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Low-frequency temperature fluctuations between 
Ocean Station Echo and Bermuda 

by W. Sturges1 and Alan Summy1 , 2 

ABSTRACT 
Hydrographic data at Ocean Station Echo (35N, 48W) form an almost continuous 6-year 

series ending in 1973. The temperature fluctuations at periods longer than about 8 months 
appear to be largely from the first vertical mode, and at periods of about 7 to 4 months from 
the second._These fluctuations are found to be coherent with those seen in the Panulirus data, 
at Bermuda, if the travel time for group velocity is included. The first mode fluctuations are 
coherent in a number of frequency bands with periods between 5½ and 18 months; from the 
phase information, wave lengths from ~600 km to 1800 km are computed. Thus, an empirical 
dispersion curve is found, and from this the group velocity can be determined as a function of 
frequency. The computed group velocities are consistent with the induced delay times that 
give highest coherencies. The second mode fluctuations are coherent at nearly the same ·observed 
periods. A mean shear in the westward velocity component, however, is evident in large-scale 
mean hydrographic data, and this shear (~ 2 cm/ sec between 400 m and 1200 m) suggests 
that the observed periods are substantially shorter than the original, unshifted periods, by a.p-
proximately a factor of 2. 

1. Introduction 
By using a "gappy" spectral method, Thompson (1971) found that at "site D" 

the velocity fluctuations just north of the Gulf Stream had power increasing strongly 
toward low frequencies; at a depth of 500 m, the spectrum is nearly flat at periods 
approaching a year, yet between periods of a few months and a few days the power 
decreases with frequency as ~f-s. Wunsch (1972) found, in the Panulirus data near 
Bermuda, that the baroclinic signal-in dynamic height-has a similar concentra-
tion of energy at low frequencies. He showed that the temperature spectra have 
decreasing energy levels beginning at about 3 months, with energy decreasing as 
~f-a, down to periods of about 1 month. In a recent paper, Frankignoul (1981) 
re-examined the Panulirus data on the basis of a 24-year record. He shows (e.g., 
his Figs. 4, 5) that the temperature spectra at various depths are similar in many 
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Figure 1. Position of Ocean Station Echo, relative to Bermuda and the Gulf Stream. Location 
of the Gulf Stream is from satellite data in May 1980. From Gulf Stream Summary, May 
1980. 

ways, but that the relative concentrations of energy at various frequencies change 
with depth. 

Another data base for studying low-frequency fluctuations is the set of hydro-
graphic stations made by the U.S. Coast Guard at various ocean weather stations. 
The data used in this paper are from Station "Echo"; data were taken near 35N, 
48W (see Fig. 1). The Coast Guard took oceanographic casts there starting in 
January 1963; this program was discontinued in June of 1973. During the interven-
ing period over 2000 stations were taken. Station keeping for these vessels entailed 
steaming within a 10-mile square while collecting meteorological and oceanographic 
data. Occasionally the ships were diverted for search and rescue operations. A 
summary of the methods used is given by Longacre (1977), who also shows the 
salinity data, which we have chosen not to use, in favor of temperature. Stations 
taken from ~October 1966 to the termination of Ocean Station Echo in 1973 form 
the best series. 

The Corner Rise Seamounts extend from OWS Echo in a northwesterly direction, 
toward the United States. The bottom rises steeply to the north and to the northwest 
of the central Echo position; the depth is ~4200 m. South of a line drawn between 
Echo and Bermuda are depths greater than 5000 m. On the largest scales the sea 
floor has a rising slope to the northwest of approximately 2.5 m per kilometer. 

2. Data 

Figure 2 is taken from Longacre (1977) and shows the basic data. The hydro-
graphic casts were often taken daily (!), but instrument problems, severe weather, 
search and rescue missions, and the fact that not all vessel assignments overlapped 
caused numerous gaps. To overcome this problem, to suppress high-frequency noise, 
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Figure 2. Monthly average isotherm depths at Ocean Station Echo; after Longacre (1977). 

and to reduce the amount of data processing, a low-pass Gaussian filter having a 
standard deviation of thirty days was applied to the data. The original data were 
subsamp1ed at intervals of 365.25/12 days,= "monthly." 

This filter method causes some problems between periods of 2 to about 4 months, 
owing to the "holes" in the data. We have merely chosen not to deal with fluctua-
tions having periods shorter than 4 months. It is possible to interpolate across the 
gaps to improve the frequency response between 2 and 4 months, of course (see 
e.g., Frankignoul, 1981), but the higher frequencies were not our primary interest. 
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Table 1. Mean, standard deviation, and standard error of the mean, for temperatures at Ocean 
Weather Station Echo (36N, 48W) January 1967 through December 1972. One standard de-
viation of the data is shown. Standard error of the mean is based on the number of inde-
pendent observations as determined by the autocorrelation function at each depth. 

Standard 

Mean Standard error of Zero crossing of 

Depth temperature deviation mean autocorrelation . 

M ·c ·c ·c Months 

300 16.55 .62 .23 10.0 

400 15.61 .86 .29 8.3 

500 14.16 1.00 .33 8.2 

600 12.39 1.11 .37 8.1 

800 8.65 .92 .31 8.4 

1000 6.26 .48 .09 3.0 

1200 5.10 .28 .05 2.8 

1400 4.49 .18 .04 4.0 

3. Results 
Fi~re 2 shows peak-to-peak low-frequency fluctuations of ~4 °C in the main 

therm6cline. Table I shows a few basic properties of the data. The standard devia-
tion is; as large as 1 °C. Such large temperature fluctuations are well known; see for 
example McCartney et al. (1978). Figure A-1, in the Appendix, shows the auto-
correlatio.n function at 4 depths. The autocorrelation function (computed from· the 
low-passed data) goes to zero at approximately 3 months for the 1200 m tempera-
tures, giving approximately 26 independent observations in the ~6-year data set. 
There .is a substantial negative lobe after 3 months-see Figure A-I -suggesting 
that this is only approximate. The first zero crossing is not a very elegant parameter, 
but is adequate for the present purpose. 

At '300 m, however, the autocorrelation function falls to zero only after 10 
months, giving proportionately fewer independent observations. It is remarkable 
that, after 6 years of data, only at the deepest 3 levels does the standard error of 
the mean begin to approach the accuracy of routine thermometric work! This large 
standard error, of course, results from the large-and real-fluctuations, and not 
from observational errors. 

a. Spectra. Figures 3 and 4 show the spectra for two depths. The best data start in 

October, 1966; because we have used a low-pass filter, the data set begins here .in 
January 1967. Spectra are also shown for temperature fluctuations at Bermuda, for 
comparison. The spectrum at 400 m, at Echo, peaks near 5 months. The peak at 
1200 mis shifted toward lower frequency, reaching a maximum at nearly 7 months, 
The depth range from 600 to 800 m has the most energetic spectra, and is the region 
of the maximum vertical temperature gradient. 
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Figure 3. Spectra of temperature fluctuations -at 400 m at Ocean Station Echo (upper curve) 
and at Bermuda from 6 years of monthly data. The observations were low-pass filtered, and 
have been recolored out to periods of 4 months. The series was tapered 10% on each end, 
and spectral smoothing uses a simple Daniell filter, 7 bands in total span, for 11. 7 degrees 
of freedom. 
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Figure 4. Spectra of temperature fluctuations at 1200 m at Ocean Station Echo (upper curve) 
and at Bermuda, using 6 years of data. Calculations were done as in F igure 3. The dashed 
curve shows, for comparison, the spectrum at Bermuda from a 74-month record which be-
gins 6 years earlier (January 1961). 
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Figure 5. Vertical distribution of (mean spectral power)'12 normalized by /JT / /Jz, for several 
· periods, from 5-band smoothed spectral values, corrected for filter response; Ocean Station 

Echo, 1967-1972. 

The relative low in power near 10 months is most noticeable at shallower depths 
and has disappeared at 1200 m. 

The spectra are computed from ~6 years (74 mo) of data. Because the Bermuda 
data set is so much longer, we show for comparison a second calculation in Figure 
4, using temperature in a preceding 6-year interval. The fairly large change at low 
frequencies is a factor of 3 in variance. A more important change is the apparent 
shift in the period at which the spectrum no longer appears to be red, which almost 
doubles. Even at periods of 5 to 10 months, a 74-month record turns out not to be 
very "long" in this sense. 

A subset of daily values was used, without filtering, for calculating higher fre-
quency spectra (not shown). The spectral density for temperature at 400 m fell as 
approximately ~f- 3 from periods of 2 months to 10 days, to an apparent "white 
noise" level of ~0.3°C at 400 m. Peaks from the (aliased) M 2 tidal constituent and 
inertial periods were evident but small. 

b. Vertical distribution of temperature fl,uctuations. One obvious interpretation of 
the large temperature fluctuations is that they are free topographic Rossby waves. 
It is of great interest to know their vertical structure. Figure 5 shows the vertical 
distribution of the temperature fluctuations, scaled by {)T / {)z, from which we may 
estimate the average vertical amplitudes of the fluctuations (ignoring, for simplicity, 
the term v{)T / {)y which may be the same order of magnitude). For periods of 8 to 
15 months, the (scaled) amplitude increases uniformly from ~500 m depth to 



1982) Sturges & Summy: Temperature fluctuations, Echo-Bermuda 733 

t:,.Z 

0 10 20 30 40 50 60 

200 

---- ----
6.0 

400 ---- ---- ; 
/ 

' 
/ 

600 I 

' I 

' I 
r ' · / I ., 800 .,,,,...," ............... 

7.2mo. ::e / ·-. . 
/ --......................... 

1000 .,,. .,, ·-..c: 
\ 

. ....,. 
ii / ., \ .,, 
0 \ / ,,, 

1200 \ ./ 

I ---· -·-· I -· .;---· 
1400 -· -• I 

Figure 6. Vertical distribution of (mean spectral power)'" normalized by aT I az for several 
periods, from unsmoothed (raw) spectral estimates, corrected for filter response. Ocean Sta-
tion Echo, 1967-1972. 

1400 m, which is suggestive of a first-mode baroclinic Rossby wave. The contribu-
tion at shallower depths is scarcely above the noise level. At periods of ~5 months, 
however, there is significant additional contribution from another, presumably 
second, mode. The data at Echo do not extend (as a useful series) below 1400 m. 

Richman (1972) computed the vertical modal structure, for the flat-bottom case, 
using the observed density distribution southwest of Bermuda. The first mode has 
its maximum for vertical motion at the bottom of the main thermocline, at 1200 m; 
for the second mode, the maximum is at about half that depth. The main thermo-
dine is about 200 m deeper there than at Echo, but otherwise the two shapes are 
similar. The effect of bottom slope and vertical shear will introduce complications, 
but for the moment these will be neglected. 

Because there is interest in knowing at what frequency the behavior changes 
from (what appears to be) first baroclinic mode, Figure 6 shows, at maximum reso-
lution, the vertical shapes for periods in the transition frequencies. The ~6 month 
shape resembles the second mode; at 8 months the first mode seems to be emerging. 
At the intermediate period, 7.2 months, the peak at 1000 m looks unusual; perhaps 
it could be third mode (?) plus others. It should be emphasized that these raw spec-
tral estimates, while an accurate representation of the data, are greatly over-resolved 
in a statistical sense. 

It appears that there is a "mismatch" between the observed energy peak at ~7 
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months (e.g., Fig. 4) and the available vertical modal distribution; i.e., the peak is at 
a frequency, and has a vertical shape, not well suited to first or second modes. The 
fact that the energy cannot be carried away efficiently, by the faster waves, may be 
related to why the peak exists. But at this stage we have not determined the forcing 
mechanisms. 

Fofonoff (1962; his Fig. 5) estimated that the minimum period of a westward 
propagating Rossby wave-for a flat bottom ocean-would be approximately 7 
months; Rhines (1977) shows a dispersion curve that suggests a minimum near 8 
months. Bottom slope, however, shifts the minimum to higher frequencies. For the 
slope in this part of the ocean, Rhines' dispersion relation suggests, as will be dis-
cussed in a later section, that the frequency minimum may be closer to 4 months. 
Willebrand et al. (1980) suggest that the ocean will not respond baroclinically to 
wind farcing for variability at periods shorter than 200 days. 

4. Bermuda data 

Figures 3 and 4 show, for comparison with the Echo data, spectra of the Panulirus 
data. at Bermuda; the reader is also referred to the presentation by .Frankignoul 
(1981), who shows the shapes of the empirical orthogonal functions for these fluctua-
tions. The energy level at Bermuda is somewhat lower, and the frequency distribu-
tion, as might be expected, is rather different. This finding is consistent with 
Dantzler's (1977) map of the energy of thermocline fluctuations, where these two 
locations are shown to be on about the same contour. A study of the Panulirus da~a 
similar to Figure 5 showed that the curve peaks at 1200 m there also. 

5. Horizontal coherence 

If the temperature fluctuations at Ocean Station Echo are caused by free baro-
clinic topographic Rossby waves, we might expect a cross-spectral analysis between 
Echo and a station to the west to show evidence of this propagation. A simple cal-
culation of the cross-spectra shows some coherence, as might be expected. However, 
the energy of the fastest waves takes about 6 months to travel between the two loca-
tions, suggesting that the method of lagged correlations may be more appropriate 
for determining the coherences. The signals are not from a fixed, continuous source; 
the sources of energy, such as Gulf Stream meanders, vary in space and time. It 
proves useful to delay one data set relative to the other, by the length of time re-
quired for the energy to travel between the two observation points. The method of 
delayed coherence is a widely-used technique in geophysics and acoustics, especially 
suited to improving the signal-to-noise ratio. (Perhaps the best-known example is 
the precision depth recorder.) The use here implies that the sources of the fluctua-
tions vary greatly in time, but suggests nothing about the amplitude of the wavelike 
fluctuations. Cross-spectra were computed, therefore, by lagging the Bermuda data 
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behind the Echo data, consistent with energy propagation to the west. Because the 
Bermuda data set is much longer than at Echo, the full set of Echo data, 74 months 
long, may be used in each cross-spectral calculation. 

We interpret the results from Figure 5 to suggest that the fluctuations at 1200 
are largely from first-mode waves. We expect, on physical grounds, that the delay 
between Echo and Bermuda should be about 6 to 9 months. We made, therefore, 
a full set of calculations, to see how the coherence changes as a function of the delay 
time chosen. The significant results of these calculations are shown in Table 2. 

There is always a danger of computing spurious coherence where none really 
exists. A single apparent coherence might be spurious; we assume, however, that a 
region of coherence, in which high coherence persists over several frequency bands, 
and for a range of delay times, implies physical significance. 

The results in Table 2 show that, as the delay is increased from zero to 6 months, 
the coherence level at first increases; then, for longer delays, the maximum coher-
ence gradually shifts toward higher frequencies. This behavior is of course consistent 
with the known group velocity. Having found an optimum delay time. between the 
two data sets, to obtain highest coherencies, we use the cross spectra in the usual 
way, to determine phases. The wave length, L, is 

21T 
L = X (2mr + 0 + d) 

where Xis the distance between observations (1500 km), 0 is the phase delay deter-
mined from the cross-spectra, and d is the extra delay inserted into the data and n 
is to be determined. 

For example, the phase shifts shown in Table 2, at a period of 14.8 months, are 
50°, 124°, and -160°, for induced delays of 0, 3, and 6 months. The net delay is 
therefore (in months) -2.1 + (n) 14.8; -5.1 + 3 + (n) 14.8; or 6.6 + 6 + (n) 14.8. 
Choosing n = l in the first two cases and n = 0 in the third gives a consistent, 
physicall y reasonable wavelength. 

The results of these calculations are shown in Figure 7, as well as in Table 2, for 
the first-mode results. Only the points having highest coherence in Table 2 are 
plotted in Figure 7 at a given frequency. For the dispersion relation, we use the one 
from Rhines (1977), the first two of the three equations (20), using a normalizing 
wavelength scale = 120 km as did Rhines. (Because Rhines' model uses constant 
stratification, the length scale is adjusted slightly to give the effect of an ocean with 
stratification concentrated in the upper part.) The large-scale bottom slope between 
Echo, Bermuda, and the continental rise is equivalent to that used by Rhines in his 
Figure 10 (oR/ L = 2). As we are interested in east-to-west propagation between 
Echo and Bermuda, we set the north-south wavenumber= 0. 

It may be worth emphasizing that there is no attempt here merely to "fit the 
data." The purpose is to ask whether the physical mechanism which leads to the 
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Table 2. Phase information from 1200 m data, cross-spectra between Echo and Bermuda tern-
peratures. The spectra have been smoothed with a simple Daniell filter, of 7-bands total 
span; ~ 11.7 degrees of freedom. If the phase is positive, the Bermuda signal leads the Echo 
signal. The frequency Response Function is the (coherent) amplitude at Bermuda divided 
by the amplitude at Echo. Uncertainties are given for 80% confidence limits in phase. Only 
the most coherent results are shown for each set of calculations. 

Induced Net 

Period Sign Freq delay delay 

mo Coh' level resp Phase mo mo L,km 

18.5 .30 80 65° ± 42° 0 15.2 ± 2.2 

14.8 .32 80 50 40 0 12.7 1.6 

7.4 .37 80 -73 35 0 8.9 0.7 

6.7 .44 90 -82 30 0 8.3 
6.2 .45 90 -94 29 0 7.8 
5.7 .35 80 -99 37 0 7.3 0.6 

18.5 .45 90 1.38 125 ± 29 3 15.1 1.5 1838 ± 180 
14.8 .45 90 1.49 124 29 3 12.7 1.2 
12.3 .46 95 1.47 111 28 3 11.9 1.0 
10.6 .49 95 1.54 94 27 3 10.8 1.0 

18.5 .40 90 1.33 -172 32 6 14.9 1.7 1862 ± 210 
14.8 .48 95 1.53 -160 27 6 12.6 1.1 1762 
12.3 .64 99 1.69 -159 19 6 11.5 0.7 1604 
10.6 .67 99 1.74 -161 18 6 10.8 0.5 1472 ± 68 
9.2 .67 99 1.69 -162 18 6 10.2 0.5 1353 
8.2 .42 90 1.24 -166 31 6 9.8 0.7 1255 ± 100 

12.3 .54 95 1.65 -59 ±24 9 11.1 0.8 
10.6 .59 95 1.68 -49 22 9 10.5 0.6 
9.2 .67 99 1.69 -45 18 9 10.2 0.5 1353 ± 66 

8.2 .44 90 1.26 70 30 12 10.4 .7 1183 

7.4 .46 95 1.31 -149 28 15 10.7 0.6 1037 
6.7 .50 95 1.33 -149 26 15 11.1 0.5 905 ± 41 
6.2 .47 95 1.16 -150 28 15 11.4 0.5 816 
5.7 .40 90 .99 -156 33 15 11.8 0.5 

6.7 .43 90 1.15 7 30 18 11.2 0.6 
6.2 .56 95 1.21 12 23 18 11.6 0.4 802 
5.7 .50 95 1.04 15 26 18 12.1 0.4 707 ± 23 
5.3 .43 90 .95 6 30 18 12.6 0.5 631 

observed temperature fluctuations-and these coherencies-is well described by 
topographic Rossby waves. 

Figure 8 shows a plot of temperature at 1200 m at both locations with the 
~ermuda data del~yed by 18 months-as appropriate to the most energe~ic fluctua-
tions. The fluctuations at Echo have consistently larger amplitude, as is shown by 
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Figure 7. Dispersion curve for first baroclinic mode, from the formulation of Rhines (see text) 
compared with computed results--circles--from the cross-spectra between Echo and Bermuda 
at 1200 m. The delays introduced into the calculations are given in Table 2. Horizontal bars 
show uncertainty in wavelength based on uncertainty in phase at 80% confidence interval. 

the frequency-response function. The coherence between the two signals is not per-
fect, but some can be seen "by eye." Because the spectra (Fig. 4) are broadly 
peaked, and the waves are dispersive, it is clear from Table 2 that delays of other 
amounts would have emphasized in Figure 8 other frequencies. · 

The calculations from the data at 1200 m, we assume, relate primarily to the first 
vertical mode; the points agree with the dispersion curve reasonably well. Frankig-
noul (1981) has used the method of Empirical Orthogonal Functions to describe 
the vertical distribution. He found that the first two (EOF) vertical modes contained 
60% and 23 % of the variance, and suggests that these are similar to the baroclinic 
normal modes. We have used a slightly different choice of depths, and find that the 
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Figure 8. Low-passed temperature at 1200 m at Ocean Station Echo (solid) and at Bermuda 
(dashed). The data origin is January 1967, for Echo, but is delayed 18 months for Bermuda 
data. 
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(scaled) energy was greater at 1200 m than at 1000 m at Bermuda, for almost all 
periods greater than ~5 months. The lowest frequency point plotted, at a period of 
18 months, is obviously stretching the (6-year) data base more than conservative 

statistics would allow. 
Because there is the uncertainty of ±2mr, we merely start at some frequency 

where the ambiguity seems least, and proceed gradually to other frequencies, ad-
justing n to keep the computed wavelength consistent from one set of delays to the 
next. The uncertainty in the computed phase is given in Tables 2 and 3, but it is 
usually much less than the ambiguity arising from the choice of n. By careful com-
parison between calculations involving differing delays, we suggest that this am-
biguity is kept small. 

We may now take advantage of a very powerful consistency check. From the 
results shown in Table 2, we can compute the group velocity and compare the re-
sults with the delay times for maximum coherence. Using the results from 12.3 and 
9.2 months, we find cg~237 km/mo, leading to a 6.3-month travel time. Likewise, 
using the 6.7 and 5.3-month results, we find 84 km/mo, and 17.9 months. These 
calculations are (numerically) independent of the calculations that went into Table 
2, yet they are physically in quite good agreement. 

6. 400 m Results 

· On the basis of Figure 5, the 400 m data is interpreted to be composed largely 
of second-mode fluctuations. These results are given in Table 3 and Figure 9. At 
low frequencies, where coherence is found at both depths, the delay times associated 
with the 400 m data are substantially longer, as expected for the second-mode group 
velocity. In Figure 9, the uppermost set of 400 m points is the basic calculation . 

. They obviously do not fit the second-mode dispersion curve. Because the first mode 
points agree with a selected dispersion curve, it seems plausible that the dispersion 
curve is a fair representation of the physics of the fluctuations. 

One way to improve the agreement between the 400 m data and the second-mode 
curve is to assume a mean horizontal velocity, to the west, which will Doppler-shift 
the observed frequencies. The lower set of points in Figure 9, therefore, has been 
shifted by 1.5 cm/sec to the west (as discussed in the next section), which leads to 
improved agreement. A first-mode, 1000 km, 7.5-month wave has a phase speed 
of ~5 cm/ sec, which is somewhat faster than this speed. For the second-mode 
waves, however, a 480 km, 8-month wave has a speed of only 2.3 cm/sec, which 
is barely faster than the (deduced) 1.5 cm/ sec of the ocean. The shear will affect 
the dispersion curve, but this topic is beyond the scope of the paper. Killworth 
(1979) has studied the effects of vertical shear on the propagation of Rossby waves. 
He shows (his Fig. 5) for long waves traveling nearly E-W, that their N-S wave-
number will be affected, but only slightly, for the horizontal speeds involved here, 
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Table 3. Phase information from 400 m data, cross-spectra between Echo and Bermuda tern-
peratures. The spectra have been smoothed with a simple Daniell filter, of 7-bands total 
span; ~ I 1.7 degrees of freedom, except for the 30-month delays, where an I I-span filter is 
used, ~18.9 degrees of freedom. If the phase is positive, the Bermuda signal leads the Echo 
signal. Assuming that the observed periods have been Doppler-shifted by a 1.5 cm/sec 
current to the west, the column T' gives the original periods. 

Induced Net 

Period Sign Freq delay delay 

mo Coh• level resp Phase mo mo L , T' 

18.5 .46 90 2.1 -n· ± 29• 15 18.8 ± 1.5 1480 ± 120 36.1 
14.8 .64 99 2.3 -76 19 15 18.2 0.8 1220 ± 55 28.J 

18.5 .44 90 2.0 -41 30 18 18.2 1.5 1520 ± 125 

14.8 .52 95 2.0 -28 25 18 18.3 1.0 

12.3 .36 80 1.2 - 6 36 18 18.1 1.2 1020 ± 70 23.2 
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Figure 9. Dispersion curve for the 400 m data and for second mode, computed from the 
formulation of Rhines (see text) and realistic bottom slope. Each data point is shown twice: 
first, the upper points, are the basic calculation; second, at a longer period, adjusted for the 
Doppler shift of a 1.5 cm/ sec current to the west. The horizontal bars show the ambiguity 
resulting from the uncertainty in phase at 80% confidence levels. 
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and for a vertical shear decay scale of order 250 to 500 m (as shown in the follow-
ing section.) He concluded that the amplitudes of long, first mode, E-W waves 
would be "essentially unaltered" by typical mid-ocean flows, although the phase 
could be changed. He remarks that waves observed at some latitude are likely to 
have been generated at or near that latitude, because even the weak observed shears 
are ample to modify or prohibit north-south propagation. 

A reviewer has suggested that perhaps the 400 m points of Figure 9 could be 
made to fit the second-mode curve equally well by a shift toward shorter wave-
lengths, consistent with the ± 27T uncertainty in phase. While this suggestion is valid 
for the longer periods, it would not apply at higher frequencies, where the "error in 
fit" seems to be more clearly in frequency, rather than in wavelength. 

A consistency check can again be made, to see whether the group velocities, 
determined from Table 2, at a given period, are in agreement with the delay of 
maximum coherence; they agree quite well. However, such calculations give us no 
insight about whether the Doppler-shift mechanism has been interpreted correctly. 

A comparison between the deduced velocity at 400 m and that determined by 
other methods is explored in the next section and in the Discussion. We point out 
here, however, that this technique may prove a powerful additional tool to supple-
ment other methods (e.g., /3-spiral or inverse methods). There is a severe restriction, 
owing to the need for a long time series-yet the time averaging is its most valuable 
feature. 

7 . . Vertical shear 

The results of the preceding section suggest that we explore the possibility of a 
mean vertical shear between 400 m and 1200 m. We wish to know if it is observable 
in the mean hydrographic data-although not necessarily in any single hydrographic 
section. Figure 10 shows such calculations near Bermuda both to the north and to 
the south. The available hydrographic data were grouped, and apparent errors from 
bad data discarded. One area used is centered about 400 km to the north-northwest. 
A grouping of 33 stations was found, with an average distance from its center of 
60 km. The area to the south, however, is twice as far from Bermuda-in order to 
find a clustering of data. The 19 stations in the cluster have an averaoe distance 

0 

from the center of 106 km. A vertical shear of the same sign and magnitude sug-
gested by the frequency shift at 400 m is found. Near Bermuda the westerly com-
ponent of geostrophic shear (between 400 m and 1200 m) is ~2.7 cm/sec for data 
to the north, and ~0.9 cm/ sec for data to the south. The mean of these two is ~1.8 
cm/sec to the west and centered 200 km south of Bermuda. 

8. Horizontal wavenumber 

The frequency spectra show a concentration of variance at 400 m near periods 
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Figure 10. Geostrophic shear computed between Bermuda and locations a few hundred km to 
the north and south, using a selected grouping of hydrographic data. The mean position of 
the northerly data is 34°48'N, 67°27'W and of the southerly data is 25°03'N, 66°42'W. The 
zero of the velocity scale is arbitrary. On the curve showing the horizontal density difference 
between the Bermuda data and that from the southerly average, the horizontal barn show 2 
standard deviations of the mean differences. 

of 5 months at Echo, and near 5 to 7 months at Bermuda. At 1200 m, a peak is 
near 7 months, falling off slowly toward lower frequencies. Frankignoul (his Fig. 5) 
shows, at Bermuda, a similar concentration of variance centered on ~6 months at 
300 m and 800 m. 

From the dispersion relation we are led to expect equivalent peaks in the east-
west wavenumber spectrum. At 400 m, the second-mode curve suggests a wave-
length of ~300 to 400 km, for observed periods of 5 to 6 months. The peak at 18 
months is not well resolved in only 6 years of data. 

The most noticeable feature of the 400 m spectrum (Fig. 3) is the minimum in 
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Figure 11. Wavenumber spectrum from temperature data at 400 m in the North Atlantic along 
34°30'N. The data were tapered 20% with a cosine-bell taper, and the spectra were smoothed 
with a 3-band wide rectangular filter . Left-hand scale is for the basic spectrum; right-hand 
scale, and dashed curve, are the variance-preserving form. (Data are from G. Seaver). 

energy at 10 months. The low in the Echo spectrum at 10 months should correspond 
to a wavelength of ~600 to 700 km. There is obviously a "hole" in the results in 
Figure 9 at these wavelengths. 

We have computed (Fig. 11) the wavenumber spectrum at 400 m, from R/ V 
Chain data along 34°30' (from Fig. 1 of Seaver, 1975). The spectrum rises steeply 
from wavelengths of ~250 km to ~500 km, and is approximately flat at longer 
wavelengths. There is insufficient resolution to find the narrow low near 700 km, 
although the raw periodogram suggests just that. We would not expect exact agree-
ment between a long time average at a single point and an essentially instantaneous 
east-west section, but the agreement is consistent. 

In the spectra for 1200 m (~first-mode) data, the broad peak at T ~ 7 months 
should be equivalent to L ~ 1200 km. We have computed spectral estimates for 
the depths of the 5° isotherm (near 1200 m) from the IGY section at 36N (Fuglister, 
1960) (not presented). The maximum spectral estimate is at ~1600 km but that is 
only the second estimate; the data, 3400 km in extent, are from the offshore side of 
the Gulf Stream to the mid-Atlantic ridge. A major portion of the energy, however, 
is at wavelengths of ~340 to 650 km; from the dispersion diagram we suspect that 
this part of the spectral energy is second-mode, and that the first-mode energy does 
not really emerge until ~700 to 1000 km; ~6 months, or so. This similarity in wave-
lengths between the short wavelength energy near 1200 m and the ( clearly second 
mode) fluctuations at 400 m suggests that the second-mode is also seen at 1200 m. 
This is completely consistent with the results of Frankignoul, who showed (at Ber-
muda) that at 1600, the second-mode (in his EOF fit) had more energy than the 
first mode. 
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Wilson and Dugan (1978) computed wavenumber spectra from the North Pacific 
Ocean-but their findings seem relevant here. They show average spectra from a 
multi-ship swath across the North Pacific. For 33-36N, the spectra peaked at 
,..,300 km. This peak is at slightly shorter wavelengths than those found here. 

9. Concluding remarks 
We wish to emphasize that the point of this paper is not to find an optimum 

theoretical dispersion curve merely to fit the observations. For example, it is obvious 
that the simple dispersion relation we used, taken from Rhines' work, assumes con-
stant stratification, which is not a very good model of the real ocean. Our object is 
to show that fluctuations observed at two widely separated locations seem to agree 
reasonably well with very simple ideas about Rossby wave propagation. The ob-
served group velocities are larger than expected, but considering the simplicity of 
the theory, the fit seems rather good. 

It is possible that a good theoretical treatment of such time-series data may in-
corporate not only realistic stratification but also the horizontal velocity field. There 
are a number of attempts to deduce the very low-frequency velocity field in the 
ocean, but they are, as the authors readily acknowledge, contaminated by low-fre-
quency motions. Wunsch (1978), using the inverse method, shows a generally west-
ward flow at the latitude of Echo (his Figs. 8a, 12a) in the SOW section. In the 57W 
section, however, a large (presumably transient) ringlike feature adds a great deal 
of horizontal variability to the solutions. In the Wunsch and Grant (1982) results, 
however, the flow between ~ 1000 m and 300 m (their Figs. 14a, b; between <r t 

26.5 and 27.5) is primarily to the east-southeast. Their results, however (e.g., Figs. 
6a, 6b; the N-S velocity field at 36N) strongly suggest a flow field that has E-W 
scales of 500 km, or 1000 km, depending upon which calculation is used. This re-
sult is completely consistent with the present calculations. The SOW section has been 
studied particularly by Luyten and Stammel (personal communication) who show 
that portions of the inverse solutions depend critically on details related to bottom 
topography. 

At depths of ~ 1200 m, in the central ocean, there is a general belief that the 
mean velocities are weak. Behringer and Stammel (1980), and Schott and Stammel 
(1978), using the beta-spiral method, find that at 28N, 36W, the speeds are only a 
few tenths of a cm/sec (but their calculations may not be relevant to the region 
between Ocean Station Echo and Bermuda). 

There remains the question of the major forcing mechanism that supplies these 
energetic fluctuations. White and Saur (1981) have shown evidence for a wind curl 
forced baroclinic Rossby wave in the thermocline of the eastern Pacific Ocean, but 
the amplitude (of the 9° isotherm) is only 5 to 10 m. An essentially "white noise" 
forcing function, such as the curl of the wind stress, could provide one obvious 
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source. When the wind curl happens to contain energy at a frequency and wave-
number to which the ocean can respond, the ocean extracts energy quite selectively. 

Several authors have shown recently that the wind curl forcing has a flat spectrum 
(i.e., "white") at periods longer than a few months. Gallegos-Garcia et al. (1981) 
have shown that the spectrum for wind-curl forcing is red in wavenumber-or per-
haps slightly pink. Their Figure 10 suggests a decay with wavenumber of less than 
k-1, and that a variance-preserving spectral plot would peak around 1200 km (in 

the Pacific Ocean, however). Although this length scale is very suggestive, there 
seems little likelihood that the amplitude of the observed temperature fluctuations 
(as in Fig. 2) can be accounted for by the observed strength of the wind curl. 

We have examined the N-S fluctuations in the position of the Gulf Stream at 60W 
from the available, historical monthly summaries. The spectrum (not shown) falls 
off toward high frequencies roughly as f- 2 between periods of from between 10 to 
3 months. It seems more nearly plausible that the observed energetic temperature 
fluctuations having periods ~ 8 to 10 months are forced by the Gulf Stream me-
anders rather than wind curl. This speculation is consistent with other ideas of 
radiation of energy from these fluctuations, and will be the subject of further work. 
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APPENDIX 
Figure A-1 shows the autocorrelation function for temperature at several depths. The time 

to a zero crossing is surprisingly long for data at 800 m or less. This suggests that the use 
of time series for determining simple statistics--e.g., mean values-requires very long records 
for obtaining reliable mean values. 
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