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Low-frequency variability in the Florida Current 
and relations to atmospheric forcing from 1972 to 197 4 

by Walter 0. Diiing1, Christopher N. K. Mooers1, 2, and Thomas N. Lee1 

ABSTRACT 

Two-year records of temperature and current from a single subsurface mooring are demon-
strated to be representative of the fluctuation spectrum of the Florida Current for time scales 
of several days to one or more years. The dominant subinertial motions occur in three period 
bands: from 8 to 25 days, 4 to 5 days, and 2 to 3 days. Simultaneous observations in a cross-
stream array reveal energy maxima in the same bands for all locations. Fluctuations with 
periods of 9 to 12 days are coherent across the entire Florida Straits and reveal properties that 
are consistent with the theory for both stable barotropic and unstable baroclinic shelf waves. 
Comparison with windstress series reveals a strong coupling in the energetically dominant fre-
quency bands. The windstress curl is especially well correlated with downstream velocity in the 
10- to 13-day band. Whereas the annual change in the flow field is found to penetrate to the 
depth of the sensor location at 300 m, the seasonal pattern in atmospheric variability in the 
10- to I 3-day band is not reflected in the variability of the flow field at this depth. The direc-
tion of the cross-stream heat flux is seasonally dependent; it is interpreted in terms of a super-
geostrophic balance during summer and in terms of a subgeostrophic balance during winter. 

1. Background and objectives 

Our interest in subinertial fluctuations in the Florida Current was stimulated by 
the results from project SYNOPS 71. Repeated vertical current profiles from four 
anchored ships revealed energetic deep flow reversals on time scales from 4 to 10 
days (Diiing, 1975). Several divergent views existed concerning the interpretation 
of these fluctuations. Dating from Pillsbury (1890), it has been hypothesized that a 
portion of the subinertial frequency fluctuations in the Florida Current is meteoro-
logically induced. Webster (1961a) provided quantitative evidence that the onshore 
windstress component played a role in the meandering of the Gulf Stream off 
Onslow Bay, North Carolina. Wunsch et al. (1969) concluded from a study in the 
Florida Straits that tidal components accounted for most of the energy in sea level 
variations at all stations and that approximately half of the remaining energy was 
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in the annual variation. Yet another type of interpretation emphasized various forms 
of instability of the Current (cf. Orlar!ski, 1969; Niiler and Mysak, 1971; and 
Orlanski and Cox, 1973). Recent studies by Mooers and Brooks (1977) and by 
Brooks and Mooers (1977) demonstrate that major portions of the energy in the 
subinertial frequency range can be accounted for by wind-forced continental shelf 
waves. The purpose of this paper is: 

(1) To provide a statistical description of subinertial frequency fluctuations of the 
Current and of atmospheric forces and to discuss the representativeness of 
a single time series by investigating spatial coherence of the Florida Current 
between nearshore stations and Miami Terrace stations; 

(2) To investigate the amplitude and phase of the fluctuations across the Florida 
Straits; 

(3) To determine the time scales contributing to the momentum and heat fluxes 
and to determine the magnitude of these fluxes; 

(4) To investigate the role of atmospheric forcing in various frequency bands, 
including evidence for seasonality. 

Tidal fluctuations are not considered in this paper; i.e., they were removed by a 
low-pass filter. Kielman and Oiling (1974) determined the variance due to dominant 
astronomical tides based on a 50-day time series in 200 m water depth over the 
Miami Terrace. The analysis showed that 25 % of the total variance in the v-com-
ponent and 6 % of the total variance in the u-component can be accounted for by 
the four major constituents: M 2, S2, Ki, and 01, a point to be kept in mind when we 
refer to "total variance." 

2. Experimental aspects 

Results from earlier studies have contributed to the design of a long-term 
monitoring experiment with the object of placing a minimum number of sensors 
at locations considered to be representative for fluctuation time scales of the Florida 
Current ranging from diurnal to annual. Position R6, which is located at the outer 
edge of the Miami Terrace, was selected as such a location (Fig. 1). It is located at 
a sufficient distance from the coast to avoid nearshore effects and is close to what 
is referred to on nautical charts as the "approximate location of axis of Gulf 
Stream." Fig. 2 shows that the mean axis of the surface current during spring and 
summer, 1974, was located approximately 8 km east of position R6. 

The subsurface mooring had a total length of 110 m (Fig. 3) and was normally 
equipped with two Aanderaa recorders spaced 80 m apart. This spacing was suf-
ficient to resolve the vertical structure of the subinertial frequency motion at that 
depth. The top of the mooring was far enough below the intense flow of the upper 
layer to survive deployment periods of up to six months and to avoid excessive 
vertical excursions of the current meters. 
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Figure 1. Plan view of the Florida Straits with mooring sites. 
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Figure 2. Cross-stream mooring array with vertical section of the mean flow and mean tem-
perature distribution based on observations from March to August, 1974, made by Nova 
University. 

During the experimental period from September, 1972, to November, 1974, 
moorings were deployed nine times near position R6 (Fig. 4). The moorings were 
set while the ship was drifting with surface currents of typically 200 cm/sec. As a 
result, the nine moorings were located inside the ellipse indicated in Fig. 1. The 
east-west extension of the ellipse is about 5 km and its north-south extension is 
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Figure 3. Mooring diagram for position R6 from September, 1972, to November, 1974. 

about 15 km. Each of the nine individual records is assigned a segment number in 
Fig. 4. The maximum water depth of 400 m occurs in Segment V, and the mini-
mum depth of 300 m in Segments VIII and IX. 

Mean sensor depths and standard deviations were calculated from pressure 
records (Fig. 4). The moorings were inclined due to current drag. Mean mooring 
inclinations, based on mean sensor depth (indicated by solid lines in Fig. 4), were 
approximately 15 °. They were larger for the shallower than for the deeper seg-
ments. Maximum mooring inclination for Segment IX was 26°. Since the gimbal 
arrangement of the Aanderaa current meter is designed to compensate for mooring 
tilts up to 30°, the speed measurements should not be biased due to tilt. The 26-
month "entire" time series is continuous except for two gaps, one in June, 1973 
for 54 days and the other in November/December, 1973 for 68 days. 

To investigate cross-stream coherence and, in particular, to determine the repre-
sentativeness of the single mooring R6, we used data provided from an experiment 
carried out jointly by Nova University, NOAA/ AOML, and the University of 
Miami between March and August, 1974. The mooring locations are indicated in 
Figs. 1 and 2. Moorings R(n) were equipped with Aanderaa current meters by the 
University of Miami ; moorings N(n) were equipped with vector-averaging current 
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Figure 4. Depth/ Time diagram for all moorings used at position R6 from September, 1972, 
to November, 1974. Heavy bars indicate bottom; solid lines indicate mean depth of mooring; 
dashed lines indicate standard deviation of mean depths. Values given in each of the four 

quadrants are: minimum, maximum, mean, and standard deviation ( Min. I Max.) 
Mean St. d. 

meters (V ACM's) by Nova University. The vertical sensor distribution was similar 
to that used for position R6. 

3. Oceanographic variables and their spatial coherence 

a. Cross-stream coherence. Instrument locations of the cross-stream array varied 
with respect to water depth, velocity, and density surfaces due to the east-west 
gradients of these variables. Time series of 6-hourly current vectors and local wind 
are shown in Fig. 5 for the 40-hour low-pass filtered data. In the coordinate system 
used, u is positive eastward and v is positive northward. Filter characteristics are 
given in Table 1. Low-frequency current fluctuations, with time scales of one to 
two weeks, occurred throughout the Florida Straits. The fluctuation amplitudes 
were greatest over the shallow Miami Shelf (Rl and R2T), where the mean current 
was weak. These fluctuations were associated with the occurrence of current re-
versals. They are discussed in detail by Lee (1975) and by Lee and Mayer (1976). 
Lee has interpreted the current reversals as related to the northward passage of 
cyclonic spin-off eddies from the Florida Current. Inspection of the vector series on 
an event basis indicates that there is visual correlation between current modulations 
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Figure 5. Time series of 6-hourly current and wind vectors of 40-hour low passed series from 
cross-stream array shown in Fig. 2. Rl-R6 signifies University of Miami moorings; Nl-N3 
are Nova University moorings; T is for top and B is for bottom instruments. The ratio of 
instrument depth to water depth is given in parentheses at the end of each series. 

Table 1. Filter characteristics. 

48-hr. low pass: Figs. 5 and 9 
Energy 

Period (hours) Removed(%) 

35 98 
40 72 
45 27 
50 0.4 

Band pass 0.075-0.095 cpd: Fig. 19 
Period (days) Response (%) 

10.0 10 
10.5 25 
11.0 45 
11.5 70 
12.0 85 
12.5 100 
13.0 80 
13.5 75 
14.0 45 
14.5 10 
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Figure 6. Autospectra of 40-hour low pass filtered v-component time series from cross-stream 
array. 

NIM . ifi DOF BW sign es: N = No. of data points; M = No. of Jags; DOF = degrees of free-
dom; and BW = bandwith. 

at the different locations (Fig. 5, vertical dashed lines). Current reversals over the 
Miami Shelf (Rl to R3) appear to be related to decelerations over the Miami Ter-
race (R5T and R6T), where the strong northward mean flow prevented the occur-
rence of substantial reversals. Also, pulses of northward flow over the shelf seem 
to be related to similar accelerations over the Terrace. Current records from the 
top instruments of moorings Nl and N2, which were located at 600 m isobaths, 
differ considerably on the western and eastern sides of the Florida Straits. On the 
west side, large amplitude current reversals were common, whereas at the eastern 
location, reversals did not occur and the flow was relatively steady to the north. 
These records corroborate records from previous years which indicated that deep 
southward flow, with values up to 80 cm/ sec, is common in the deep trench located 
on the western side of the Florida Straits (e.g., Di.ting, 1975). Data from the upper 
instrument at the 300 m depth on the eastern side (N3) , show that current reversals 
were again common, although the amplitudes were weak. 

Relations between atmospheric forcing and current fluctuations will be discussed 
in Section 4. The local wind series shown in Fig. 5 does not exhibit any persistent 
visual correlation with the current time series. The wind record covers the transition 
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Figure 7a. Comparison of cross-stream current meter pairs; A-S incl. (v-component) for f = 
0.05 cpd, where x: (A. .. S) = coh2 (A. .. S)-coh2 (A .. . S) at the 95% significance level. 
Dashed lines are valid for bottom sensors. 
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Figure 7b. Comparison of cross-stream current meter pairs; A-S incl. (v-component) for f = 
0.08 cpd, where i'(A. . . S) = coh2(A . . . S)-coh2(A. .. S) related to the 95% significance level. 
Dashed lines are valid for bottom sensors. The current meter pairs are the same as for 
Fig. 7a. 
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Figure 7c. Comparison of cross-stream current meter pairs; A-S incl. (v-component) for f = 
0.11 cpd, where x" (A. . .S) = coh2(A. . .S) - coh2(A. . .S) at the 9 5 % significance level. 
Dashed lines are valid for bottom sensors. Current meter pairs are the same as for Fig. 7a. 

from the cold front-dominated winter season through the summer, when south-
easterly winds prevail; however, there is no indication of a seasonal change in cur-
rent variability. 

Cross-spectrum analyses were performed on time series for each current meter 
pair in the cross-stream array. The v-component spectra of these time series are 
shown in Fig. 6. It is evident that, over the time period from March to August, 
1974, the most energetic current fluctuations at all cross-stream locations occurred 
within a period-band of 9 to 20 days, with a strong peak at about 12 days. The 
coherence squared, phase, and amplitude computed for each of the current meter 
pairs are given in Fig. 7 for the peak period of 12 days and for 9- and 20-day 
periods. The coherence squared was greatest across the Miami Terrace for the top 
current meter from each mooring for 9- and 12-day periods. These fluctuations are 
still significantly correlated at the maximum separation of about 90 km. Two sharp 
decreases in coherence occurred when comparing time series from current meters 
separated by large depth intervals (combinations F, G, and P) . The coherence was 
also weak between pairs of bottom current meters and for almost all pairs at the 
20-day period. The phase relationships were positive for most of the current meter 
combinations, which indicates that oscillations at the easternmost meter lead in 
phase. However, a large negative value occurred between meters located at the 
600 m depths on the east and west sides of the Florida Straits. Phase values of ap-
proximately 180° occurred between meters separated by large depth variations 
across the Mi ami Terrace break (meters Rl, R2, and R6 compared with Nl) , which 
is consistent with stable barotropic (Brooks and Mooers, 1977) and unstable baro-
clinic (Orlanski, 1969) shelf wave theory for the lowest horizontal mode. 
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Table 2. Segment first order statistics: Means (µ,), Std. Dev. (u) , Min ., Max. 

(Sensor/ 
Number of Water) T(OC) u(cm/ sec) v(cm lsec) 

Segment Samples Depth (m) µ, u Min . Max. µ, u Min. Max. µ, u Min. Max. 

A. Top Instruments 

I 6237 243 11.6 1.6 7.9 16. l 0.8 13.8 -53.5 54.5 47.2 28.6 - 16.5 121.3 
II 4506 263 9.8 1.2 7.2 14.7 - 2.5 16.2 -56.4 43.4 31.6 26.3 -36.8 109.8 ....... 

Cl 
III - - - - - - - no data - - - - - - - $;: 

IV 6037 260 11.8 1.2 8.7 15.4 3.9 13.1 -48.3 35.8 58.9 24.6 -23.3 111.7 3 
;:i 

V 8029 312 8.9 .9 7.1 11.7 2.9 8.8 - 32.0 29.9 22.4 20.0 - 49.5 70.2 ~ 
Cl 

VI 1818 231 13.2 1.2 10.1 16.8 9.1 14.7 -33.9 41.8 83.0 24.0 20.0 126.7 -
VII 2885 262 11.9 1.3 8.0 14.5 1.2 11.2 - 40.2 40.7 64.4 22.6 -11.6 107.0 ... 

VI II 3153 205 14.0 1.5 8.7 18.4 7.0 17.7 - 63.8 72.5 84.7 22.5 5.0 130.0 5· 
IX 8514 205 14.8 1.9 8.4 19.8 9.4 16.3 -52.8 50.5 68.1 26.7 -22.0 14.4 

(1> 

(1> 

B. Bottom Instruments c:.., 
(1> 
;:i 

I 6237 334 8.0 0.8 6.8 11.1 -7.8 14.5 -62.4 37.8 9.6 14.5 -26.8 73.4 ;::-
II 4506 346 7.7 0.8 5.8 10.4 - 9.7 11.9 -54.5 16.5 4.1 15.6 -42.8 55.0 

III 5760 303 8.9 0.8 4.7 12.4 0.2 7.2 -18.0 37.6 2.8 16.4 -40.6 61.6 
IV 6037 340 8.2 0.7 6.7 10.7 2.0 7.2 -21.7 29.6 8.7 17.2 -45.4 49.2 
V 8029 391 7.7 0.6 6.6 9.9 1.6 5.7 -23.3 38.5 4.4 10.0 -35.7 34.1 

VI 1818 311 8.6 1.1 6.5 11.3 4.7 10.6 -20.4 47.7 23.7 19.8 -29.5 66.0 
VII 2885 265 11.7 1.3 8.0 14.4 1.6 11.0 -40.4 45.7 60.5 22.2 - 12.7 103.0 

VIII 3153 206 13.9 1.5 8.5 18.0 7.0 16.1 -53.6 48.7 84.4 21.6 10.3 130.0 
IX - - - - - - - no data - - - - - - -

w 
~v, 

..... 
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Figure Sa. Least-squares fitted distributions for mean temperatures from moorings. Indices re-
fer to segment numbers for top or bottom instruments shown in Fig. 4. 

Figure Sb. Least-squares fitted distributions for standard deviations of temperature from moor-
ing locations. Indices refer to segment numbers for top or bottom instruments shown in 
Fig. 4. 

The fluctuation amplitudes were very similar for the three frequency bands. The 
greatest amplitudes, about 25 cm/ sec, occurred in the upper layer over the Miami 
Shelf at locations which were nearest to the Florida Current inshore front. The 
weakest amplitudes, about 5 cm/ sec, occurred deep on the eastern side of the 
Straits. The typical amplitude for the three frequency bands at position R6 was 15 

cm/sec. 
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Table 3. Least square fits for annual cycle (phase defined by date of 1st zero-crossing). 

Variable 

Uent(Cm/s) 
Vent(Cm/ s) 
T,nt(°C) 
Pres. Mia (mb) 
'T.Jak(x)(dyn/cm2

) 

T.r••<' >(dyn/ cm2
) 

'TMJa (X)(dyn/cm') 
'TM1• <Y> (dyn/ cm') 
'TKW(x)(dyn/cm') 

'TKw ''>(dyn/ cm') 

curl .,. (dyn/cm3
) 

div .,. (dyn/ cm') 

Mean 

1017 
0.003 
0.003 

-0.16 
-0.02 
-0.29 

0.01 

0.0 

0.0 

St. Dev. Amplitude 

1.2 
4.5 
0.06 

3.6 1.66 
0.2 0.06 
0.2 0.07 
0.3 0.20 
0.2 0.08 
0.4 0.06 
0.3 0.15 

6 X 10-• 1.2 X 10-• 

5 X 10-• 1.2 X 10-• 

Percent of 
Phase± St. Total 
Error (days) variance 

22 Nov ±12 7.2 
19 Jan ±8 14.4 
7 Feb ±16 3.9 
4 Feb ±6 51.4 

26Feb±ll.5 24.5 
26 Apr ±IO 31.3 
23 Dec ±27 5.5 
11 May ±IO 28.2 
29 June ±18 11.3 
4 June ±IO 30.7 

17 Sep ±17 13.3 

24 Jan ±12 24.1 

(Note: The above symbols are defined as follows: Jak = Jacksonville; Mia = Miami; KW = 
Key West. No means and Std. Dev. are given for the entire series (ent) because of the depth 

variations in sensor location. Curl .,. and div .,. were computed from Jacksonville, Miami, Key 
West, and Corpus Christi wind stations. Pres. Mia = atmospheric pressure at sea level, 
Miami; .,.<•> = east component, .,.,,> = north component of wind stress). 

b. Variability at position R6. To obtain vertical mean distributions for the flow 
components and for temperature, all available data from the top and bottom instru-
ments at location R6 were used (see Table 2). Mean and standard deviations were 
computed separately for each data set from the individual Segments I to IX and 
were then plotted against depth. Figs. 8a and b represent parabolic fits through all 
available points. Since most of the variance was provided by periods shorter than 
the minimum record length of about two months, variation in the means of each 
record was primarily due to the depth of the instrument. The annual cycle presents 
only 14.4% of the total variance (Table 3). It can therefore be assumed that a 
seasonal low-frequency bias plays a minor role when comparing observations made 
at varying water depths. We consider the mean profiles and their standard deviations 
presented in Fig. 8 to be adequate representations of the overall mean conditions 
between the depths of 200 and 400 m at the eastern edge of the Miami Terrace. 

All mean distributions show a strong decrease with depth. The decrease is most 
pronounced for the v-component, which changes from +90 cm/sec at 200 m to 
-5 cm/ sec at 400 m. The weak southward mean flow is based on an extrapolation 
of the parabolic curve and its existence must, therefore, be considered questionable. 

The standard deviation decreases with increasing depth: e.g., for the v-com-
ponent at 200 m it was 25 cm/sec, and at 400 m it was 8 cm/sec. Similarly, the 
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Figure 9. 40-hour low pass filtered basic data set from location R6. Records from the top in-
struments were used (except for Segment III) . The data sets from each segment were normal-
ized by their individual variances. Values for mean and standard deviations are given in 
Fig. 8. 

standard deviation of the temperature was reduced from l.7°C at 200 m to 0.5°C 
at 400 m. 

Fig. 9 shows the basic data set in the form of a composite time series for u, v, 
and T at location R6. In all cases except Segment III, records from the top instru-
ments were used. To allow a meaningful comparison of observations from different 
depths, the sets from each segment were normalized by their individual variances. 
The original sampling interval was flt = 20 minutes. Since tidal oscillations were 
not considered, 6-hourly averages were used. Subsequently, a filter was applied, 
suppressing periods shorter than 40 hours. Fig. 9 shows the low-passed series using 
filter parameters given in Table 1. 

A comparison of spectra from two time series of different lengths was made to 
determine whether the varying sensor depths over the 26-month record produced 
different results from the spectra of the second year, when the sensors were dis-
tributed at nearly constant depths. Fig. 1 0a shows the results based on data from 
Segments I to IX (the "entire series") using a maximum lag of 100 days. Fig. 10b 
shows results based on data from Segments VI to IX (the " long series"), i.e., from 
December, 1973, to November, 1974. Due to the shorter length of the long series, 
the maximum lag was reduced to 25 days. 

The spectra for the entire series (Fig. 10a) show the largest peak for u at 11.8 
days and for v at 20 days. This is basically in agreement with the autospectra from 
the long series (Fig. 10b), where the maximum for u occurs at 10 days and for v 

at 25 days. The temperature spectrum for the entire series shows a maximum at 
about 50 days, whereas this peak is not well-resolved in the long series. The slight 
discrepancies between the two series in the spectra for u, v, and T are caused by 
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Figure 10a. Spectral statistics for the 26-month "entire" data set. Spectra have been normal-
ized by factor shown in parentheses. 
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different bandwidths. The spectra of the entire and the long series show secondary 
but significant peaks in the 4- to 5-day period band for u, v, and T. 

The cospectra, coherence squared, and phase for both data sets are also pre-
sented in Figs. 10a and b. The major contributions to all cospectra are provided 
by motions on time scales of one week to two months. In contrast to the (v, T) and 
(u, v) cospectra, which are essentially positive for all frequencies, the (u, T) co-
spectra are generally negative on time scales of one to two weeks and positive other-
wise. Also, the (v, T) and (u, v) cospectra are quite similar for the two data sets, 
whereas the (u, T) cospectra differ substantially: e.g., the area under the curve is 
positive for the entire series while it is negative for the long series. Both sets show 
high coherence squared for a wide frequency band from 0.0 to 0.3 cpd. The phase 
lag of approximately -90° for u and v in both series corresponds to anticyclonic 
rotation of the current vectors. For both time series, coherence squared is high be-
tween frequencies of 0.05 and 0.4 cpd for v and T. In contrast, coherence squared 
between u and T is low or sporadic in both series in this frequency range. 

Most major features are basically similar for both the 26-month and the 12-
month series. The similarity of these results allows two conclusions to be reached 
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Figure !Ob. Spectral statistics for the 12-month data set from December 1973 to November 
1974. Spectra have been normalized by factor shown in parentheses. 

N IM DOF BW = same as in Fig. 6. 

for the entire series, upon which all further considerations are based. First, the basic 
information content in the entire series is not greatly influenced by the inhomoge-
neity introduced by sensor locations at different depths and by record gaps; and 
second, the statistics of the series can be considered to be essentially stationary. 

An important finding is that 80% of the variance, excluding the tidal bands, was 
provided by time scales greater than 8 days (Fig. 11). There was a sharp energy 
decrease toward very low frequencies, as is particularly evident in the logarithmic 
presentation in Fig. 12. This result confirms earlier findings based on shorter time 
series (Kielman and Diiing, 1974; Mooers and Brooks, 1977; and Schott and Diiing, 
1976). Distinct energy maxima for u and v occur in period bands from 7 to 25 
days, from 4 to 5 days, and from 2 to 3 days. Hence, our earlier, shorter records, 
which were used in both the above-mentioned papers and those shown in Fig. 5, 
were sufficiently long to resolve adequately the most intense fluctuations of the 
Florida Current. It appears, therefore, that a record length of approximately six 
months is sufficient to resolve the most energetic low-frequency fluctuations in the 
Florida Current. 
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A least-squares sinusoidal fit was applied to obtain the annual component in the 
entire series. Table 3 shows the results both for the observed series at position R6 
and for the atmospheric variables. The annual cycle accounted for about 14% of 
the variance of v. Its maximum occurred in late April and its minimum in late 
October. The annual contributions to the total variances of u and T were compara-
tively small, with fairly large phase errors. 

JO -

90'"!. s.i. 

3 117 400 
19.5 .006 

10-lL___~~-~~~~ 

10' 

,0-2 

0 0 .2 0.4 0 .6 
FREQUENCY (CPO) 

90•1. s.i. 3117 400 
19.5 .006 

10-10 
0 .2 0.4 0 .6 

FREQUENCY ( CPO) 

10 

0 .2 0.4 0 .6 
FREQUENCY (CPO) 

CURL (T) 

10 -11 _ I 

j 90¼sj 
119 100 
19.5 .006 

10-190 
02 04 0 .6 

F REQU ENCY (CPD) 

Figure 12. Autospectra for the 26-month "entire" series. 11t = 6 hrs. for u v T · 11t = 24 hrs. 
N I M •• • 

for curl -r. DOF BW = same as in Fig. 6. 



1977] Diiing, Mooers & Lee: Florida Current variability 

U (cm / sec ) 

3 
- BOL~-~60--'-~4~0~--'20~-"-o--'--2~0 ...:.4.:s.o....,__;60 

V ( cm/ sec) 

-40 
__________ .,,. .,.. 

-30 ,, _ ,,,, 

- 20 \ ,, 

-10 , 

10 

20 

, 

--- ...... 

' \ •• {L '!._s_v 

' I 
I 

',, 

' ' I 
/ 

30 L....l.-'--~--'-~~-'-----'---'--L....J.---'---' 
- 60 -40 - 20 0 20 40 

V (cm/sec)' 

145 

Figure 13. Joint histograms for the 26-month "entire" series. The axes are fluctuation ampli-
tudes of u, v, and T , respectively, which were obtained from individual segment time series 
shown in Table 2. Contours are labelled with the total number of observations falling inside 
the contour. 

c. Eddy momentum and eddy heat fluxes. As noted above, the co spectra which de-
fine the eddy momentum and the eddy heat fluxes associated with current viscosity 
were dominated by motion on time scales of one week to one month. Thus, the 
record lengths were sufficient to resolve the most significant motions contributing 
to these fluxes. Fig. 13 shows joint histograms based on the entire series for T vs. 
u, T vs. v, and u vs. v. The inclination of the dominant axis in the T vs. u distribu-
tion implies positive eddy heat flux toward the east. This is confirmed by the large, 
positive peak in the cospectrum in Fig. 1 Oa for the low-frequency range. These 
results are based on the 26-month-long series. Substantially shorter pieces of the 
record will yield a different result, such as that shown by the negative peak in the 
cospectrum for the 12-month-long series (Fig. 10b). A more detailed interpretation 
in terms of seasonal changes is given in Section 5. 

The T vs. v distribution shows positive eddy heat flux toward the north, in agree-
ment with the cospectrum in Fig. 1 Oa. The u vs. v distribution indicates northward 
momentum flux toward the east. Rotation of the coordinate system (by 13 ° to the 
right) into the orientation of the local topography did not lead to qualitatively dif-

ferent results. 
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4. Atmospheric variables and their relation to oceanic variables 

To investigate the role of atmospheric forcing, we processed time series of atmos-
pheric pressure and surface wind simultaneously recorded with the oceanic series 
R6 from the following locations: Jacksonville, Miami, Key West, and Corpus 
Christi. Two combinations were used to compute geostrophic wind series: Jackson-
ville-Miami and Corpus Christi-Miami. A drag coefficient, Cv = 1.5 X 10-a, was 
used to compute wind stress with a quadratic law. Early in the analysis, these series 
were paired with the u- and v-components from R6 to determine coherence. Sub-

sequently, curl T and div r of the windstress field were computed using the series 
from Jacksonville, Miami, Key West, and Corpus Christi. The resulting series were 
again paired with the u- and v-components from R6. Coherence was generally 
higher for the v-component than for the u-component. It is also noted that the co-
herence between the current components and the geostrophic windstress series did 
not substantially differ from the coherence values computed for the current com-
ponents and the local windstress at Miami. Subsequently, further analysis was 
limited to the v-component from R6, the windstress components at Miami (TM;.C"' l, 

TMt a (v>), curl T, and div T, 

Fig. 14 shows the autospectra for these atmospheric variables. TMia C.,l and 
TMta C11l show peaks nea-r periods of 20, 8 to 10, and 4 to 5 days. The peak near 8 
to 10 days was most likely caused by the frequent passages of atmospheric fronts 
in fall, winter, and spring (Partagas and Mooers, 1975). Peaks at nearly the same 

frequencies are found for curl r and div r. A more detailed energy distribution for 

curl T is given in the logarithmic presentation for this variable in Fig. 12. The peak 
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Figure 15. Coherence squared and phase for v-component from 26-month "entire" series and 
four atmospheric variables. 

between 7 and 14 days is of particular interest since it covers the period band where 
barotropic models for continental shelf waves in a mean flow (e.g., Brooks, 1975) 
indicate maximum response. 

Fig. 15 shows coherence squared and phase of the v-component combined with 

four atmospheric variables. Highest coherence squared is found for v vs. curl r in 
the 0.075 to 0.095 cpd band. The average coherence squared over five bands was 

0.38, with a maximum of 0.55 at the 11.8-day period (Tables 4 and 5). Curl T leads 

Table 4. Average values for coherence squared between v and atmospheric variables (see Fig. 
15). The 90% significance level is 0.23. The windstress components are defined in Table 3. 
The subscripts denote differentiation. 

v vs. atmospheric variables 

curl r 
T/z> 

Tz<v> 

div r 
T z(z ) 

7 11(1,1) 

T n 1a(z) 

T:Ul a (lf) 

'T Jok(e) 

T Jak(JI) 

'T KW(.11) 

'T KW( s,) 

0.075 to 0.095 

0.38 
0.32 
0.22 

0.19 
0.12 
0.20 
0.26 
0.14 
0.21 
0.14 
0.22 
0.20 
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Figure 16. Correlation functions for v-component from 26-month "entire" series and four 

atmospheric variables. 

Table 5. Maximum values for coherence squared between the v-component and the referenced 
variables in three period bands. The 90% significance level is 0.23. 

10-13 Days 4-5 Days 2-3 Days 

TJ ak(ir) .47 at 12.5d .39 at 4.3d .32 at 2.4d 
'TJ ak<v> .29 at 12.5d .25 at 4.8d .47 at 2.7d 
'T Ml a(z,) .42 at 11.8d .24 at 4.8d .39 at 2.5d 
'T Mta< v> .25 at 11.ld .26 at 4.3d .35 at 2.5d 
'T KW(z) .33 at 12.5d .25 at 4.5d .46 at 2.6d 
Trrw<•> .53 at 11.8d .35 at 4.8d .47 at 2.5d 

Curl T .55 at 11.8d .21 at 4.5d .40 at 2.9d 

Div T .47 at 11.8d .26 at 4.8d .30 at 2.5d 

v by nearly 90° in this period band. The correlation functions between the four 

pairs (Fig. 16) also show maximum correlation between v and curl r . The correla-
tion function of the entire series appears to be dominated by the energetic 12-day 
fluctuations. The 3-day phase lead agrees with the above-mentioned 90° phase 
lead in the 0.075 to 0.095 cpd band. 

Fig. 15 shows fairly high values for coherence squared for v vs. curl r around 
0.25 cpd and 0.32 cpd. The local wind stress components at Miami and the v-com-
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ponent show high values for coherence squared in the 0.39 to 0.43 cpd band. How-
ever, high coherence in these bands occurred at very distinct frequencies interspersed 
with very low coherence values. The respective maxima are given in Table 5. 

To study seasonal variations, the entire series from position R6 was broken down 
into two winter seasons, WlA and WlB, from the first part of the record, one sum-
mer season, SSl, from the second part of the record, and another winter and 
summer season, WWl and SS2, from the third part of the record. Each of these 
series is 85 days long. Energy density and coherence squared are plotted as func-
tions of frequency and time in the form of chronospectra and chronocoherences by 
contouring the estimates of the five partial seasonal series, which were normalized 
by making the variance of each series equal to one (Figs. 17 and 18). Due to the 
relatively short length of these series, a lag of only 5 days could be used, yielding 
a bandwidth of 0.03 cpd. The 90% significance level in Fig. 18 is 0.43. Thus, 
periods longer than one week are not well-resolved. Nevertheless, one salient fea-
ture emerges from the chronospectra in Fig. 1 7: all atmospheric variables had pro-
nounced energy peaks near the 8- to 14-day period band in late winter of both 
1973 and 1974. The v-component current did not exhibit such a seasonal pattern. 
On the contrary, there was a tendency for a broad energy maximum in the summer. 
Chronocoherence squared in the low-frequency range was mostly below the sig-
nificance level (Fig. 18). Significant values for coherence squared occurred in the 
0.3 to 0.5 cpd band, in agreement with the results shown in Fig. 15. Again, there 
was no recognizable seasonal trend; for example, a consistent band of high co-
herence squared occurred throughout. 

To investigate fluctuations in the two bands with the highest coherence squared, 
band pass filters were applied in the 0.075 to 0.095 cpd band and in the 0.230 
to 0.355 cpd band. Fig. 19 shows the band-passed series for the first band using 

filter parameters given in Table 1. There is a visual similarity between v and curl r 
and between v and TMta (a,J during the last part of the record. The correlation co-

efficients between v and curl r and between v and TM ;a (a,J vary from 0.44 to 0. 79 
for different parts of the record (see Table 4). The oscillations can be described as 
transient events occurring in the form of phase-coherent wave packets of typically 

four to six cycles. Correlation with curl T is highest when the forcing events are 
well-defined, e.g., in late March, 1974, and in early June, 1974, and when they 
remain in phase with v. When the phase differences between events increases, cor-
relation decreases as, for example, in the last energetic event in TMin <"'J and v. 

Table 6 shows an average phase lag of about four days between v and both curl T 

and 7Mta (a,J, in agreement with the results shown in Figs. 15 and 16. 
Similar band-passing techniques were applied in the 2- to 4-day period band. The 

transient behaviour of oscillations in this band is characterized by wave packets of 
typically four cycles in the v-component as well as in the atmospheric variables. 
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Figure 17. Energy density as a function of time and frequency generated from five partial 
seasonal series (chronospectra). 

However, there was no clear correlation of phases and amplitudes between v and 
either of the atmospheric variables. 

5. Discussion 

a. Representativeness and seasonal changes. A variety of observations in the Florida 
Straits support our hypothesis that time series from position R6 are representative 
of the Florida Current fluctuation spectrum at periods greater than one day. Simul-
taneous observations from eight locations between Miami and Bimini result in 
similar spectrum distributions, peaking at a period of about 12 days in v. The cross-
stream coherence was greatest across the Miami Terrace for periods between 9 and 
12 days; these fluctuations were still significantly coherent at a distance of 90 km 

Table 6. Correlation coefficients for partial series band-passed in the frequency range from 
0.075 to 0.095 cpd (see Fig. 19). 

v vs. curl r 
V VS. 7":M l /z> 

v vs. div r 

Segments I-IV 
Lag 

Max. cor. coeff. (days) 

0.44 3 
0.74 0 

0.57 12 

Segments VI-IX 
Lag 

M ax. cor. coeff. (days) 

0.79 4 
0.60 2 

0.60 2 
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Figure 18. Coherence squared as a function of time and frequency from five partial seasonal 
series (chronocoherence). 90% level of significance is 0.43. 

(= width of the Florida Straits). Recordings from downstream positions R7 and 
RIO (Fig. 1) also show energy maxima around the 12-day period (Lee, personal 
communication). Presently there do not exist sufficiently long time series for the 
vertical distribution of the flow components. However, 19 consecutive days of 3-
hourly vertical current profiles obtained during project SYNOPS 1971 (Diling, 
1975) indicate that energetic oscillations on time scales of 4 to 10 days are pre-
dominantly barotropic. 

Observations from position R6 also appear to give reasonable estimates of sea-
sonal trends. Niiler and Richardson (1973) demonstrated that the seasonal changes 
in the transport of the Florida Current penetrate to the bottom while the changes 
in the density field are confined primarily to the upper 100 m of the water column. 
Table 3 shows that about 14% of the total variance of v can be accounted for by 
the annual cycle. In contrast, only 4% of the total variance in temperature can be 
accounted for by the annual cycle. Although point measurements cannot be directly 
compared with the volume transport measurements, it is interesting to compare the 
respective trends, in particular for phase relations. Based on an ensemble average 
of data randomly sampled over a 7-year period, Niil er and Richardson obtained a 
mean transport value of 29.5 X 106m3 / sec with an annual amplitude of 4.1 x 
l06m8/sec, with a maximum in early June and a minimum in early December. Our 
measurements show a v maximum in late April and a minimum in late October. 

The annual cycle accounts for 13 % of the total variance of the winds tress curl 
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Figure 19. Band-passed time series for the 0.08 to 0.1 cpd band. 

computed from observations in a synoptic scale grid (Table 3). The maximum was 
found to occur in the second half of December, thus leading the annual variation 
of the v-component by four months. Although the percentages of total variance of 

v and curl r are nearly the same, forcing over the Gulf of Mexico probably cannot 
explain the seasonal change of the Florida Current. However, the annual variation 

of curl r over the synoptic scale may be representative for the variation of curl r 
over a larger area. As pointed out by Niiler and Richardson (1973), the four-month 
lag between the seasonal change of the Florida Current and that of the windstress 
curl remains unexplained. 

b. Eddy momentum and heat fluxes. From the entire series, the time-averaged 
Reynolds stress and heat flux are u' v' = 79.1 cm2/ sec2 and u' T' = 1.03 cm °C/sec. 
These values are in agreement with the previous findings of countergradient eddy 
fluxes of momentum and heat by Webster (1961b) and Oort (1964) in the cyclonic 
frontal region of the Florida Current downstream of Miami. By determining v., and 
T., from Fig. 2, the horizontal eddy viscosity, AH, and the horizontal eddy con-
ductivity, KH, can be estimated: AH = -2.6 x 10°cm2/ sec and KH = -2.7 X 

105cm2sec. Hence, the velocity and temperature fluctuations generate mean flow 
kinetic and potential energy at this location, on average. Only in the 1- to 2-week 
period band are the fluctuations dissipative of mean fl.ow potential energy. Con-
sidering the correlations between oceanic and atmospheric variables established 
above, this suggests that atmospherically induced fluctuations generate mean kinetic 
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and potential energy, with the exception of the mean potential energy release in 
the 1- to 2-week band. 

Orlanski (1969) analyzed the influence of bottom topography on the stability of 
jets in a two-layered fluid . He considered cases with geometry and parameters 
appropriate to the Gulf Stream downstream of Miami. Between Capes Canaveral 
and Hatteras, the most unstable wave has a period of about 10 pendulum days 
(equivalent to about 22 solar days at Miami) and a wavelength of about 220 km. 
Downstream of Cape Hatteras, the most unstable wave has a period of about 37 
pendulum days and a wavelength of about 365 km. The analogous calculations 
have not been made for the Florida Straits region. Judging by the sensitivity of the 
most unstable wave parameters to the details of the two cases considered by 
Orlanski, caution is required in applying them quantitatively to the Florida Straits 
region. On the other hand, he did provide some qualitative results which may be 
of direct applicability. 

For unstable waves, Orlanski noted that potential energy is transferred from the 
mean flow to the eddies in the lower layer, and vice versa in the upper layer. The 
negative sign of our lower layer u'T' cospectrum in the band near 0.1 cpd and the 
positive sign of Oort's (1964) upper layer u'T' net eddy heat flux are consistent with 
Orlanski's description. He also noted that eddy kinetic energy is transferred to mean 
fl.ow kinetic energy in both layers, which is consistent with our lower layer and 
Webster's (1961b) upper layer results. 

With available observational and theoretical results, it is difficult to discriminate 
between unstable and stable and between baroclinic and barotropic shelf waves. 
For both stable barotropic and unstable baroclinic shelf waves, the lowest horizontal 
mode has a node in the downstream perturbation velocity near the shelfbreak, in 
qualitative agreement with our observations. The unstable, long baroclinic waves 
propagate northward, while the stable, long barotropic shelf waves propagate south-
ward. The latter is qualitatively supported by the analyses of Schott and Di.iing 
(1976) and Brooks and Mooers (1977a). On the other hand, the u'T' and u'v' cor-
relations vanish for stable shelf waves; the observations indicate otherwise, which 

is expected for unstable waves. 
From the present results, it appears that motions in the 10- to 12-day band are 

correlated with atmospheric forcing and they transfer kinetic energy to the mean 
fl.ow and release potential energy from the mean flow, at least in the lower layer. 
There also exist prominent transfers of both eddy kinetic and potential energy to 
the mean flow on time scales of 2 weeks to 2 months; motions on these time scales 
do not seem to be strongly correlated with atmospheric forcing. 

For a more detailed consideration of cross-stream eddy heat flux, two additional 
joint histograms were constructed (Fig. 20a and b). The first is based on data from 
Segments I to N, and the second on data from Segments VID and IX. The first 
data set covers the time period from October, 1972, to May, 1973, spanning the 
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Figure 20a. Joint histograms for parti al series: October 1972 to May 1973. (For explanation 
see Fig. 13). 

Figure 20b. Joint histograms for parti al series: April 1974 to November 1974. (For explana-
tion see Fig. 13). 

winter season; the second covers the period from March to November, 1974, 
spanning the summer season. Tilts of opposite directions result for each time period. 
Figure 20a indicates positive eddy heat flux toward the east; Figure 20b indicates 
positive eddy heat flux toward the west. We interpret this behavior in terms of the 
seasonal diff erence of the Florida Current temperature structure rather than in 
terms of the different depths of the sensor locations during each period. 
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Due to the more strongly sheared northward flow in summer, the tilt of the iso-
therms is steeper than in winter (cf., Niiler and Richardson, 1973). This effect is 
most pronounced at the depth of the 10 to 15 °C isotherms in which the sensors at 
position R6 were located. Dtiing (1975) has shown that a steep, narrow frontal 
structure is characterized by positive temperature anomalies (summer-type). A flat, 
broad frontal structure is characterized by negative temperature anomalies (winter-
type). Hence, during winter the positive anomalies from the Miami Terrace (u 'T' 
> 0, Fig. 20a) are advected to the east. During summer, positive anomalies from 
the 10 to 15°C band (u' T' < 0, Fig. 20b) are advected to the west. The difference 
between summer and winter conditions may be interpreted in terms of different 
ageostropbic balances during these seasons. Assuming an ageostrophic balance, 

du _ fv = _1_ ap 
dt p ax 

in a coordinate system where u = eastward flow, v = northward flow, f = 2w sin 
ap 

cp, and ax = cross-stream pressure gradient. The geostrophic flow, v.u, is given 

by 

resulting in 

where: 

du dt - f(V-Vg) = 0 

v - v0 = 0 geostropbic flow; 
v - Vu> 0 supergeostrophic flow ; and 
v - v0 < 0 subgeostrophic flow. 

Supergeostropbic flow implies an increase in potential energy; i.e., a steepening 
of the front as observed during summer, with downgliding on the upper side of the 
front toward the east and upgliding on the lower side toward the west. These con-
ditions are compatible with the T vs. u distribution shown in Fig. 20a. Subgeostrophic 
flow implies a decrease of potential energy; i.e., a flattening of the front with de-
creased vertical temperature gradients as observed during winter, with upgliding on 
the upper side of the front toward the west and downgliding on the lower side 
toward the east. These conditions are compatible with the T vs. u-distribution 

shown in Fig. 20b. 

c. Long wave interpretation. The autospectra from location R6 show a character-
istic decrease of energy toward very low frequencies. This is true for the entire 26-
month series as well as for the partial series of 12- and 6-month lengths. The most 
energetic band in the spectra from the Florida Current ranges from 8 to 25 days. 
Smaller but significant peaks are found in the period ranges from 4 to 5 days and 
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2 to 3 days. In contrast, spectra from the deep ocean (e.g., from site D, Thompson, 
1971) are energetic at periods greater than one month, as expressed in a steady 
increase of energy toward lower frequencies, the so-called "red shift." The low-
frequency energy decrease seems to be typical for spectra from continental shelves 
(e.g., Niiler, 1976). While the general shape of the subinertial frequency spectrum 
in the open ocean is probably governed by planetary Rossby waves, it is thought to 
be governed by topographic Rossby waves on the continental margins: e.g., in the 
Florida Straits. Topographic Rossby waves have a greater high-frequency cut-off 
than do the planetary Rossby waves, which can explain the presence of several-day 
to several-week motions in the Straits. Planetary Rossby waves are predominant 
in the open ocean. The absence of the several-week to several-month motions in 
the Straits in contrast to the open ocean could possibly be explained by these mo-
tions being reflected or absorbed at the continental margins external to the Straits. 

Two recent studies suggest that fluctuations in the most energetic period-band 
(8 to 25 days) are continental shelf waves. Brooks and Mooers (1977a) used one-
year records of ocean temperature and sea level. They found dominant subinertial 
fluctuations to occur at periods of 7 to 10 days in winter and 14 to 30 days in 
summer. They concluded that their results are consistent with the theory of long, 
stable continental shelf waves propagating southward in the Florida Current. Schott 
and Oiling (1976) used current measurements from three stations along the east 
coast of Florida at about 300 m water depth with a maximum longshore separation 
of 180 km to analyze the presence of propagating waves. Data from the central 
station of this array are identical with those from location R6, Segment I. The 
analysis was done by solving the inverse problem of determining the most likely 
wave parameters from 36 independent auto- and cross-spectra from four current 
meters. For the 10 to 13-day band, a significant fit of the data by a wave cross-
spectral function was found. The wavelength was 170 km and the (intrinsic) phase 
propagation was 17 cm/ sec toward the south. The current fluctuations were ellipti-
cally polarized, with anticyclonic rotation and an axis ratio of 0.30. The current 
amplitude was about 14 cm/sec. Schott and Diiing also concluded that these fluctua-
tions belong to the class of barotropic continental shelf waves (CSW's). Analysis of 
the longer series confirms these results. It yields an amplitude of 15 cm/sec and 
shows v leading u by 90° in phase (Fig. 10a and b), corresponding to anticyclonic 
rotation of the current vector. The cross-stream distribution of amplitude (Fig. 7) 
shows an eastward decrease from 25 cm/sec near Miami to 5 cm/sec near Bimini, 
which is in agreement with the theory of barotropic CSW's (Brooks, 1975). Stable 
barotropic and unstable baroclinic theories of the lowest horizontal mode predict a 
180° cross-stream phase difference between the shallow Miami Terrace and the 
deeper portion of the Florida Straits. This trend is clearly shown in the large phase 
lags approaching 180° between Miami Terrace moorings RI, R2, and R6, with 
the deeper station, NI . 
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d. Relation to atmospheric forcing. For the various atmospheric variables, highest 

coherence squared was found between v and curl T, computed from a synoptic scale 

grid. The auto-spectrum for curl T (Fig. 12) peaks around a period of 9 days, co-
inciding with an intermediate peak at nearly the same period in v. Maximum 
coherence squared is found in the 10- to 13-day band (Table 4). The individual 
values for coherence squared between v and the local windstress components (Table 

5) at three locations in Florida show high values similar to those found for curl T. 

This implies that meteorological fields over the Florida Straits are highly coherent. 
The phase differences between v of R6 and the stress at each of the three locations 

vary over a wide range (Fig. 15). In contrast, curl T leads v by about 90° or three 

days. This quadrature relationship is to be expected if curl T, or Ekman suction, is 
a dominant forcing mechanism for CSW's. However, such an interpretation may 
not be complete if some of the wave energy at R6 radiates from distant sources. On 
the other hand, the first mode barotropic CSW (Brooks and Mooers, 1977b) has 
a small group velocity in the 10- to 13-day band; the group velocity vanishes at the 

12-day period. Also, curl Twas computed in such a fashion that it is representative 
for an area which is large compared to a CSW wavelength. 

Another feature emerges from Table 5. Highest coherence squared between v 

and the local stress is found for the onshore stress component; i.e., T"' at Jackson-
ville and Miami and T 11 at Key West. This may be a forcing mechanism of similar 

importance to curl T in the 10- to 13-day band. The coherences between the stress 
components and v in the other frequency bands are generally higher than those with 

curl T. The local windstress, and thus, the coastal Ekman divergence, seems to be 
of prime importance for the forcing in these bands. (We have not attempted partial 

and multiple correlation in coherence analyses of T, curl T , and div T vs. v; thus, 
we cannot precisely pinpoint the most significant atmospheric forces.) 

Webster (1961a) studied the Gulf Stream meanders off Onslow Bay, North 
Carolina, and found many features resembling our results. The velocity maximum 
had energy peaks at periods of 4 and 7 days. The 20°C isotherm at 200 m depth 
had an energy peak with a 10-day period. Webster was able to correlate meander 
motions with the onshore geostrophic wind component by introducing a lag of 4½ 
days between wind and current. Brooks (1975) demonstrated that the superposition 
of the flow components of a barotropic CSW with a typical horizontal shear profile 
of the Current leads to a meander pattern. The meanders off Onslow Bay may, 
therefore, be interpreted as primarily wind-driven CSW's with time scales similar to 

the ones observed on the Miami Terrace. 
The seasonal change in the atmospheric variables does not seem to affect the 

amplitudes in the 10- to 13-day band, as seen in the chronospectra (Fig. 17). An 
apparent lack of seasonal change is also evident in the individual wind stress and 
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flow events (Fig. 5). Wind-driven CSW's are transient, occurring in wave packets 
of typically four to six cycles in all seasons. Thus, CSW's seem to respond to well-
defined forcing events occurring at any time of the year. 

High values of coherence squared between v and all atmospheric variables 
are also found at distinct frequencies in the 4- to 5-day and 2- to 3-day bands. 
However, there is no consistent phase relation between the various combinations. 
Band pass filtering involving these frequencies produced similar results. It appears 
that the fluctuations in these bands are wind-driven or at least initiated by atmos-
pheric forcing. Chronocoherence squared (Fig. 18) shows bands of significant values. 
As in the 10- to 13-day band, there is no indication of a seasonal dependence. 
Since these frequencies are greater than the barotropic CSW cut-off, it is not en-
tirely clear to which wave class the oscillations in these bands belong. Wang and 
Mooers (1976) have investigated CSW's in a continuously stratified medium with 
variable depth but without mean flow; in that case, free waves (relatives of internal 
Kelvin waves) can exist at frequencies greater than the barotropic cut-off frequency. 
A complete theory for baroclinic CSW's in a strong baroclinic mean flow is not 
presently available. 

6. Conclusions 

Following the objectives outlined in Section I, we arrive at the following con-
clusions: 

Data from the monitoring site at the eastern edge of the Miami Terrace are 
representative of the fluctuation spectrum of the Florida Current for time scales 
ranging from diurnal to annual. 
Energy maxima in the spectra for the v-component are found in three period 
bands: from 8 to 25 days, 4 to 5 days, and 2 to 3 days. 
All spectra of current components show a sharp energy decrease toward periods 
greater than one month. In contrast to open ocean spectra, there is no energy 
increase toward very low frequencies. The record durations of future experi-
mental studies concerned with the most energetic fluctuations of the Florida Cur-
rent may, therefore, be limited to six months. 
The seasonal change in the flow field penetrates to the depth of the sensor loca-
tion at about 300 m, whereas seasonal changes of the temperature field at that 
depth are small. 
The auto spectra for the entire atmospheric time series show energy maxima in 
bands which partially overlap with bands of energy maxima of the flow field. In 
contrast, the chronospectra for the atmospheric variables show pronounced 
seasonality with energy maxima in late winter. This seasonality is not reflected in 
the current components or in temperature. 
The v-component auto-spectra from an eight-element array which spanned the 
Straits showed energy maxima near the 12-day period at all locations. Cross-
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stream coherence across the Miami shelf and Terrace is high at this period. It is 
lower, but still significant, up to a distance of 90 km east of Mi ami, or to the 
edge of the Bahama platform. The amplitude of fluctuations within the 10- to 
13-day band systematically decreases from 25 cm/ sec near Miami to 5 cm/ sec 
near Bimini . The amplitudes measured from the near-bottom current meters are 
much lower, presumably due to bottom friction. The cross-stream distributions 
of both amplitude and phase are approximately consistent with the lowest hori-
zontal mode for stable barotropic and unstable baroclinic shelf waves. 
The time series from position R6 are long enough to resolve major contributions 
to eddy momentum and heat fluxes. A seasonal difference in the direction of 
cross-stream heat flux is evident. Associated with the steeper slope of the tem-
perature field in summer, there is positive heat flux toward the west; i.e., gain of 
mean potential energy. In winter, when the slope of the temperature field is 
smaller, there is positive heat flux toward the east; i.e., loss of mean potential 
energy. In contrast to the six-month record required for kinetic energy studies, a 
thorough study of eddy flux requires records of at least a one-year duration. 
Computations of lateral eddy viscosity and conductivity indicate that the sensors 
were located in a region where mean kinetic and potential energy are generated, 
excepting the release of mean potential energy in the 1- to 2-week band. The 
strong correlations found between oceanic and atmospheric variables within this 
band suggest that atmospherically induced fluctuations serve to initiate the gen-
eration of mean kinetic energy at the expense of the mean potential energy, at 
least in the lower layer. 

Coherence is high between v and most atmospheric variables, particularly the 

onshore components of the windstress. It is highest between v and curl T, com-
puted from synoptic grid spanning station in eastern Florida and eastern Texas. 
There are three period bands where high coherence is found between atmospheric 
forcing and the v-components: in the 10- to 13-day band coherence peaks at 
11.8 days; in the 4- to 5-day band at around 4.5 days; and in the 2- to 3-day 
band at 2.5 days. There is no indication of seasonal variation of coherence in any 

of the three bands. 

In the 10- to 13-day band, curl T leads v by about 3 days. Since curl T is essen-
tially in quadrature with v, Ekman suction may be the dominant generating 

mechanism for motions in this band. 
The band-passed v-component displays a season-independent transient pattern 
and occurs in wave packets of typically four to six cycles. The good agreement 
with the study by Webster (1961a) on the Gulf Stream meanders off Onslow Bay 
seems to indicate that our results are not limited to the local conditions off Miami. 
Recent studies of satellite-observed sea surface temperatures by Stumpf and Rao 
(197 5) and Legeckis (197 5) also support this notion. These studies show that 
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temperature disturbances on the cyclonic edge of the Gulf Stream increase in 
amplitude as they propagate downstream from Cape Kennedy to Cape Hatteras. 
Interpretation of these features as CSW's8 implies the interesting conjecture that 
Gulf Stream instabilities and eddies south of Hatteras (e.g., Lee, 1975; Lee and 
Mayer, 1976) may originate as continental shelf waves. 

Many questions remain open. The present results, based largely on a single 
oceanic time series and referring to a crude, linear, deterministic wave model, are 
encouraging. There clearly emerges the predominance of atmospherically forced 
oscillations on time scales of a few days to a few weeks. However, regardless of 
whether Ekman suction over a synoptic scale or local Ekman coastal divergence 
is the more important forcing mechanism, the fact remains that an average co-
herence squared of 0.5 exists in certain frequency bands. Considering the errors 
in the oceanographic and atmospheric data, and in our representation of the at-
mospheric forcing, our estimates of the coherence squared are probably under-
estimates of the true values. There is a question of accounting for the portions of 
the spectrum which are not coherent with atmospheric forces. The baroclinic 
instability model by Orlanski and Cox (1973) and the barotropic instability 
model by Niiler and Mysak (1971) for Gulf Stream conditions yield wave 
parameters similar to those found in the Florida Straits. Possibly wind-generated 
fluctuations such as those described above trigger instabilities, thus leading to a 
process for which the dynamics and energetics are not yet understood. 
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