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ABSTRACT

Recent free instrument measurements have been used to form estimates of one contribu-
tion to the kinetic energy exchange between fluctuations and mean flow in the surface
layer of the Florida Current. These results are compared with previous estimates based
on G.E.K. data. The free instrument and G.E.K. observations were collected at about
the same locations and on roughly the same time scale, but at different times. The
agreement between the different estimates is essentially within relative observational
error: confirming the existence of the somewhat surprising pattern previously found.
involving substantial kinetic energy transfer from fluctuations to mean flow in a
narrow zone of about 20 km width in the region of cyclonic lateral shear. Some dif-
ferences in detail are noted. Also, it is suggested that the process giving rise to this
pattern acts to redistribute kinetic energy between fluctuations and mean flow over a
complete section across the Current, rather than leading to a net trancfer of kinetic

energy in either direction.

Introduction

Webster (19615, 1965) has reported estimates
of one eddy momentum flux component in the
surface layer at four sections across the Gulf
Stream system from the Straits of Florida north
to Cape Hatteras. His interest has been focused
on the rate of exchange of kinetic energy be-
tween fluctuations and mean flow that is
associated with this eddy momentum flux
component. Webster’s estimates are based on
G.E.K. data. Recently, free instrument measure-
ments have been made in the near vicinity of
two of Webster’s four sections. The free instru-
ment measurements were made on about the
same time scale as the corresponding G.E.K.
measurements. Estimates of the rate of kinetic
energy transfer from fluctuations to mean
flow have been made on the basis of the free
instrument data as an independent check of the
somewhat surprising previous results.

Definitions

Let (u, v, w) denote velocity components in a
(x, ¥, 2) cartesian coordinate system (east, north,

1 Present address: The Woods Hole Oceano-
graphic Institution, Woods Hole, Massachusetts.

vertical), ¢ is the time coordinate. The three-
dimensional velocity vector is V (X, t), X is the
position vector. (4, ¢) denote (longitude west,
latitude north). For a general variable 1w,

either
1 j\(T!‘.’)
§-r = et
T (T3
1 X
or == (1)
Ni=lw‘

has been used for the temporal mean at a given
position. The integral (numerical) is taken over
all observations collected between times —7/2
to T'/2. The sum is over all y,: collected at times,
t;, i=1, N. The first method is used if the
samples are sufficiently closely spaced in time.
Deviations from the mean (fluctuations) are
denoted by

Y=yp-9 (2)

Density fluctuations are neglected; the mean
density is denoted by g,. The six independent
components of the symmetric second order
tensor, R =g, V'V, are known as eddy momen-
tum fluxes or Reynolds stresses. The vector,
F =V - R, represents the mean rate of transfer

Tellus XXT (1969), 6



KINETIC ENERGY EXCHANGE

SECTION 1

SECTION 2

(a)

7

4 -~1000

—

L
- /)
i
ol
Rk
A
- :':/
H)
Hi
i
— Hi
H)
!
- 1
i
O _Km

——t—t——+

100

T
—_

—

(h)

1

i

1

1

+—t

50 100

.
At ——+

4

150

815

Fig. 1. Comparison of results: The dotted line is the mean and the dashed line is the error envelope for
the free instrument data. The squares and brackets denote the mean and error tolerances for the G.E.K.
data. (a) and (e) east—west speeds, in units cm s~%; (b) and (f) north~south speeds, in units em s-1; (c)
and (g) momentum fluxes, in units em? 8~%; (d) and (h) rate of transfer of kinetic energy from fluctuations
to mean flow; in units 10-2 ergs em~? s-1,

of momentum between fluctuations from mean

flow; —V-F is the mean rate of kinetic energy

transfer from fluctuations to mean flow.

Webster (19615b) wrote

Tellus XXT (1969), 6

~V-F=-V-(V-R)+(R-V)-¥V

3)

and selected g, %’(aﬁ/ax) as the most signifi-

cant of the contributions to (3) for which
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Table 1. Free instrument data from a section off Miami, Florida

Sta. x y ) b w'y’ 9)0x) B u'v’(9/0xD)
no. (km) (km) (cm sec™!) (cm sec™!) (em? sec™?) (10-%sec™!) (1072 ergs cm~* sec™?!)
1 10 0 3+2 74+15 —346+ 154 10.2 ~-3.563+1.57
2 15 0 4+2 125 +11 123+ 174 9.1 1.12+1.58
3 20 0 6+3 165+ 9 306 +107 6.7 2.051+0.72
4 25 0 8+4 192+ 6 282+ 86 3.0 0.85+0.26
5 30 0 13+3 195+ 5 273+ 81 -0.2 —-0.05+0.02
[ 35 0 1243 190+ 5 1954103 -1.5 -0.29+4+0.15
7 45 0 14+3 171+ 4 175+ 96 ~2.0 -0.35+0.19
8 55 0 13+3 151+ 3 159+ 73 -2.4 -0.38+0.18
9 65 0 7+2 123+ 4 103+ 70 -2.7 —-0.28+0.19
10 70 0 6+3 110+ 4 133+ 88 —-2.6 -0.35+0.23
11 75 0 4+2 97+ 5 98 +109 —-2.5 —-0.25+0.27
12 80 0 5+2 85+ 7 56+ 93 -2.2 —-0.12+0.20
13 83 0 10+2 79+ 9 304 +147 -2.0 —0.61+0.29

estimates could be formed with data available.
In the following, {k’, k} will denote this term.

The data

Free instrument observations were obtained
at several stations across a section off Miami,
Florida during the period August, 1964 to May,
1967; and across a section off Jacksonville,
Florida during the period July—August 1967.
The latitudinal location of these sections is
within a few km of Webster’s sections 1 and 2
(see Fig. 1, Webster 1965). The G.E.K. observa-
tions at section 1 were collected between 1952
and 1958 and at section 2 in October—November
1961. The typical number of samples in time

were: section 1, G.E.K. 50, free instrument 25;
section 2, G.E.K. 70, free instrument 15. The
reader is referred to previous work (for example,
Schmitz & Richardson, 1968) for discussion of
the free instrument method and to Webster
(1961a, 1961b, 1965) for discussion of his me-
thod.

We have adhered closely to methods of
calculation and error estimation wused by
Webster. Results based on free instrument
measurements are presented in Tables I and IIT
in the same form as the results based on the
G.E.K. observations, reproduced in Tables II
and IV. The origins of the cartesian coordinate
systems used are: a (4, ¢) of (80° 09.8", 26° 43.9")
for section 1; and (80° 25", 30°) for section 2.

Table 2. G.E.K. data from a section off Miamz, Florida

The average latitude and longitude (2, 9) for samples in each of the 11 zones have been recomputed
from the raw data

W'’ (3j0x)B

Zone b ¢ # 7 i B u'v’ (8/ox) D ( 107 % ergs )
no. (W) (N) {km) (km) (cm sec™’) (cm sec™!) (ecm sec”?) (107%sec™) \em~3 sec™!
1 80°03.9° 25°44.4" 9.9 09 -—-18+4 103+ 9 4121184 4.27 -1.76£0.78

2 79°59.8° 45.9 16.8 3.7 -18+6 130+ 10 2591371 5.68 +1.47+2.11

3 56.6 45.1 22.3 22 -11+6 161 +12 270% +392 3.60 +0.97%+1.41

4 53.2 45.6 28.1 4.3 -6+5 165+ 6 975 + 277 4.27 +4.16 +1.18
5 50.8 43.4 321 -0.9 11+7 203+ 9 357+ 498 1.97 +0.70 £0.98

6 46.4 45.0 39.6 2.0 10+4 188+ 5 333 +322 —-2.35 —-0.78 £0.76

7 42.1 43.2 46.9 -1.3 17+6 167+ 7 15+ 361 —3.34 —-0.05+1.21

8 36.8 41.9 55.8 -3.7 14+4 131+ 6 —-13 +217 —3.55 +0.05+0.77

9 319 42.0 64.2 —-3.5 5+4 107+ 7 141+171 ~3.43 —-0.48 +0.59

10 26.7 40.8 72.9 -5.7 6+5 74+ 7 123 +123 -3.75 —0.46 £ 0.46
11 21.6 40.9 81.6 -5.6 2+4 4+ 7 281 +102 -3.49 -0.98+0.36

¢ See footnote to page 5.
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Table 3. Free instrument data from a section off Jacksonville, Florida

Sta. x ¥ i B u'v’ (8/ox) B w'v' (8)0x D)
no. (km)  (km) (cm sec™!)  (cm sec™!) (cm2sec™?) (107°571) (1072 ergs cm ™3 gec~1)
3 10 37 2449 10+10 —190+339 - 8 -1.52+2.72
5 20 37 1416 100 +12 90 +253 ¢ 9.2 -.83+2.33
7 30 37 29+9 18247 328 +352 4.6 1.51+1.63
9 40 37 28 +10 201 +8 273 +402 0 00 —
11 50 37 33+7 18748 ‘398 + 255 —-2.4 -.94+ .67
13 60 37 31+6 162+7 200 +212 —-2.4 —.48 +.53
15 70 37 25+4 13747 471142 —2.8 -.134+.34
17 80 37 19+4 110 +6 98 +108 -5.0 —-.49+.54
19 90 37 15+5 69+8 62+90 —-3.8 —.24+.34
21 100 37 10+5 30417 22472 -3.6 —.08+.26
23 110 37 7+5 —-246 -79+95 ~1.8 14 +.18
25 120 37 1+5 —-1447 —-89+137 -.8 .07+.13
27 130 37 —-9+5 —1749 —84+154 0 .00 —
29 140 37 —~14+4 -15+11 —~142+130 4 -.06+.18
31 150 37 —-21+6 ~-9+14 —229+225 1.2 —-.28+.39

0o is taken to be 1 gm cm~—2 throughout, as
assumed by Webster. All results presented are
for the surface layer, z = 0.

Comparison of results

The free instrument and G.E.K. results are
compared in Fig. 1. The G.E.K. @ and @ values
are systematically lower than, but in reasonable
agreement with the direct free instrument
measurements. Estimates of «'v’ and {k', k}
agree to within relative observational error at
all but one G.E.K. station for each section. The
last statement is regarded as independent
verification of the general pattern found by
Webster.

Although the agreement between the two
sets of measurements is in general within

relative observational error, there are dif-
ferences in detail which emerge from the error
bounds. One probable source of discrepancy is
associated with the use of a constant &k factor.
The (‘‘theoretical”) k factors determined from
the free instrument data at section 1 (vertical
averages of horizontal velocity are obtained
with the free instrument measurements as well
as surface velocity) vary considerably in both =
and ¢ {Sanford & Schmitz, 1968), particularly
toward the edges of the Current. It does not
seem likely, however, that the one large
discrepancy at section 1 (zone 4, Table II) can
be accounted for in this way. It is thought that
the difference at zone 4 is associated with a
bias of time averages by space averaging of the
G.E.K. data over the large synoptic lateral
shear encountered near zone 4 (in the difference
of surface and vertically averaged speeds as

Table 4. G.E.K. data from a section off Jacksonville, Florida

. u'v' (9/0x)
Zone A x y a b u'y’ (8/0x) & (10~2 ergs)
no. (W) (km) (km) (cm sec™!) (em sec™!) (cm?sec™?) (107°sec™) (cm~3 sec™l)
1 80°25’ 0 0 —-2+10 21+11 58 + 653 1.84 A11+1.20
2 15’ 16 0 —-5+6 51+13 263 +562 4.41 1.17+2.48
3 05’ 32 0 1+5 162+ 8 443 + 875 6.99 3.11 +6.12
4 79°55" 48 0 1245 173+ 7 26 +1016 -3.15 —-0.08+3.20
5 45’ 64 0 1145 134+ 6 228 +674 —3.82 —0.86+3.66
8 357 80 0 8+5 73+ 8 106 +625 —-3.05 —-0.33+1.90
7 25’ 96 0 —-646 48+ 6 —617+511 —1.38 +0.84 +0.70
8 15° 112 0 6+7 29+ 7 — 650 +496 —1.20 +0.78+0.59

Tellus XXIT (1969), 6
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Table 5. Net or average rate of kinetic energy transfer from fluctuations to mean flow for
indicated section and source

Location
(section no.) Source {¥', &}, (10~* ergs cm ™3 sec ™)
Miami (1) G.E.K. 3% +27
Miami (1) Free instrument 04+ 8
Jacksonville (2) G.E.X 59184
Jacksonville (2) Free instrument ~-1+18
Onslow Bay (3) G.EX. 79 430
Cape Hatteras (4) G.E.K. 82 +98

¢ See footnote to page 5.

well as surface speeds). This discrepancy is not
encountered at section 2 where the G.E.K.
estimates do not include averaging over spatial
zones. On the other hand, it is not clear why this
effect should be confined to zone 4 only.!

The smooth shape of the cross-stream profiles
of wv’ and {k’,%k} based on free instrument
data, as compared to those based on G.E.K.
data, is thought to be significant because the
error tolerances of the free instrument results
are from a factor of 2 to a factor of 5 smaller
than those based on G.E.K. data (the method of
estimation of error bounds is identical). In
particular, the region of negative {k’, k} in the
anticyclonic zone becomes well defined in the
free instrument data for Section 1. The prom-
inent features of the w»" and {k’, k} distribu-
tions are: (a¢) In very narrow (a few km wide)
zones at the edges of the current associated with
solid boundaries (depths of 300 m or less), the
rate of kinetic energy transfer is strongly from
the mean flow to fluctuations. The slope of the
w’v’ distribution is positive and relatively large,
indicating momentum transfer in the same
direction as the kinetic energy transfer. (b) At
each section, there is a narrow (15-25 km wide)
zone in the region of lateral cyclonic shear where
there is relatively intense kinetic energy transfer
to the mean flow. The rate of transfer is such
that the mean kinetic energy would be doubled
in 10-20 days. The distance traveled by a

1 Dr. Webster has indicated that an error exists in
his previously published version of Table II. The
correct value of uv’ for zone 3 should be —523
instead of 270 and the corresponding {%’, £} should
be —1.88 (instead of 0.97). Also, the net {k’, k} for
his Section 1 Sould be altered from 3 to —0.2 in
Table V. Note that this information acts to sub-
stantiate the preceding argument.

particle under these conditions would be
10-20 x 102 km. The momentum transfer is
from the mean flow on the inshore and to the
mean flow on the offshore edge of this zone.
(c) In the region of anticyclonic shear, the kinetic
energy and momentum transfer are generally
from the mean flow to fluctuations, and are
characterized by relatively small rates over a
wide zone. (d) At the offshore edge of the
current at Section 2, a countercurrent is found.
The kinetic energy exchange is in both direc-
tions. The momentum transfer is from the mean
flow.

The net kinetic energy exchange

The net rate of kinetic energy transfer from
fluctuations to mean flow at a given section
across the Current is

To __  nm
{r R}y = f gou'v'z—”dx (4)

o~ %rJar x

(the cross-stream average of {k’, k}) where =,
and z, are the inshore and offshore limits of
integration. If {k’, &}y is positive (negative),
then the Current is gaining (losing) kinetic
energy at the expense of eddy kinetic energy.
The results of the evaluation of (4) are presented
in Table V. The integrations over the free
instrument data were carried out between the
zero crossings of the {k, &} distribution (extra-
polated to zero on the offshore edge of sec-
tion 1). At section 1, x;=13.5 km and x, =83
km; at section 2, x; =14 km and x, =104 km.
It is presumed that the large negative values of
{k’, k} near both edges of the Current at sec-
tion 1 and the inshore edge of the Current at

Tellus XXT (1969), 6
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section 2 are associated with the drag exerted on
the current by the motionless (in the mean)
fluid between the Current and the shoreline;
and that the process of direct interest to this
discussion is acting in the interior of the
Current. The offshore limit of integration at
section 2 corresponds closely to the beginning of
the countercurrent there.

Webster concluded his last paper on this
subject (1965) by pointing out that the source
of the energy maintaining the fluctuations
remained to be found if {k’, k}y >0. A possible
interpretation of the more recent results is
that {k’, &}y is not significantly different from
zero (Table V), because error bounds are an
order of magnitude larger than {k’, k}y. This
statement is also applicable to Webster’s
results at the section off Miami, but not at his
downstream sections. However, the error
bounds are larger than {k’, k}y at his sections 2
and 4. Section 3 does not cross the total current.
We propose the possibility that the process

819

giving rise to the {k’, k} distributions of Fig. 1 is
associated with substantial local exchange of
kinetic energy between fluctuations and mean
flow, but negligible net transfer. That is, kinetic
energy is being redistributed between fluctua-
tions and mean flow: it is transferred intensely
to the mean flow in a narrow zone in the region
of cyclonic lateral shear, an equal amount is
transferred from the mean flow less intensely
over a wide zone covering most of the rest of the
Current; an internal adjustment requiring no
external energy source.
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OB OBMEHE KUHETUYECKON SHEPIUEN MEKAY ®JIYHTYALUAMU U
CPEJHUMIOTOKOM BIIOBEPXHOCTHOM CJIOE ®JJOPUIACKOTO
TEYEHNA

HenaBHue usMeperua co cBoOOJHO IIaBaKIUX
npuGopoB GLLTH MCHOJB30BAHH JJIA OLEHKH 00-
MeHa KHHeTHYeCKoll sHeprueit mexny PayKTya-
IAAMA M CPEJHUM IIOTOKOM B IIOBEPXHOCTHOM
cioe Duopunpckoro teuenud. Pesyubrare cpa-
BHHUBAIOTCA € NPEJBIAYIIMMH OLEHKaM#, OCHO-
BauHbiMM Ha pannux G.E.K. Hsmepensa co
cBOOOHO MUIABAIONIMX NPHGOPOB M M3MEpPEeHHMA
G.E.K. npoBoAMINCh B TeX e MecTax, npubiau-
BUTEJBHO C TOH e IPOJOJIKHUTEIHLHOCTHIO Bpe-
MEHH, HO B [pyrue MOMeHTH BpemeHH. Paanuy-
Hbl€ OIlEHKM COrJacylOTCA B Npefeiaax OTHO-
CUTeNbHBIX OmMHUOOK H3MepeHHil, MOATBepHAas
CYHIeCTBOBAHME [0 HEKOTOPO# CTemeHH yAWBHU-

Tellus XXI (1969), 6
52 — 692892

TeJBHOrO fBJIEeHUA, HalileHHOro paHee, U 3a-
KJKYAMEerocA B HAJUYMM CYLIEeCTBEHHOTO
nepeHoca KUHETUYECKON SHeprum oT QayKTya-
Ml K cCpeHeMy TeueHUI0 B YBKOM 30HE MIMPUHOM
0K0I0 20 KM B 00J1aCTH IUKIOHNYECKOTO O0KO-
Goro cpsura. OTMeyeHa HeKOTOpas pPasHUUA B
neransax. Ilpeamonaraercd, 4TO mpouecc, NpPH-
BOAAINMI K 9TOMY HABJEHHIO, CHKOpee mepe-
pacmpepiesifeT KMHETUYECKYIO JHEpPruio Memuay
$AYKTyanuAMH M CDeJHMM TedeHHEeM BO BCeM
MOIEePEYHOM CeYeHMH MOTOKA, 4eM NPHBOJUT K
YHCTOMY IepeHOCY KHMHeTHYeCKoift pHepruM B
KaKoM-J11nGo HanpaBlIeHHH.



