ot slope
circulation features. Such interaction was not observed in the
simulated ring.

5. Alter 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 slightly changed from
the values obtained from the midgulf. 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 simulated 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-
g 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 ¢, of the velocity vector. From the left-hand
side of (3) anid (4) one obtains

u(t) = ulty) + w(eNe — t) + Wt Xt — )32

+u(n)e - 1)’/6 (A1)
wt) = o) — 1 4NE — 1) + v (BN — tk)}/2
oK — 06 (A2)

for the interval t, St S¢,.,. The primes represent time de-
rivatives, Now each of the terms on the right-hand side of (A1)
and (A2) can be estimated {rom the velocity record. For exam-
ple u(t,) and w{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 coefficients of the
appropriate powers in this expansion and (A1) and (A2) are
equated, a system of simultanéous nonlinear equations is ob-
tained for each time interval. With thé subscript k suppressed,
these are

X@+d)+ Y(b—c) +2Uy = 2u (A3)
Xb+o+Yd—a)+2Vp =20 (A9
X[d+a)?+b*—c*]+2Ydb—c)=4u (AS)
2Xdb +¢) + Y[(d—a)* + b* —c*] =4 (A6)
X[(d + a)® + (b - c*X3d + a)]
+ Vb -3 +a*+ b —cH)=8" (AT)
X(b + c)3d® + a’ + b —¢?)
+Y[d—aP + (bt —c)3d—a)] =8"  (AS)
XU@® + b — c* + d%? + 4d¥a® + 6> - ¢¥)
+ dad(a® + b* = ¢ + d%)]
+ 4Yd(b — c)Xa? + b* — ¢* + d¥)]} = 16u™ (A9)

4Xd(b + cXa® + b* — ¢* + d®) + Y[(a® + b — ¢* + 4%}
+4d*(a® +b* —c?)—~4ad(@® + bi~c* +d¥)] = 160" (Al0)

These eight equations are inverted at each time step for X, Y,
Uy Vv a, b, ¢, antd 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 priori. After 3 years of inspection it was seen that

det (M) = 2u"y"” — u"v")(Wv" — v'u") = M*  (All)
Tr (M) = (V" — v'u")/(Wv" —vu)=d (A12)

Insertion of M2 and d, calculated from (All) and (A12),
tespectively, into (AS)-(A10) significantly simplifies the latter
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expressions. Considerable routine algebra then yields

X = 8[w(M? + 2d%) = 2u"YM* {A13)
Y = 8[v'(M? + 2d%) — v} /M* (A14)
a=—{KM?*+ K, + Ky(d/2)}/N (A15)
b={H,M?*+ H, + Hy(d/2)}/N (A16)

= —{G,M? — G, + G,(d/2)}/N (A17)

where
N =8uv —

G, = 2u? +v'2);
G, = 8(u? + v"?);
G, = 16(u'u” + v'v");
H, =2u?-v?),
H, = 8(u"? - v"%);
Hy = 16(u'u" —
K, =2V,

Kz = 8“”0":

u'v);

v” vr);

K, = 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.
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Notes on the Cluster Method for Interpreting Relative Motions

A. D. Kmwax, Ja.

Deparcanenc of Ocennopraphs. O Domiriioe Unicersicy. Nowfols. b irgivia

lnsm-nmmmaudmmmmmmmmdmm
velocity has some basic fmitazions caused by restrictive physical assumpiions. For large-area ciusters
:hetcszhs:agd!hﬁcmbvbtp—sakshar wisile for small-2222 chesters. the displacement of
the statisticai clusier center from 2 physically sigaificant fow cosser can produce seriously akiased cluster
model paramcier estimates. These effecis ase independest of 1ypical experimental problems such as
measurement efror and statistical reliability. An aliermative 20 the cluster paradigm s proposed. This.
Rowever. requires solving 2 nonfinear inverse problem 1o recoser estimates of the borizontsl velocity

gradients.

INTRODUCTION

Estimates of the horizontal spatial derivatives of the ncar-
surface, horizontal velocity are of obvious importance in 2
wide range of scales in occan dynamics. They are notoriously
difficult to obtain. Most estimates have come from relative
motion analysis of drifter clusters. For an older summary of
resuits. 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 technique 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-
pansion of the velocity field can be made.

The purpose here is twofold. The first is to show that with
the cluster paradigm. a deviation of the cluster center from a
flow center can result in serious biases in gradient estimates.
The other is 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

rF=r ) A=u?=Us+Y Hyr,? +r7/A (1)
&

Here A is the time difference between fixes, r,? is the a compo-
aent of the position vector from the cluster center of mass to
the drifter path, r,,” is its original or previous position vector,
H,, is 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) is a residual, the minimization of which yields 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 &7
Y=Y WIN o

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

(g7 =0 )
This is the second part of the cluster paradigm. It is stressed
that (3) significantly constrains the basic assumption and va-
lidity of a two-term Taylor expansion.
By standard minimization augmented with (3), the least
squares estimates of U,” and H_, are

U =<un )
Hyo=Y R, (u’r] &)
7
where
gy = K(r,’r 7'» - (6

is the inverse of the statistical moment of inertia matrix of the
cluster. Details and variations of (3) 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
tensor H,, common to all drifters, i.c.. a homogencous defor-
mation field. and (3) equation (3).

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

u?=V>+Y G,’x?+r,7/A )
]

Here x,” is 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,?, as well as distinct velocity gradients G,,?, for
each drifter. Also in contrast to (3)

(xg?> #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. 1. Canoon showing the essential geometry. (a) Basic vectors
z 1. and x for the present configuration. (b) Displacements for case L
This could result from equal shear and nermal deformation and anti-
cxclonic rotation. The solid line indicates the present configuration,
and the dashed line indicates the previous configuration. (c) Displace-
ments for case I1. Initially, the cluster and flow centers coincide, but
in the present (solid line) configuration the flow center has moved
away from the clusier center. All panels depict the movement and
deformation of the material lines connecting the drifters as well as a
hypothetical array initiaily 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

z?=rf-x7 )

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

US =V + X (G — 2,7 (10)
»

=3 R, (KV.r> + X2 (G 2" — 2,77 (11)

14 &

These last two cquations 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. There 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

Usl=—Y Gu{z.» (12)
3

Hy =G, — Z R,, Z G257, (13)
Y I

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-priofi reason to expect
{z,"r,”) 10 be small; bence the “correction”™ term in (13) could
beol’tbeordetofthecorrectvalne.Asanas:de.(lS)xsrwog—
nized as an extension of Pappas’ theorem from mechanics.

Case II. The translation velocity varies from drifter to
drifter;. however, assumptions 2 and 3 hold (sec 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 arec

U =<0
Hy=Gu>+Y R, (V,7r,”>
4

(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 inhomogencous nature of
V.? (the second right-hand side term in (15)). In general, the
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 disilacement
between the cluster and flow centers. This is where case [
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 I111. 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 shouid 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 is contamned
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in the path data, it is necessary to calculate the path. Neglect-
ing the last term in (7) and assuming that V.? is steady in time,
standard techniaues yield

w 1) = W ™(t,) = V"t —t,) + x, (1) (16)
w (1) — Wy(t,) = V,7(t — 1,) + x, (1) an

Here w,”(1) is the absolute position at time ¢, and W_”(z,) is
the initial position of the flow origin at time 1, of drifter p.
The other quantities in (16) and (17) are

x,"0) = {exp [m. 2t — ( JI[X, U’ + G*) + X,7G,,"]}
—{exp [m_2(—1)][X,"(G"— I+ X ,"G,,"]}/2I"
(18)
x,*(1) = {exp [m. (¢ — t]J[X,* G,,* + X,”(I" — G")]}
+{exp [m_ 7t —e)J[— X "G, "+ X "I+ GN]}/21°

(19)

m, _?=[TrHG,")  I7)]2 (20)

G’ =G, " — Gy’ (21)

I? = {(G"? + (Gy5" + G1,") — (Gy5” — Gy PP 22)
X.F = X,"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, is a prob-
lem in nonlinear parameter estimation and hence of more
fundamental mathematical interest than purely lincar 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 10 Eulerian 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 in flow fields.
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