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Al3STIIACT 

Itecent frrc instrument nieasurenicnts have been used to form c:itimates of oiici contribu- 
tion to the kinetic energy exchange between fluctuations and mean flow iii  the surface 
layer of the Florida Current. These results are compared with previous estimates basrd 
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 
agrecinent between the different estimates is orsontially within relative observat,ional 
error: confirming the existence of the somcvhat surprising pattern previously found. 
involving substantial kinetic energy transfcr from fluctuations to memi flow in a 
narrow zone of about 20 km width in the region of cyclonir lateral shear. Some dif- 
ferences in detail are noted. Also, i t  is suggested that the process giving rise to t!iis 
pattern acts to  redistribute kinetic enwgy between fluctuations and mem flow over a 
complete section across the Current. rather than leading to a net trander of kinetic 
ciic~gy in either direction. 

Introduction 

Wobst,cr (1961 b, 1965) has reported estimutos 
of one cdtly momentum flux component in the 
siirfaco layer a t  four sections across the Gulf 
Stream syst.nm from the Straits of Florida north 
to Cape Hatterm. His interest has been focused 
on t,he rt1t.c of exchange of kinetic energy be- 
twoen fluetuations and mean flow t,hat. is 
associntrd with this eddy momentum f l u s  
componcnt). Webster’s estimates are based on 
G.E.K. datii. Recently, free instrument, measure- 
ments have bccn made in the near vicinity of 
two of M’ebst,er’s four sections. Tho free instru- 
ment, measiiroments were made on about th r  
sitmc time scale as the corresponding G.E.K. 
measurcments. Estimates of the rate of kinetic 
energy transfer from fluctuations to mean 
flow have been made on the basis of tho free 
instrument data as an independent check of t,he 
somcwhtit surprising previous results. 

Definitions 

Let (u. z*, w) denote velocity component,s in a 
(2, y, z )  Cartesian coordinate system (east,, north, 

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

vcrt ical), t is the time coordinatc. Tho throo- 
dimensional velocity vector is V (x, t ) ,  x is the 
position vector. ( A ,  4) denote (longitude west, 
latitride north). For <L general variable y ,  
either 

or 

ha3 been used for the temporal mean a t  a given 
position. The integral (numerical) is taken over 
all observations collectcd betwoen times - T / 2  
to T/2 .  The sum is over all yf: eollectod at times, 
t , ,  i = 1, N .  The first method is used if the 
samples are sufficiently clowly spaced in time. 
Deviations from the moan (fluctuations) are 
denoted by 

y ’ = y - i j j  (2) 

Density fluctuations me neglectcd; tho mean 
density is denoted by pa. Tho six indepcndont 
components of the symmetric second order 
tensor, R = pa V’V‘, are known as eddy momen- 
tum fluxes or Reynolds stresses. The vector, 
F = V  R ,  represents the mean rate of transfer 
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Fig. 1. Comparlson 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-l; (b) and (j) north-south speeds, in units cm s-l; (c) 
and (g) momentum fluxes, in units cma 8-1; (d)  and (h) rate of transfer of kinetic energy-from fluctuations 
to mean flow; in units 10-8 ergs cm-a s-l. 

of momentum between fluctuations from mean - Y * F =  - V * ( V . R ) + ( R * V )  * Y  (3) 
flow; 
transfer from fluctuations to mean flow. and selected Po n(a f l / az )  as the most signifi- 
Webster (1961 b) wrote cant of the contributions to (3) for which 

Tellue XXI (1969), 6 
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Table 1. Free instrument data from a section off Miami, Florida 
- 

Sta. X Y 4 6 u’v’ ( q a 4  fi i Z ( a / a X . i )  
no. (km) (km) (cm sec-’) (cm sec-’) (emr sec-’) (lo-” sec-’) (lO-’ergs cm-3 sec-’) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

10 
15 
20 
25 
30 
35 
45 
55 
65 
70 
75 
80 
83 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3 k 2  
4 5 2  
6 k 3  
8 + 4  

1 3 + 3  
1 2 5 3  
1 4 + 3  
13+3 
7 + 2  
6 k 3  
4 2 2  
5 + 2  

l 0 + 2  

74 k 15 
125k11 
165+ 9 
192k 6 
195+ 5 
190f 5 
171+ 4 

1lOk 4 
97+ 5 

79+ 9 

1515 3 
123k 4 

8 5 5  7 

estimates could be formed with data available. 
In the following, {k’, I} 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 a t  section 1 were collected between 1952 
and 1958 and at  section 2 in October-November 
1961. The typical number of samples in time 

-346+154 
123 + 174 
306 5 107 
282+ 86 
273f 81 
195 5 103 
175k 96 
159+ 73 
103+ 70 
133+ 88 
98 k 109 
5 6 2  93 

304 2 147 

10.2 
9.1 
6.7 
3.0 

- 0.2 
- 1.5 
- 2.0 
- 2.4 
- 2.7 
- 2.6 
- 2.5 
- 2.2 
- 2.0 

- 3.53 & 1.57 
1.12 + 1.58 
2.05k0.72 
0.85 + 0.26 

-0.29 k0.15 
- 0.05 + 0.02 

- 0.35 kO.19 
- 0.38 5 0.18 

- 0.35 + 0.23 

-0.12kO.20 

- 0.28 kO.19 

- 0.25 k 0.27 

- 0.61 5 0.29 

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 used by 
Webster. Results based on free instrument 
measurements are presented in Tables I and I11 
in the same form as the results based on the 
G.E.K. observations, reproduced in Tables I1 
and IV. The origins of the Cartesian coordinate 
systems used are: a (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 aection of f  Miami, Florida 
The average latitude and longitude (A ,  8 )  for samples in each of the 11 zones have been recomputed 

from the raw data 

- - u’v’(a/ax)o 
Zone X 4 j. B ti B u’v‘ (a/ax)B lo-‘ ergs 
no. (W) (N) (km) (km) (cm sec-’) (cm sec-’) (cm sec-’) (10- sec-’) sec-’) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

80’03.9’ 25’44.4’ 9.9 0.9 - 18+4 
79O59.8’ 45.9 16.8 3.7 - 1 8 1 6  
56.6 45.1 22.3 2.2 -11+6 
53.2 45.6 28.1 4.3 - 6 + 5  
50.8 43.4 32.1 -0.9 11+7 
46.4 45.0 39.6 2.0 10+4 
42.1 43.2 46.9 -1.3 17+6 
36.8 41.9 55.8 -3.7 14+4 

26.7 40.8 72.9 -5.7 6 + 5  
21.6 40.9 81.6 -5.6 2 j 4  

31.9 42.0 64.2 -3.5 5 + 4  

103k 9 
130 +_ 10 
161 5 12 
165+ 6 
203f 9 
lS8k  5 
167f 7 
1 3 1 5  6 
1072 7 
74+ 7 
4 4 k  7 

- 412 k 184 
259f371 

270‘ + 392 
975 +277 
357 k 498 
333 k 322 

155361 
- 13 +217 
141 k 171 
123 + 123 
281 f 102 

4.27 
5.68 
3.60 
4.27 
1.97 

- 2.35 
- 3.34 
- 3.55 
- 3.43 
- 3.75 
- 3.49 

- 1.76k0.78 
+ 1.47k2.11 

+0.97a+1.41 
+ 4.16 + 1.18 
+ 0.70 k 0.98 
- 0.78 + 0.76 
-0.05k1.21 
+ 0.05 + 0.77 
- 0.48 + 0.59 
- 0.46 & 0.46 
-0.98k0.36 

a See footnote to  page 5. 
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Table 3. Free inatmmnt data f rom a section off Jacksonville, Florida 

- 
Sta. X Y U B u’v’ (ajax) B UlzIl ( a p X  a) 
no. (km) (km) (cm sec-’) (cm sec-’) ( c d ~ e c - ~ )  (lo-’ 5 - I )  (lo-’ ergs ~ r n - ~  sec-’) 

3 10 37 2 4 f 9  10 + 10 - 190 + 339 8 - 1.52 k 2.72 

7 30 37 2 9 2 9  182J17 328 & 352 4.6 1.51 +_ 1.63 
5 20 37 14+6 l00+12 90 + 253 9.2 -.83 k 2.33 

9 40 37 ZS+_lO 20l+_S 273 f 402 0 .oo - 
11 50 37 33&7 187+_8 3%3+255 -2.4 -.94f .67 
13 60 37 3 1 f 6  162+7 200f212 -2.4 - .48 f .53 
15 70 37 2 5 f 4  13727 47 142 - 2.8 -.13+.34 

19 90 37 15+5 6 9 2 8  62 f 9 0  - 3.8 - .24 k .34 
21 100 37 10+5 3 0 f 7  22 f 72 - 3.6 - .08 f .26 
23 110 37 7 f 5  - 2 & 6  -79+95 - 1.8 .14 + .18 
25 120 37 1 + 5  - l 4 + 7  - 89 + 137 - .8 .07*.13 

17 80 37 19+4 11026 98+108 -5.0 - .49 f .54 

27 130 37 - 9 + 5  - 1 7 f 9  - 84 k 154 0 .oo - 
29 140 37 -14+4 -15+11 - 142 + 130 .4 - .06 f .18 
31 150 37 -21+6 - 9 + l 4  - 229 f 225 1.2 - .28 f .39 

eo is taken to be 1 gm cm-8 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 0 values 
are systematically lower than, but in reasonable 
agreement with the direct free instrument 
measurements. Estimates of u&? and {k‘, E }  
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 x 
rtnd t (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 11) can 
be accounted for in this way. It is thought that 
the difference at  zone 4 is associated with & 

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. Q.E.K. data f rom a section off Jacksonville, Florida - 
- ub’(a/az) a 

Zone A X Y  a a U’V’ (alax) B ( ergs) 
no. (W) (km) (km) (cm sec-’) (cm sec-’) (cma sec-’) sec-’) ( ~ r n - ~  sec-’) 

80”25’ 
15’ 
05’ 

79”55’ 
45’ 
35‘ 
25’ 
15’ 

0 
16 
32 
48 
64 
80 
96 

112 

0 -2+10 
0 - 5 f 6  
0 1 f 5  
0 1 2 f 5  
0 11 _f5 
0 6 i 5  

0 6 + 7  
0 - 6 k 6  

21+11 
51k13 

1 6 2 i  8 
173f 7 
134f 6 
73+ 6 
4 8 t  6 
29f 7 

58 If: 653 
263 5 562 
443 + 875 

228 f 674 
106i625 

-617 k511 

26 f 1016 

- 650 f 496 

1.84 . l l  f l .20  
4.41 1.17 * 2.48 
6.99 3.11 f6.12 

- 0.86 k 3.66 
-3.15 - 0.08 + 3.20 

- 3.05 - 0.33 1.90 
- 3.82 

- 1.38 + 0.84 f 0.70 
- 1.20 +0.78+0.59 

Tellus XXI (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 aource 

Location 
(section no.) Source {k’, E } ,  ergs sec-’) 

Miami ( 1 )  G.E.K. 3’ 27 
Miami (1) Free instrument 0.4k 8 
Jacksonville (2) G.E.K 59 k 84 

Onslow Bay (3)  G.E.K. 79 k 30 
Cape Hatteras (4) G.E.K. 82 98 

Jacksonville (2) Free instrument - 1 k l 8  

a See footnote to page 5.  

well as surface speeds). This discrepancy is not 
encountered a t  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 i ‘2 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 u’2 and {k‘, L} 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 
~‘2)‘ distribution is positive and relatively large, 
indicating momentum transfer in the same 
direction as the kinetic energy transfer. ( 6 )  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 

Dr. Webster has indicated that an error exists in 
his previously published version of Table 11. The 
correct value of z’ for zone 3 should be -523 
instead of 270 and the corresponding {k’, 5) should 
be - 1.88 (instead of 0.97). Also, the net{k’, H}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 x10* 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 

(the cross-stream average of {k’ ,  L}) where x1 
and zo are the inshore and offshore limits of 
integration. If {k’,  k } ,  is positive (negative), 
then the Current is gaining (losing) kinetic 
energy a t  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 ,  k }  distribution (extra- 
polated to zero on the offshore edge of sec- 
tion 1). At section 1, xI = 13.5 km and xo =83 
km; at  section 2, xI = 14 km and xo = 104 km. 
It is presumed that the large negative values of 
{k’,  L} near both edges of the Current a t  sec- 
tion 1 and the inshore edge of the Current at  

Tellus XXI (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 a t  
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’, E}N > 0. A possible 
interpretation of the more recent results is 
that {k’, z}N is not significantly different from 
zero (Table V), because error bounds are an 
order of magnitude larger than {k’, z}N. This 
statement is also applicable to Webster’s 
results a t  the section off Miami, but not at  his 
downstream sections. However, the error 
bounds are larger than {k’, I}, a t  his sections 2 
and 4. Section 3 does not cross the total current. 
We propose the possibility that the process 

giving rise to the {k‘, E }  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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