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Thermal infrared data from the NOAA polar orbiting satellite and hydrographic observations from
uracip are used to estimate the eccentricity and the rotation rat of wavelike perturbations around

the circumference of a Gulf Stream cyclonic eddy in April 1977. From the satellite data, the rotation rate
00 is estimated at w (4.4:t 0. 1) X 10-6 s-1 for the period April "-6. Estimates of w are otained from the

trajectory of satellite-tracked drifters and from changes in the sea surface temperature A"ld detemined
from expendable bathythermograph trace (XBI) surveys. A simple Eady model Masui the per-
turbations are stable modes of azimuthal wave number 2.

Gulf Stra cyconic rings aeitnemesoscale features Ring BOB was formed in late February Buem an inteine
fobred to the east and south of the stream in th aras images was available to document its initial stages of develop-

Sea as cold, low-salinity anomalies. Recently, an inter- ment. Several details of the formation process have: beo. pre-
Sdisciplinary study of cyclonic rings by biological, chmial sene elsewhsere 1Dlar and Chuuney, 1977J. We have ex-

and physical oceanographers was completed [Backus at aL cerpted a selection of analyses made by the Naval
19801. The study focused on the evolution of such features by ocenographic Offce for the period February 23, 1977, to
repeatedly observing them from the time of their formation April 20, 1977, which spans the time from formation unti wn
until their demise. -trati with~ the Guftream In the sequence shown in Fig-

During the study, one ring called BOB was formed from a ure 1, the meander forms an iaolated eddy which drifts slowly
meander, drifted westward as an isolated feature, interacted westwardi until it interacts with the stream. The interaction is
with the stream, reseparated, and drifted westward agi ni extremely complex, but some aspects of it have been studied
ultimately rejoining the stream near Cape Hatteras [Doblar ((iover, 1977; JanepauL. 1979; Richardso., 198&, Va... or of,
and Cheney, 1977; Backs at aL. 1980; Rtkhardon, 1980; Vas- I98MI.
sano et al, 1980; Waifs and Olson, 19781.Afeineatotedyagnsprtsadditsoa

For a brief period between formation (Feburary 23) until Afte itracton, theweddy Capn seaates Dudrits ina
interaction (April 20) the ring, an elliptical-shaped feature clcke rady twasoerd deapeo Hthreeprat rurnhs and~
was observed in several infrard (rR) images obtied by the edywsoevdinetlonhrespaecussan
NOAA-5 very high resolution radometer (VHRR) operatedi was marked and followed with a satellite-tracked drifter. The
by the National Environmental Saelt Sevie Wahntn postinteraction observations were discusied by BI ac t aL
D. C. From the satellite data, one may estimate several a-~ 119801, OLson 119801, Ruchar,. (19801. Vastm a..t al. 11980),
pects of the ring including its size, its shape, and cetinsb and others. Here we are concerned with the earlier pre-
rng scales of motion. Since remote observations; of oceanic interaction period, however.
features from satellites are becoming more avalale it is i.- For the period shown in Figure 1, digital satellite data are
portant to establish the connection beten bere features available for two time intervals. These data were processed to
and ocean dynamics. Thus we consider the implication of the remove geometric distortions according to an algorithm de-

lsatellite observations and complementary hydrographic obeer- scribed by Laleckis and Pr~tchaord 119761. The resulting iae
~vatins inthis tudy.were distortion free and could be used to estimate the saes

v aticular we prsn thedy eincforoaonfsu- Of the feature, an ellipse, and to estimate the eccentricity and
'9 frin scale perturbations from satellite and surface observa- inaino h xs

C-N ns.Fro esimaes f te rlevnt ondmenkma p600. We made no oorection for atmospheric attenuation. it
Fromestmats o th reevan nodimnsinalparme- would pose dilficulty if it varied signilicantly over t sale of

*eswesuggest that the elliptical shape is due to the prsec
ta ble wave with azimuthal wave number n - 2 (-e the ring, and if one were interested in quantitative surilice

L14*ofaround the circumference at a rotation rate about temperature,1 analyses. Neither is the case in our study. On
Oftemaximum tangential velocity. March 9 and 12 the eddy appears a an isolated ellipica ha-

tur, ad fom pri 8to 16, there are A"v imge showilg the
_____ ~eddy Amrs a an isolated elliptia feaure, but laow being on-

Copyrighit 0 l"1 by the American Geophtysical Union. cir"le by Gulf stream waters, Figur 2 shows two of th e -

9pernumber 80039. 1945 82 05 24 1 801480227/3l/00C-1394801.00



1946 SPENCE AND LEGEcKis: SArELLiTE OI5ERvATioN oF COLD CORE RuING

40 _____

SLOFE (

EDDOY SL

- --. / KSL
. -- ~STE4 ~ 'i

SLTS

35-
Fig I. Selected excerpts from the experimental frontal analysis [U.S. Noval Occanogrhc Office 19771 for the region

of ring BOB showing the development, isolation, and interaction ofthe ring. B identifies ring 30B, J and L identify warm
core rings. SL and STare abbreviations of slope and Gulf Stream waters.

ages, and Figure 3 is a digital surface temperature field for the an increase of about 60% using the 2- and 3-day values
eddy region that corresponds to the outlined box in the two through April 16. During this period, an unmistakaible &c=e-
photographs. From the figures, a major and minor axis can be erattion is occurring. When the shorter intervals are included,
found, and the angular rotation rate of the axes can be calcu- and when a less accurate image from April 19 is included,
lated. We present data in Table I for the eccentricity (e - (a' there is an apparent deceleration of approximately the same
- b2)" 2/a, where a, b are the semimajor and semiminor axes, magnitude. Images from this later interval show the Gulf
respectively), the angle 0 made by the major axis with east (0 Strewm to be encircling the ring, so our estimates Suggest a
> 0 counterclockwise), and the rotation rate w determined es- 'spin-up' and 'spin-down' associated with the interaction proc-
sentially by comparing the analyses at different times as illus- ea.
trated in Figure 4. For convenience, we include w' - ei/f as a In addition to the satellite data, there are two types of ob-
nondimensional rotation rate. Values are approximately 5% of servations which may also be used to obtain a rotation esti-
f - 213 sin 9. For the April data, several time intervals are mate. In April an extensive survey of the ring was carried out
available to estimate w. From any single rectified photograph, as paun of the interdisciplnary ring study ISdunmkz e L 1977).
the angle 0is likely to bedetermined to within about*59. Us- R/V Knorrleft Miami onApril 9en route to ring BOB. Upon
ing that estimate, we find an error &Q' of about * 10% for the arrival, a drifter was deployed, and an expendable bath-
2- to 3-day averages, but for the interval April 8-16, only ythermograph trace (XBT) survey to determine the centr and
±3%. extent of the ring was made. Based on the center eshmate, a

The April values are approximately the same as the earlier detailed XBT star-shaped survey of the high-velocity region
March one, suggesting that while isolated, the rotation rate of was made to determie the azimuthal structure of the ring
the axes may be about constant. The subsequent values show [O0son ansd Spence, 19781. These two portions of the cruise cc-

TABLE 1. Satellite Ohservations

Orbit Time 0, dog a U, dsg At, day s-' W x 10-2 AW fr,(T) Iop)
2764 12z Match 9 0.72
2796 02March 12 0.14 53 2.5 4.68 SAG6 0.26
3130 14z AprilS 82W 0.83
3167 14z April 11 171 0.68 46 3.0 3.10 3.61 0.
3192 14s April 13 211 0.73 40 2. 4.04 4.71 0.38
3191 02z April 14 226 0.77 is 0.5 6.06 7.07 2.35
3229 14s April 16 288 0.91 62 2.5 5.01 3.84 0.47 0.20 0.26

April 19 (osdated) 330 42 3.0 2.3 3.3
TOWa Ift April 8 o 14tApril 16 163 3 4.37 5.09 U.3
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cupied little more than 3 days, but we have divided the XBT's function of radial distance from the ring center. (Oi.on 11980,
into two separate parts: April 14-15 (XBT's 90-141) and April Figure 2] shows azimuthal mean depth for a selection of iso-
15-17 (XBT's 142-223). therms from later XBT observations of the ring.) On the fig-

Figure 5 shows the surface temperature field at the two ure, we analyze the depth anomaly field for each XBT, AZ, -
times. From the second star-shaped array, a ring center was (Zs - Z,,),. Positive values mean that the 15*C isotherm was
located at 36 0 42.0N, 69033.4"W. This value is within a few observed to be shallower than its average depth at its particu-
kilometers of independent center determinations made from lar radial distance from center. Figure 7 suggests an azimuthal
subsurface estimates. It is also about where one would suggest wave mode of the form # - 4i(r, z)e' ' ) with n - 2.
from the satellite image based on locating the center of the The apparent rotation rate of the major-minor axis could be
area of an isotherm. For the time interval between the two produced by the azimuthal circulation around the ring. One
analyses, we estimate w' - 2 X 10-2, and from the star survey, measure of the intensity of this circulation is the thermal Ros-
e .9, in reasonably good agreement with the satellite esti- sby number.
mate.

The trajectory of the drifter launched in the ring (0731A) Rtr= -p .
has been smoothed by a cubic spline and plotted by Richard- T LZ A
son 11980, Figure 3a|. An eccentric orbit results, and from it
we estimated the orientation of the major axes for a few inter- where Ap is the horizontal density difference, f the Coriolis
vals between launch date (April 14) and interaction (April 25). parameter, H and L are characteristic vertical and horizontal
The data are shown in Table 2 and suggest a value for W - dimensions, and Ur is the difference in azimuthal velocity
2.2 x 10-2. In Figure 6 we plot the various sd estimates. from the bottom to the top of the layer. For the March XBT

Although there are some differences in the estimated values and AXBT surveys, only a rough value of RT is available, but
of w' from the various observations, the sense and approxi- for the April period, CTD data and extensive XBT coverage
mate magnitude of rotation is rather well established. The dif- permit a better estimate to be made. We show these values in
ferences from the March to April satellite values are not sig- Table I, where Rp) and R7(T) indicate the value is based on
nificant from this small sample. The surface temperature and density or XDT data. Since salinity values are lower in the
drifter estimates are smoothed over time and are likely biased ring than in the surrounding water, the R,(7) value is an over-
toward lower values. The eccentricity apparently is decreasing estimate compared with the more accurate R4o) value, but
for the ring when isolated, but increases during the inter- the latter is less representative of the ring since only one radial
action. These two observations suggest that the initial elliptic section of hydrographic stations is useful and Rp) was avail-
ring becomes more circular and that the axes rotate in the di- able for only one time. Over 80 XBrs are included in the
rection of mean flow. R(A) value for the April case; about 20 for the March case.

In addition to the surface data presented above, there • One might expect a relationship similar to that observed in
other observations of the ring's interior fields. Corresponding certain laboratory experiments with baroclinic flows. In these
to the mid-March period an XBT survey from R/V Eademor particular experiments, a cylindrical container is rotated
[see lchardson, 1980, Figure lb] and an AXBT survey (Dob- about its axis at 2 with an imposed radial temperatuu -di-
iar, 19771 were made. As noted above, extensive X9T and ent sufficiently strong to produce an elliptical (n -
conductivity, temperature, and depth (CTD) data a avail- which propagates steadily around the cylinder at ,otx
able for the April period. From these sources, we may eWti- w. (See Spence and Fudz (1977, Figure Ib], for exasupte.)
mate the intensity of the ring and the magnitude of the azi- ties of I I experiments at 0 - 0.22 s-' yields a lear. square re-
muthal velocity component responsible for the rotation of the gression of
axes. For the XBT star-shaped survey, we may also decompose d - -0.001(*0.001) + 0.263(*0.023)RT sandard error)
the temperature field into a mean radial variation and an
azimuthal deviation from that mean [Oson, 19W0, OLsm nd The range of Rr was from 0. 1 to 0.25. Using the Rr value of
Spence, 19781. The result of the (r, 0) decomposition is shown 0.26 from Table i, one calculates a rate 4d - 0.067, which is
in Figure 7 for the star survey. All 83 XB'rs were used to ob- within 35% of the average satellite value of 6d - 0.05. The lab-
tain a profile of the mean depth of the 150C isotherm 2, as a oratory experiments above are the continuously stratified,

steady state analogs to the two-layer, transient experiments
thought to be relevant to rings [Samsd , 19731.

3. DscussiO
TABLE 2. Drifler and Temperature Field Esisates Analysis of the density feds of a series of cyclonic rings has
T. *dX 10-- shown them to be near-crcular beroclinic vortices with
Tim A, des A09 des S' (X 10- 2  azimuthal velocities which can be determined assuming a pra-

Doe E~ (0731A, A hdn 1190)) dient balance JOLom, 19801. Such vortices have been exten-
April 15-16 35 U sively studied in this and in other geophysical contexts, Patic-ApilI-19 31 0 2.0 23
April21-22 352 37 2.49 2.91 ularly with regard to their stability (Chansy, 1973; Sookhm
April 24-25 370 Is 1.21 1.41 1973; Han, 1974; Olson, 1976].
Toal 85 1.91 2.23 Although the calculated velocity ields from eydonic nap

show a complex (r, ) dependeace, it is useful to consider a
Trww e #d E m (F~w 5) simple eprsentation to sse the stability of the 119w toApril16-17 2 16 1.62 1.9 wavelie perturbations. Perhaps the simples model to am-pl129sider is due to Eady 11949. We tecast the model by coumd-

___..I



1948 SPENCE AND LEOECKIS: SATELLITE OBSERVATION OF COLD CORE RING

020



SPENCE AND LEEms: SATELLITE OUSERvATIoN OF COLD CORE RING 1949

PI& 2b

Fig. 2. The VHIR I R imag of the Gulf Strem and eddke on (a) Apra 11, 1977. at 1400 GMT (NOAA-S orbit 3167)
* and~m (b) April 13, 1977, at 1400 GMT (NOAA-S orbit 3192). The iamp hem been gemetricefly com ted to amunvemal

tramaemu mercator map projection. The wermer waisI repeusmWm by doe desks hdm of g&my. Th ecyclouc eddy u
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erng the ring to be an inviscid biroclini circular votex with
constant Brunt-ViisWi frequency,

30 N (L )

G on an fplane in which thebasic sumtvelocity field in (r,, z)
It is

8v(r, z).'(z + )/r .>.l

1 0 0This flow excludes berotropic instability mechanism and
7Q 680 with rigi boundaries at top and bottom z - *a, yields a sta-

bility prolm analogous to that of Endy 1919. For a per-
turbation stream function of the form

4, - kze J( .P (2)

we obtain growing or decayng solutions for complex value
of C, where

The bracketed quantity is negative for y - (NH/f L)k. < C

-2.39, where (NH/f) - L,, t Rosaby radius of deforMation
(Pedslesky. 1979).

- - - - Recalling Figur 7, the largest displacement anomalies for
the n - 2 mode are observed at a radius of about 50 km,

b which nearly coincdes with the largest radial density gradi-
ii ent, Le., the region of maximum Y at r - 1. Consequenitly, if

we specify that the perturbation radial dependence for this
- - - -mode nsaifes the condition

we obtain (NH/fL)' -5B< B,,- (2.39/3. 1)' - 0.58 for inst-
bility. The observed vertical density gradient in the rngs var-
is with P and z, but using averaged values, a mean of N'
10' 5 s-2results. With HIL - (1500/50 x 10') - 3 X 102, we
obtain a value of B zz1.2. Thu for n - 2 the ring is appar-
ently sabl using this simple model.

4. Cor~cLusioNs

In this perwe have used astelite infrared images of a
Gulf Struam rng taken several days apart to show that the
feature is elliptcal with sasjorMinar axe rotating Counter-

- - clockwine at about 5% of f and 20!. of Un the maximum ye-
-ok ame the surface. In addition, based on surfece measure-

mats taken at the am time, we hane obtained additional
13ia ofbeonrct Chich agreewell with thesatellite13(valwaueftereatim which is somewhat lowerper-

hope due to the longer times required tommrvy the feature in

16We saua t elliptia shape is a waveliham perturbation of
ashonthal mode 2, bat based o an = ady (lW~j type stabiity
analysis, the wave appears to be stable. Sinem in hot, tde wn

vsu ries Ap* 1977. Mie ofty eml.. , osePMMI be decay*n is aplitue a tNodency tor mote emw
ofb do ~ Ma3mb f-ro be~ u o Swi pyclyOebefrrm aa oO
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Fig. S. Surface temperature analysis for (left) the period fivom April 14 to 15 (XDT W0141) and (rubs) the period from
April 15 to17 (XDT 142-223). The circled dot mu ark h center determined from April 15 to 17. The: large solid dots mark
the location (with date) of the droped drifing buoy (0731IA), and the small solid dots identify the XBT location.
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