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ABSTRACT 

Spatial coherence and phase relationships of inertial-peri od motions have been inferred 
fr om an experiment with four moor ings in the northern Nor th Sea where the density profil e 
was almost two-layered. T he inert ial-peri od currents showed antiphase between the upper 
and lower layers ; the coherence between both layers was high . The inerti al-peri od temper-
ature fluctuations were in phase throughout the thermocline. 

These vertical relationships can be in terpreted as fo ll ows: by wind action at the sea sur-
face, internal waves are generated wi th fr equencies that are higher than the inerti al fr e-
quency, and in the course of time these fr equencies approach the inertial fr equency. During 
this frequency variation, the vertical components of the internal waves decline more quickl y 
than do the horizontal currents. T herefore, the current oscill ations contain more energy at 
the very small wave-numbers than do the temperature flu ctuations. This is demonstrated by 
the horizontal phase d ifferences of currents and temperature flu ctuations. 

After the free inertial oscillations were eliminated fr om the current records, the time 
series of the remaining forced near-iner tial-current oscill ati ons were compared with the 
variations in local winds. For one sudden wind-stress change, high forced oscill ati ons were 
apparent in these time series, but after only a few cycles the energy of the forced oscillati ons 
had shifted toward the zero wave-numbers. 

The horizontal wavelengths and propagational directions of the fo rced oscill ati ons were 
determined under two different weather condit ions. The wavelengths were about 50 km 
under both conditions observed, but the d irection of propagation could not be correlated 
with the moti ons of the wind fi elds. 

1. Introduction. In recent years, numerous current observations revealing 
inerti al-peri od oscill ati ons have been reported. A fir st revi ew of the published 
data (until 1967) on their occurrence in oceans, enclosed seas, and lakes has 
been presented by W ebster (1968). Since that time new continuous and ex-
tended records of inertial currents have been obtained under various oceanic 
conditions (Pollard and Millard 1970, Perkins 1970, T omczak 1970). N ever-
theless, our present knowledge is not adequate to describe satisfactoril y the gen-
eration, propagation, and decay of these oscillati ons. The widespread observa-

1. Accepted for publi cat ion and submitted to press r December 1970. 
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ti ons have only shown that planetary effects and tidal generation seem to be of 
minor importance. 

It seems to be well established now that atmospheric action at the sea surface 
is a primary fo rce in generating inertial oscillati ons. However, an explanation 
of actual measurements of inertial-peri od currents by means of wind-stress 
changes has been possibl e for the wind-mixed near-surface layer only (Pollard 
and Mill ard 1970). But how is the energy transferred from the surface down 
to the deeper layers ? Principle features of the vertical current profile-the 
usuall y observed small verti cal coherence scale, with sometimes high inertial 
moti ons at one depth but not at another-have been well explained by K. Has-
selmann's ( 1970) theory of the phase mixing of modes with closely neighboring 
frequencies. Although the experiments with vertically distributed current 
meters in single moorings have provided a good picture of the vertical coherence 
scale of inerti al oscillati ons, our knowledge on their horizontal coherence scale 
is very meagre. Only two experiments that employed horizontally spaced sen-
sors have been reported (Perkins 1970 ), and these were undertaken by W ebster 
and Fofonoff of the Woods Hole Oceanographic Instituti on. In one case the 
current meters were at depths of 88 m and 98 m and the horizontal distance 
between the meters was 3 km; in the second case, two current meters were at 
a depth of 620 m and were 65 km apart. In the fir st case, the coherence for 
the inertial-peri od currents was o. 7, and part of the coherence loss in this case 
is certainly due to the I o-m depth difference between the sensors; in the second 
case there was no coherence. Because of this insuffici ent knowledge on the 
hori zontal coherence scale of inerti al moti ons, it is necessary to start work on 
the horizontal extent and coherence of inerti al-peri od moti ons using closely 
spaced moorings. A second problem that has not yet been tackled is to deri ve 
from measurements the relati onship between vertical and horizontal compo-
nents of inerti al-peri od moti ons. 

In the present study, verti cal and horizontal coherence and phase relation-
ships of the verti cal and horizontal inertial-peri od moti ons are presented, and an 
interpretation of the relationships between hori zontal and vertical moti ons is 
attempted. In order to clarify what is meant by " inerti al" in this paper, let me 
state that "i nertial" in connecti on with observati onal analysis always means 
" near-inerti al, " since the estimates of amplitudes, coherences, and phase values 
always apply to a frequency band. 

2. Observations. The data from which these relationships have been derived 
consist of current and temperature measurements in the northern North Sea. 
Three moorings (Sts. O st, W est, Sud) were arranged in a triangle around a 
fourth mooring (St. Mitt e) in the center of the triangle at 56°2o'N, 1°E; the 
sides of the tr iangle measured about 4.5 km. The water depth at the mooring 
posit ions was 82 m. The moorings were put into the water 14 September 1968 
and were recovered 2 7 September 1968. 
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Table I. Equipment used in the study. 
Sensor Record 

Station Instrument Instrument Property depth length 
number type measured• (m) (hours) 

West. . .... 2 Bergen s, d, t 31.9 306 
Ost ....... Bergen s, d, t 18.3 309 

2 Bergen s, d, t 32.4 309 
Mitte ..... I Geodyne s, d 18.5 312 

3 Geodyne s, d 36.0 207 
5 Geodyne s, d 70.0 128 
6/6 Bergen t 28.1 312 

(thermistor 
chain) 

6/11 37.6t 312 
Siid ...... 2 Bergen s, d, t 33.8 311 

• s, current speed; d, current direction; t, temperature. 
t Sensor distance, 1.9 m. 

Table I gives the identification numbers of the instruments referred to in 
this study, the instrument types, the properties measured by each instrument, 
the sensor depths, and the record lengths in hours. The sampling interval was 
five minutes for all instruments. 

In the following account are presented the coherence and phase differences 
not only between measurements recorded by instruments of the same type but 
also by Geodyne-type and Bergen- type meters. This difference in type should 
not affect the results, since a report by a SCOR Working Group (1969) has 
shown that only for periods of less than one hour may systematic differences 
between these two current-meter types be apparent due to the different sampling 
techniques of both instruments. The clock inaccuracies during the recording 
period were not more than 5 minutes for all instruments, except for meter No. 2 

at St. Ost, where the deviation was 15 min; the temperature record of this 
instrument, which is used for the calculation of propagational direction and 
therefore needs an exact time base, was therefore corrected by interpolation 
with the correct time interval. 

The salinity at the mooring positions was constant throughout the water 
column, and the temperature profile was almost two-layered; but the thermo-
dine between 30 m and 37 m was of varying depth and shape. Three profi les, 
determined from the thermistor chain measurements at St. Mitte, are pre-
sented in Fig. 1. Each consists of mean values, taken over two tidal periods. 
From the density profile, the recording period can be devided into three sec-
tions: during the first section, from 14 September to 18 September, the tem-
perature profile was similar to profile I in Fig. 1; from 18 September to 
22 September, it was similar to profile 2; and from 22 September to 27 Septem-
ber the temperature had a profi le like profile 3. 
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Wind recordings were not obtained at the mooring pos_itions; the _mea~ wind 
conditions, therefore, had to be taken from merchant-ship observations In that 
area (Deutscher Wetterdienst 1968 b) and from weather maps (Deutscher 

Wetterdienst 1968 a). Because 
of the variations in the density 
profile and in the wind condi-
tions, coherence and phase val-
ues computed from the entire 
record are affected by a mix-
ture of different inertial-motion 
events and propagational con-
ditions. Therefore, in addition 
to these values of coherence and 
phase from the total record ( 1 4 
September to 27 September), 
values are also given for 14 Sep-
tember to 18 September. During 
these first four days of recording, 
a constant density profile pre-
vailed, and, as will be shown, 
the records for this time were 
dominated by a single inertial-
motion event. Besides, for in-
vestigation of the vertical cur-
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Figure 1. T h ree temperature profiles from the thermis-
tor-chain records at St. Mitte. The averaging 
periods for the profiles are indicated in the 
Figure; each of the three periods equals two 
tidal periods. 

rent structure, only the fir st days of the records can be used, because the 
meters below the thermocline failed to function after some days (Table I) . 

3. Data Analysis. Current spectra obtained in the North Sea show a dom-
inant peak at the semidiurnal (M2) tidal peri od of 1 2.42 h. The local inertial 
peri od of 14.4 hat the mooring positi ons falls rather close to the tidal period; 
the tidal-current amplitudes derived from the 14 days of record are approx-
imately four times the amplitudes of the inertial-peri od currents, as can be seen 
(Fig. 2) in the current amplitude spectrum for current meter No. 1 at St. O st 
(18.3 m). Coherence and phase differences for the inertial peri od, computed 
from the short records, would therefore be considerably biased without sup-
pression of the M2 constituent. The normal tide-eliminating filt ers, such as 
those proposed by Doodson and Warburg ( 1941 ), are low-pass filt ers that also 
reduce the amplitudes to a small fraction at the inertial period. For this reason 
I have used, in the present study, the following two-step filt ering procedure; it 
is rather rough, but it serves its purpose, as is obvious from the prefilt ered records. 

First, equally weighted running means, with an averaging period of 12 h 
25 min, were computed from the original measurements. The frequency res-
ponse, A (v), of this procedure is 
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A(v) = _r_ sin ( r 2 · 42nv) 
149 sin (nv/ 12) ' 

with the frequency, v, given in cycles per hour (cph). The M 2 constituent and 
the higher harmonics were eliminated by this procedure. For low frequencies, 
the response is A = r ; for high 
frequencies, A approaches zero 
under alternation; and for v = 
r 2 cph, A = I also. 

Second, the hourly mean val-
ues of these prefiltered 5-min.-
interval data were treated by 
another filter in order to take 
out the remaining long-period 
and short-period fluctuations. 
This was a rectangular filter, 
having a pass band ranging from 
ro h to 18 h; the number of 
filter factors was 20. 

The frequency response of 
the two-step filtering process is 
shown in Fig. 3. The procedure 

u 

CihM 2 

@:14.4h 
G) :01.K, 
®•M4 

(i) 
OST 1 

of running means reduced the 0.11---.-~--~-~~-.-~-~--.-~~ 
10-2 10-1 f [ h] inertial-period amplitudes (at v = cp 

0.0695 cph) to 17 0 / 0 of the Figure 2. Current-amplitude spectra of eastward (u) and 
northward (v) current components at St. Ost 

original values, but, since the (sensor at 18.3 m). 

tides were eliminated and since 
other long-period and short-period fluctuations were largely removed by the 
two filters, only the inertial period was still of importance in the records, 
after the filtering. Normally, there are 20 hourly values lost at the begin-
ning and the end of the records following application of a filter with 20 filter 
factors. However, just after the measurements were begun, a long calm-
weather peri od terminated with strong winds-an interesting situation for in-
ertial-wave studies. But how to apply the filter and not loose the informa-
tion of the first 20 values? 

Fig. 4 shows a cosine function (solid line) of 14.4-h period; if this curve is 
continued to the left with 2 0 values of zero amplitude and if the above-
described rectangular filt er is then applied, the dashed curve in Fig. 4 is the 
result. At first this curve differs from the cosine function, but after only a few 
hours the difference between the original curve and the filt ered curve is very 
small. So, the 20 values, gained by continuation of the records at both ends, can 
provide useful information on the approximate size of the inertial-period varia-
tions in those parts of the original records that would otherwise be lost; such 
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Figure 3. Frequency response of the two-step filt ering 
process. 

continuation values are shown 
in Figs. 5 to 8. 

Fig. 5 shows the current os-
cillati ons, after filtering, for St. 
Ost at depths of 18.3 m and 
32.4 m. They are of pure rotary 
type. Fig. 6 presents the temper-
ature fluctuations, after filt er-
ing, for St. Mitte from depths of 
28. 1 m to 37 .6 m in 1.9-m depth 
intervals, as obtained by the two-
step filt ering procedure. The 
filt ered temperature fluctuations 
at about 32 m at the four moor-

ings are given in Fig. 7. A count of the cycles shows that the periods of these 
fluctuations correspond to the local inerti al period; for example, from 1 8 Sep-
tember, o h, to 21 September, oh, the St. Mitt e record 6/9 at 33.8 m (Fig. 6) 
shows 5 cycles, corresponding to a peri od of 14.4 h. 

The questi on might arise whether these temperature fluctuations could be 
due to the tiltin g of the moorings under the influence of inertial-period current 
fri cti on at the moorings. However, the temperatures and the currents show 
very different horizontal phase differences between the stations, so this effect 
needs no further consideration. 

The coherence and phase relationships, obtained from the filtered records of 
currents and temperatures, are 
presented in T ables II to V. 
The confidence limit s fo r the 
coherences fo r the short re-
cords are high. When treating 
the whole record ( 14 Septem-
ber, 21 h, to 27 September, 
3 h), the ratio of the number 
of lags used (m) to the number 
of hourly data points (n) was 
m/n = 0.2. The 95°/o-confi-
dence limit fo r the coherence 
was k = o. 7 3 ( see Granger and 
Hatanaka 1964 ). When treat-
ing the fir st part of the records 
( 14 September, 21 h, to 1 8 Sep-
tember, 19 h), the ratio m/n 
was 0.33, which corresponds 
to a 9 5 ° / o-con fid ence Ii mi t of 
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Figure 4. T he results ( dashed lin e) deri ved when a sine 
wave of 14 .4-h period (solid line) is continued 
to the left by 20 values of zero amplitude and 
a filt er (pass band 10-18 h, 20 filter factors) is 
applied. 



15.9.1968 169. 
Qh Qh 
I 

cm/sec 

Schott: Inertial-period Motions in a Two-layered Sea 

17.9. 
Qh 

1M 
Qh 

19.9. 
Oh 

20.9. 
Qh 

2Ul 
Oh 

22.9. 
Oh 

23.9. 
Oh 

24.9. 
Qh 

2~9. 
Qh 

269. 
Qh 

91 

27.9. 
Qh 

JI ++++-+-tt-+-+-t~~~ 
-4 

;, ,+t--t-+-t--ft-. t-++--+++-+--+-~~--i-+\--1-++ 
-2 
-4 

-4 

-4 

Figure 5. Eastward (u) and northward (v) inertial-period current components at St. Ost. 

k = o.88. The 95 °/o-confidence bands of the phase for the pertinent k values 
are given in Tables II and IV. 

4. Coherence and Phase Relationships. Fig. 5 shows that, during the first 
week, the inertial-period current amplitudes were greater at 1 8. 3 m than at 
32.4 m, and the maximum amplitude was at the beginning of the record; con-
sidering how the filterin g procedure diminishes these amplitudes (Fig. 4), this 
maximum must have been even larger in the original data. During the second 
week of the records, at both levels, the currents at St. Ost had about the same 
amplitudes. Some understanding of the vertical current differences (Fig. 5) will 
be possible when the vertical features of the inertial-period motions are known. 

Table II. V ertical coherence, k, and phase difference, {}, for inertial-period 
currents at St. Mitte, 14 September, 2 I h, to I 8 September, I 9 h. 

Sensor Current Sensor 
pairs components• k {} o depth 

(m) 

Mitte 1 - Mitt e 3 .. u 0.89 179 18.5 (Mitte !) 
'V 0.92 170 36.0 (Mitte 3) 

Mitte 3 - Mitte 5 . . u 0.88 6 
'V 0.97 350 70.0 (Mitte 5) 

95°/0 -confidence . . . 0.88 ±St 
• u = eastward, v = north ward . t Fork - 0.9. 
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Figure 6. Inertial-period temperature fluctuations at St. Mitte. 
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The vertical coherences and phase relationships for the inertial currents, 
given in Table II, have been derived from data taken at St. Mitte with cur-
rent meters No. I at I 8.5 m, No. 3 at 36 m, and No. 5 at 70 m. For the period 
14 September to I 8 September, the temperature distribution did not change 
significantly around distribution I, shown in Fig. I; i.e., current meter No. 3 
at St. Mitte was positioned in the lower homogeneous layer. Table I shows that 
the coherence values for the inertial-period currents above and below the 
thermocline were high compared with those for neighboring frequencies. The 
inertial-period currents at 36 m and 70 m, in the lower layer, were in phase, 
and they were in almost exact anti phase to the currents at I 8.5 m. This is the 
current distribution for fir st-order internal waves in a two-layered sea. 

Similar evidence for fir st-order internal-wave appearance has been derived 
from the temperature fluctuations at St. Mitte (Fig. 6); these temperature 
fluctuations indicate that the vertical motions are in phase throughout the 
thermocline. The changing vertical distribution of the temperature fluctuations 
shown in Fig. 6 is due to the changing temperature gradients (Fig. 1 ). The 
vertical amplitudes extend up to I m. The time changes in the vertical motion 
were not calculated because of the possible errors caused by not knowing the 
exact positi on of a sharp thermocline. 
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Figure 7. Inertial-period temperature fluctuations at the four stations (see Table III for spacing). 

The very sharp current shear of the inertial currents can be demonstrated 
by comparing data from current meters No. 1 at 18.5 m and No. 2 at 32.4 m 
at St. Ost- i.e., within the thermocline. During the first part of the investiga-
tion (14 September to 18 September) and the last part (22 September to 27 
September), the current shear occurred above meter No. 2, and the currents 
shown by meters No. 1 and No. 2 were almost in antiphase; however, from 
18 September to 22 September, the thermocline sank below meter No. 2 
(Fig. 1) and both meters showed currents nearly in phase. Correspondingly, the 
amplitudinal variations in the record for meter No .2 (St. Ost) in Fig. 5 were 
produced to a large extent by changes in the current shear. 

Table III. Spatial coherence for inertial-period temperature fluctuations 
within the thermocline. 

Sensor pairs 

Mitt e 6/8- Ost 2T .. . . . 
Mitte 6/8 - West 2 T ... . 
Ost 2T- West 2T .. .. . 
Sod2T-Ost2T . .. .. . 
Sod 2T - West 2T .. .. . 
Sud 2T- Mitte 6/9 . . . . . 
Sud 2 T- Mitte 6/8 ... . . 

95°/0-confidence . . .. .. . . 

,-Recording period ~ 
14 Sept., 21 h 14 Sept., 21 h 

to to 
18 Sept., 19h 27 Sept., 3h 

coherence 

0.89 0.85 
0.93 0.88 
0.95 0.89 
0.85 0.58 
0.77 0.53 
0.89 0.94 
0.61 0.39 

0.88 0.73 

,-Distances~ 
horiz. vert. 
(km) (m) 

2.5 
2.3 
4.5 
4.3 
4.0 
2.5 
2.5 

0.5 
0 
0.5 
1.4 
1.9 
0 
1.9 
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Figure 8. Wind conditions at the observation site and the time series F, G at St. Ost at 18.3 m. 
The dashed lines in the curves for wind speed and direction indicate tl,.at the data were 
derived from meteorological charts, not frorn ship observations. 

Fig. 7 shows the inertial-period temperature fluctuations measured at 3 1.9 m 
at Sts. West and Mitte, at 32.4 m at St. Ost, ·and at 33.8 m at St. Sud_ The 
spatial coherence for these fluctuations has been calculated (Table III) for two 
periods: for 14 September to I 8 September, when the mean temperature dis-
tribution was almost constant, and for the entire record, i.e., with changing 
depth and shape of the thermocline. The horizontal spacings and the depth dif-
ferences among the sensors are indicated in the last two columns of Table IIL 
As shown in the second column of Table III, under uniform temperature con-
ditions the coherence between sensors at about the same depth was very high, 
close to, or more than, 0.9, even at separations of 4-5 km_ The depth difference 
of only 1.9 m between the sensors at St. Sud and St. West as well as between 
St. Sud and St_ Mitte reduced the coherence between these stations to o. 77 and 
o.6 I. For the values calculated from the entire record, the coherence loss with 
depth difference-due to the change in temperature conditions-was much 
greater. Whereas records from the same depth still showed coherences of about 
0-9 (Table III, column 3), the coherences between the records at St. Sud and 
St. W est fell to 0.53 and between St. Sud and St. Mitte to a value as low as 0.39. 

Since these coherence values (Table III) are mainly dependent upon the 
sensors being located in homogeneous water. during part of the time, their 
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Table IV. Coherence, k, and phase difference, {}, for inertial-period currents 
and time series F, G between the No. 1 meters at Sts. Mitte and Ost (sensor 
depth at St. Mitt e 18.5 m, at St. Ost 18.3 m, horizontal distance 2.5 km); 
St. Mitt e leads. 

Current } eastward .. . 
components northward . 

F ... ............ . ... . 
G .. ............... . . 

95 °-confidence ... .. . . . . . 

* fork = 0.95. t fork = 0.50. 

---- Recording period----
14 Sept., 2 l h 14Sept.,2lh 

to 
18 Sept., 19h 

k {} o 

0.99 
0.93 

0.58 
0.64 

0.83 

357 
356 

346 
348 

± 2* 
± 30t 

to 
27 Sept., 3 h 

k {} o 

0.99 358 
0.97 357 

0.45 17 
0.42 II 

0.73 ± I * 
± 24t 

value as estimates of the horizontal coherence scale of the vertical inertial-
period motion (i.e., of the forced inertial waves) is low. But the high values 
derived from sensors located at the same depth indicate at least that the hori-
zontal coherence scale of the forced oscillat ions should be large compared with 
the sensor spacings. 

The horizontal coherence values for the inertial-period current components 
in the upper layer (18.5 m) and for the 2.5-km separation (upper part of Table 
IV) are close to one for 14 September to 18 September as well as for the 
entire period of study. This is shown by the relationship between the current 
meters No. 1 at Sts. Mitte and Ost. The phase differences between these two 
records are very small, as is to be expected for inertial currents. 

Table V gives the spatial coherence values for records from current meters 
No. 2 at St. W est (31.9 m), St. Ost (32.4 m), St. Si.id (33.8 m), and from cur-
rent meter No. 3 at St. Mitt e (36.0 m). Column 2 gives the coherences for 
14 September to 18 September, and Column 3 for 14 September to 27 Sep-
tember. 2 The horizontal and vertical separations of the current meters are 
given in the last two columns. The coherence values in Table V are much 
smaller than those derived from the current records in the upper homogeneous 
layer (Table IV). 

Two effects were mainly responsible for this coherence loss; both effects 
resulted from the depth differences between the current meters, not from their 
horizontal separations. 

First, the time variability in the depth as well as the shape of the thermo-
dine caused depth variations in the zero value of the first-mode currents 
which, from their part, must have produced varying differences in amplitudes 

2. The values of meter No. 3 at St. Mitte cover only the period from 14 September to I 8 September 
because of the malfunction of this meter before the investigation ended (Table I). 
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Table V. Spatial coherence for inerti al-period current components within 
the thermocline. 

,-- Recording period 
,-Distance~ Sensor pairs* Current 14 Sept., 21 h 14 Sept., 21 h 

com- to to hori z. vert. 

ponents* 18 Sept., 19h 27 Sept., 3 h (km) (m) 

Ost 2 - West 2 u 0.94 0.82 4.5 0.5 
'V 0.89 0.86 

Sud 2- Ost 2 u 0.88 0.87 4.3 1.4 
'V 0.81 0.92 

Sud 2 - West 2 u 0.87 0.72 4.0 1.9 
'V 0.73 0.71 

Mitte 3 - Ost 2 u 0.38 2.5 3.6 
'V 0.46 

Mitte 3 - West 2 u 0.35 2.3 4.1 
'V 0.23 

Mitte 3- Sud 2 u 0.72 2.5 2.2 
'V 0.83 

950;0-confidence 0.88 0.73 

• u = eastward; v = westward. 

and phases between current records from meters in the thermocline, even if 
their vertical separations were only a few meters. Consequently, the vertical 
coherence between these records must be reduced. 

Second, the currents might have contained comparable contributions from 
many modes in the thermocline, where the fir st mode vanished, with a cor-
responding small vertical coherence (Hasselmann I 970 ). Support for the pre-
sence of this second effect can be taken from Table V, second column, lower 
part: the coherences between the currents recorded by meter No. 3 at St. Mitt e 
(below the thermocline) and by meters No. 2 at Sts. West and O st (in the 
thermocline ), for 14 September to I 8 September, are small compared with the 
other values in that column, although the temperature profile was rather con-
stant during this time; i.e., the fir st effect was not of primary importance. 

5. Forced Oscillations. Two theoretical investigations on the generation of 
near-inertial-period internal waves, starting with different assumptions, have 
given similar results. Crepon ( 1969) worked with wind-stress step functions; 
Hollan ( I 969) introduced a volume force with a bandlike horizontal distribu-
tion acting in a finit e volume. In both models, internal waves with periods that 
are sli ghtly below the inertial period are generated; in the course of time and 
with increasing distance from the discontinuity (Crepon) or excitation area 
(Holl an), the periods of the internal waves approach the inertial period. 

Similar concepts are applicable in the present study: Internal waves gener-
ated by wind acti on have periods below the inertial period. Most of the energy 
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must be contained in the fir st mode, with the corresponding phase reversal of 
the currents at the interface (T able II) . As their frequencies, w, approach the 
inertial frequency, f, and as they tend to become free oscill ati ons, the inter-
dependence between the elevati on of the thermocline, C, and the current speeds 
in the upper and lower layers, s, and s,, is 

kh, kh, 
C= - s,=- - s, , 

w w 

with k the wave number and h,, h2 the depths of the upper and lower layers. 
Then C has to decline quickl y fo r the given s,, Si with w toward the inerti al 

frequency, since (see section 6) 

k ~ (w2 - f 2
)' '' · 

Thus the current oscill ations contain more energy for the very small wave 
numbers than do the temperature series. This is verifiable by examining the 
hori zontal phase differences of currents and temperature fluctuations; for the 
currents measured by meters N o. 1 at Sts. Mitte and Ost (2.5-km separation), 
the mean horizontal phase difference was 2.3°. However, the temperature 
flu ctuati ons measured by sensor 2 at St. O st, compared with those measured 
by sensor 6/8 at St. Mitt e, showed an 11 ° horizontal phase difference. 

In order to eliminate the free oscillati ons, 

OU 
F(t) = o t - f v , 

av 
G(t) = - +Ju at 

were determined from the time seri es of the eastward (u) and northward (v) 
current components. For the free inerti al oscill ati ons, the ri ght-hand sides must 
vanish and F(t), G (t) should provi de in formati on about the occurrence of forced 
inertial oscill ations. 

F(t) and G (t), determined from the currents recorded by meter No. 1 at 
St. Ost (Fig. 5), are shown in Fig. 8, lower part. Amplitude spectra, lik e that 
in Fig. 2, of the F-series and G-seri es (not presented here) still show maximum 
amplitudes in the near-inerti al fr equency range, but the inertial-peri od ampli-
tudes are no longer so predominant in F(t), G(t) as they were in the current 
records (Fig. 5). Other current flu ctuati ons with periods in the pass-band of the 
two-step filt er (Fig. 4) also contribute to the F-values and G-values in Fig. 8. 

The wave-number spectra of F(t), G(t) near the inertial frequency have 
the maxima at finite wavelengths; this is proved by using the horizontal phase 
differences. The F-series and G-seri es determined from the current records of 
meters No. 1 at Sts. Mitt e and O st (2.5-km separation) in T able IV show 



'Journal of Marine Research [29,2 

phase differences of more than 10°; these differences are of about the same mag-
nitude as those derived from the temperature Buctuations shown in Fig. 7. 
T here are, however, differences between the forced oscillations obtained in 
F(t), G(t) and the temperature fluctuations. Table IV, lower part, shows the 
horizontal coherence values for the F-series and G-series; they are much lower 
than those obtained from the temperature flu ctuations, which were measured 
by sensors at the same depths and at simil ar horizontal separations (Table III) . 
These low coherences resulted from the presence in F(t), G(t) of only a small 
number of near-inertial-period oscillations, whereas in the temperature records, 
near-inertial-period motions are apparent during all of the investigation (Figs. 
6, 7). This means that, by computation of F(t), G(t), only part of the near-
inertial-period current oscillations were obtained. 

Let us now examine the occurrence of F and G in comparison with the 
change in wind conditions. The upper part of Fig. 8 shows the mean wind 
speed and wind direction. The use of these wind observations may be rather 
questionable because they were gathered with different observational methods 
aboard different ships at different locations near the observation site. The 
F-series and G-series from meter No. I at St. Ost (Fig. 8, lower part) show a 
pronounced maximum on 15-16 September. For more than 10 days before the 
beginning of the current measurements, the weather was very calm; therefore 
the sudden increase in wind speed and the simultaneous change in wind direc-
t ion on 14 September must be the reason for this amplitudinal maximum.3 

It is of interest to note how quickly the forced oscillations declined relative to 
the currents shown in Fig. 5. After a few cycles, the energy had shifted toward 
the zero wave-numbers. 

During the next stronger wind peri od, 19-20 September, again near-
inertial oscillations can be observed in F(t), G(t). Near the end of the observa-
ti onal period, several wind bursts from different directions occurred so close 
together as to prevent clear identification of the production of forced oscilla-
ti ons. Furthermore, it is well known that a simple correlation between wind 
stress and inert ial oscillations may not be expected, since a wind-stress change 
may enhance or destroy the inertial oscillations, this depending upon the phase 
relationship between the wind-stress variation and the inertial oscillations 
(Crepon 1969, Hasselmann 1970, Pollard and Millard I 970 ). The wind 
data used in this study are too crude to provide an insight into these phase 
relationships, but the simple procedure outlined above may serve as a satis-
factory means of studying the occurrence of forced oscillations; it has provided 
evidence of their dependence on local winds. 

6. Wavelengths and Horizontal Propagation. For a complete picture of the 
generati on and decay processes of inertial waves, their spatial propagati on and 

3· It can be shown that only a small fraction of this amplit ude maximum is the result of the filt ering 
effect (illustrated in Fig. 4) on the currents shown in Fig. 5. 
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its dependence on the change in sea-surface conditions must be known. There 
are three main reasons why it is difficult to derive information about horizontal 
pr~pagation of inertial-period motions from current and temperature time 
senes. 

1. In a small frequency range, from the inertial frequency up to some higher 
frequency, w, the wave-numbers, k, have a continuum from zero to k (w) 
for each mode. So the computed phase relationships are averages, weighted 
with the amplitudinal distribution in this continuum.4 

11. The amplitudinal distribution in the wave-number continuum changes as 
the frequencies of the forced oscillations approach the inertial frequency. 

111. The forced oscillations from several events may be superimposed on each 
other in the records. 

In spite of these difficulties, the calculations of phase differences seem to have 
the potential of providing valuable information, if the amplitudinal distribution 
in the near-inertial wave-number space is similar in the records investigated. 
This potential is demonstrated by the vertical and horizontal phase differences 
for the currents and temperatures discussed in the previous sections. 

In principle, determining the direction of propagation of a forced inertial 
thermoclinic wave should be possible from the relationship between the vertical 
and horiz9ntal motion; the current component in the propagation axis should 
be in anti phase with the elevation of the thermocline. However, in the inertial-
period currents, the zero wave-number components predominate over those 
that correspond to the elevation of the thermocline. Consequently, application 
of this method is not possible. 

Therefore the propagational directions and horizontal wavelengths have 
been determined from the horizontal cospectra and quadrature spectra, Ct and 
Qt (i = I ... 6 ), of the temperature fluctuations at the four stations. The 
method employed is that of the best-fitting plane wave (Munk et al. 1963). 
Following this method, with trial values of wave-number, k, and propagational 
direction, cp, a maximum of the function 

~ 6 6 
E' = L Ct cos [k(!t sin cp + µt cos cp)] + L Qt sin [k(! t sin cp + flt cos cp)] 

,_, t=• 

must be determined. The pair k
0

, cp0 of E' max is the plane wave that best fits 
the measured set, Ct, Qt• (!t, µt are the EW-coordinate and NS-coordinate 
differences between the station positions). The applicability of the method in 
the case of internal waves has been discussed by Schott ( I 97 I). 

4. Normally, different modes will be mixed up in the records, as was discussed for the inertial-period 
current records from the thermocline; but the temperature fluctuations in the thermocline showed a 
clear first-mode distribution (Fig. 6). 
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The physical interpretation of the propagation of inertial oscillations deter-
mined in this manner requires exact information about the horizontal structure 
of the wind field and its time variations, but such data were not obtained in 
the present study. For the inertial oscillations during 14-18 September, ap-
parently caused mainly by the wind on 14 September, a southward propagation 
could be determined. This direction of propagation should have been created 
by the front of a wind field moving southward. However, the information from 
the weather maps is not adequate to determine the real development of the 
wind field . 

The horizontal wavelength was found to be 50 km. From 22 to 27 Sep-
tember, the same wavelength was obtained from the temperature fluctuations. 
So perhaps this value can be regarded as being somehow representative of the 
vertical inertial-period motions in the observed area. What may be the fre-
quency deviation between the frequency, w, of an internal wave of 50-km 
wavelength and the inertial frequency, f? Suppose it is a free wave; then, in 
the two-layered sea, this deviation is described by (Defant 1952) 

w• - J2=gk2~. e.-e.' 
h,+h2 e. 

with k the wave-number, g the earth's gravity acceleration, h,, h2 the layer 
depths, and e., e. the densities of the upper and lower layers. With (e.-e,)/e, 
= 1.3 10-3, h, = 35 m, hz = 37 m, g = 9.81 m sec-•, this formula yields 
a 2.2°/o frequency increase of w against f for the 50-km wavelength. This 
small deviation cannot be verified from the single records by counting the 
cycles or by applying the method of complex demodulation (Perkins 1970), 
since the Doppler effect is much greater; a 1 °/o frequency variation near the 
inertial frequency only needs a mean current of I cm/sec along the propaga-
tional path of the internal wave, and the mean currents sometimes were of the 
order of Io cm/sec and of varying directions. They were, however, very similar 
at the four stations so that the phase differences between the temperature re-
cords for the four stations are really caused by the propagation of the inertial 
waves. 

7. Summary and Conclusions. The horizontal coherence scale of the hori-
zontal and vertical components of inertial-period motions is large compared 
with the mooring separations (4.5-km maximum). The vertical profile of 
horizontal and vertical components has a predominent first-mode structure, but, 
within the thermocline, the vertical coherence of the currents is reduced by 
the presence of higher modes. All results are strongly dependent on changes in 
the density profile, which therefore has to be recorded continuously in time and 
with vertically closely spaced sensors. The horizontal inertial-period cur-
rents, in the mean, had almost zero horizontal wave-numbers, but it is 
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shown that wind-stress changes can cause frequency deviations from the 
inertial frequency in the current oscillations. The mean horizontal wavelength 
of the vertical component of the inertial-period motions was found to be about 
50 km. A satisfactory interpretation of the horizontal propagation of inertial-
period motions, which was not possible in this study, will be possible only if 
wind measurements around the current meter moorings are obtained on a 
large scale . 

.Acknowledgment. I am indebted to Klaus Hasselmann for helpful discussions 
on the generation and propagation of inertial oscillations. 
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