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Nearly three months of current meter records from five moorings off

the Oregon coast taken between October 1977 and January 1978 were analy-

zed for near-inertial motions. The moorings were located from the mid-

shelf out to the foot of the continental slope, spanning the continental

margin. All but two of the eleven current meters were continuously

below the mixed layer. For spectral analysis, the current observation

period was divided into two time periods, one with large amplitude

near-inertial motion (41.1 cm/sec maximum of the band-passed records)

throughout and the other with much less near-inertial energy. The

spectra of the current meter records showed between a 1 and 6% increase

in frequency of the near-inertial peak above f (= 0.0592 cph) in all

but three cases. The exceptions showed spectral peaks about 14% below

f and were linked to a Doppler shift. The period of large amplitude

near-inertial motion had diagonal coherence scales of over 450 meters

vertically and 115 kilometers horizontally. An east-west (cross-shelf)

wavelength of about 50 kilometers was estimated directly from the phase

differences between current meters with roughly horizontal separations.

The observed response of a current meter about 35 meters below

the mixed layer to sharp maxima in the wind stress was similar to that
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predicted by the Pollard and Millard (1970) model for wind forced

near-inertial motions in the surface mixed layer. The winds associated

with a series of atmospheric fronts were apparently responsible for

generating a 14-day period of large amplitude near-inertial motion

observed below the mixed layer.
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NEAR-INERTIAL MOTIONS OFF THE OREGON COAST

INTRODUCTION

Near-inertial motions have been observed at all depths in the

oceans and large lakes of the world (Webster, 1968). These motions

are defined as circularly rotating current vectors with a period equal

to about half the time required for a complete rotation of the plane

in which a Foucault pendulum swings. This period depends on latitude,

and the corresponding frequency is called the local inertial frequency

or the Coriolis parameter, f. The rotation is clockwise in the

Northern hemisphere and counter-clockwise in the Southern hemisphere.

The current records examined here have a strong component which falls.

into this category.

The most commonly observed characteristics of near-inertial

motions are well documented (Kroll, 1975; Kundu, 1976; Thomson and

Uuggett, 1981a). The observed frequency, ü, of near-inertial motions

is generally slightly greater (3 to 20%) than the local inertial

frequency, f, though there are some cases where w was less than f

(Kundu, 1976; Thomson and Huggett, l981a; Fu, 1981). Near-inertial

motions are highly intermittent and generally last only a few

oscillations with a maximum velocity of 20-3 0 cm/sec. Vertical co-

herence scales of near-inertial motions are of the order of only a few

tens of meters, while the horizontal coherence scale is of the order

of a few tens of kilometers.

Studies of inertial currents have usually been conducted in either

the open ocean (eg, Pollard, 1970, 1980; Fu, 1981) or over the conti-

nental shelf (eg, Johnson, 1976; Thomson and Ruggett, 1981a). To date,
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there have been three published studies of near-inertial motion off

the Oregon coast. Kindle (1974) looked at horizontally separated

current meters, Kundu (1976) examined vertically separated current

meter records while Johnson (1976) examined both horizontally and

vertically separated records. All three of these papers used data

collected over the continental shelf during the summer (Figure 1).

Kindle (1974) examined the horizontal coherence of near-inertial

motions over distances of 9 to 35 kilometers using current meter

records of 10 to 27 days in length. The coherences found were rela-

tively low with most being insignificant.

Kundu (1976) analyzed nearly two months of current meter data from

eleven current meters at a single station. The spectrum of each record

showed about an 8% increase in frequency of the near-inertial peak

above f. The Pollard and Millard (1970) model of local wind forcing

qualitatively reproduced many of the features of the near-inertial

motion observed in the surface layer.

Johnson (1976) used 64 hours of data from a three element Cycle-

sonde array moored in the summer of 1972 as part of the Coastal

Upwelling Experiment. A cyclesonde is a current meter that automati-

cally cycles up and down through the water column, thus obtaining

vertical profiles of the current. Johnson (1976) found the near-

inertial motions were highly coherent over an 11 kilometer alongshore

separation but were not coherent over a 15 kilometer cross-shelf

separation.

Between October 1977 and January 1978, moored current meter

measurements were made at five sites on an offshore section along 450



3
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FIGURE 1

'N

Location of the moorings of the Slope Undercurrent Study. The small
shaded area is the location of the data analyzed by Kundu (1976) and
the center of the arxay was by Johnson (1976). The large area was

the location of the moorings used by Kindle (1974).
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20'N spanning the continental margin off the Oregon coast (Figure 1).

These measurements were part of the Slope Undercurrent Study, SUS, a

joint program conducted by the University of Washington and Oregon

State University. The SUS array moorings were designated Skunk, moored

just seaward of the foot of the continental slope; Leopard, moored at

about mid-slope; Ocelot, moored on the upper slope; Puma, moored at the

shelf break; and Elephant, moored at mid-shelf. The Ocelot and Elephant

moorings were maintained by the University of Washington and the remain-

der by Oregon State University. Although the SUS array was not origin-

ally designed to study near-inertial motions, the data provides an

opportunity to examine near-inertial motions over the continental

margin where no previous study has been conducted.
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DATA SET

All of the STJS array moorings were sub-surface and Aanderaa current

meters were used throughout. Instrument failure and losses were greater

than usual for both institutions, leading to irregularly spaced current

records. The Puma mooring set in October was almost immediately lost

to trawling and was replaced in November. The destruction and subsequent

replacement of Puma gave only a 390 hour period of simultaneous data

collection from all five moorings.

Current meters that produced usable speed and direction records

were: lOOm, 600m, l850m at Skunk (bottom depth 2597m); 7Gm, 82Gm at

Leopard (bottom depth ilOOm); l4lm, 243m, 371m at Ocelot (bottom depth

600m); 64m, 164m, 261m at Puma (bottom depth 3Olm), and 23m, 49m, 89m

at Elephant (bottom depth 11Gm) (Figure 2). All instruments sampled

at intervals of 40 minutes. Note that no two current meters were

located at the same depth in the water column.

The raw Aanderaa data records were converted to engineering units

using the latest calibration equations. The total number of lines in

the record was multiplied by the sampling interval and then compared

against elapsed deployment time as a check of the instrument clock.

Time series of speed were plotted for error detection. Spurious data

points were replaced with a linear interpolation between the previous

and subsecuent points (Barstow, et al, 1979). After removal of

obvious errors, the speed and direction were used to determine the

eastward (U) and northward (V) components of the recorded currents.

Record gaps of 120 hours beginning at 0900 10 October in Ocelot 371m

and 136 hours beginning at 0200 9 December in Puma 261m were filled



FIGURE 2

Summary of the time span. of the current meter data of the

SUS array. The two time periods used for spectral analysis
are indicated.
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with zeroes. The data was filtered with a half power point of 2.5

hours to suppress high frequency signals and then decimated to hourly

values to yield the processed data.

The dominance of the near-inertial motion in the processed records

is visible in nearly all cases (Figure 3). The long periods of high

velocity near-inertial motion will be referred to as "events". Several

of these "events" are clearly visible in the Leopard 70m record,

particularly the "event" of late October/early November.

Throughout the period of current observations, the wind speed and

direction, and the barometric pressure were recorded at Newport,

Oregon, about 85 kilometers south of the inshore end of the SUS array.

Hydrographic cruises were conducted occassionally along the moored

array by the R/V WECOMA. Several of these cruises were incomplete due

to very poor weather conditions (Schraitmt et al, 1980). Vertical profile

of the Brunt-Vaisala frequency, N2 = -g/P 5p/6Z (where p is density, g

is the acceleration due to gravity, and Z is vertically upward), were

computed for each cruise using a centered finite difference of 20

meters. Figure 4 shows N2 profiles for the CTD cast nearest each mooring

for three cruises. The N2 profiles of the casts not shown from each

cruise had the same general characteristics as those shown.

During the first cruise (26-29 October), the mixed layer depth

was fairly shallow (less than 25m) over the whole array: the only

current meter possibly in the mixed layer was Elephant 23m. Skunk lOOm,

Leopard 70m, Ocelot 14].m, and Elephant 49m were located in the pycno-

dine and the remaining current meters were below the pycnocline.



FIGURE 3

The eastward (U) components of the currents at all eleven

current meters of the SUS array. Note the dominance of the
near-inertial component in each record.



10

--
Skunk IcOm

600m

1850m
*/*J1L4 A4.

(U

Ocelot 141m

243m

371 m

164m

261 m

____ov Dec Jon

FIGURE 3



11

FIGURE 4

2
The Brunt-Vaisala frequency, N , profiles for the CTD 9st
closest to each current meter on the dates indicated (N =

-g/p p/Z). A Z of 20 meters was used in the calculations.
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During the second cruise, 30 Novenber-2 December, the mixed layer

was somewhat deeper, about 40 meters. The location of each current

meter with respect to the mixed layer and/or pycnocline was unchanged

since the October cruise. Puma had been replaced, but no hydrographic

casts were made near it because of bad weather. Puma 64m was probably

located in the pycnocline while Puma 164m and 261m were below the pycno-

dine.

The cast closest to Skunk in the bottom panel of Figure 4 was made

on 26 January just before the mooring was removed, while the others

were made between 14 and 16 December. The mixed layer at Elephant in

December almost reached the bottom placing Elephant 23m and 49m in the

mixed layer and 89m in the pycnocline. Ocelot had been recovered prior

to the December cruise. The position of the remaining current meters

with respect to the pycnocline was unchanged from the previous cruises.

The only two current meters located in the mixed layer for any

portion of the observation period were Elephant 23m and 49m. Elephant

23m, with the exception of about 14 days at the beginning of the record,

was continuously in the mixed layer. Elephant 49m was in the mixed layer

only after mid-December.
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SPECTRAL ANALYSIS

Power spectra were calculated for both eastward (U) and northward

(V) components of each current meter. The auto and cross-spectra for

the U and V components at Leopard 70m (Figure 5) are qualitatively

similar to those obtained for the other records. In all cases, there

was no significant difference between the amplitude of the auto-spectra

of the U and V components at the near-inertial frequencies, and the

phase difference was not significantly different from 900 at the 95%

significance level (Jenkins and Watts, 1969). Coherence squared

(hereafter referred to as coherence) spectra between the U and V com-

ponents of each current meter were computed for the two time periods

described below. At the near-inertial frequencies, U and V were

significantly coherent above the 99% level in both time periods at all

current meters except Elephant 23m and 49m (Table 1). Since the

differences between the U and V auto-spectra were so small and the U

and V components were so coherent at the near-inertial frequencies, all

further spectral analysis will be confined to just the U component.

Since the common record length for all five moorings was too short

(only 390 hours) for meaningful spectral analysis, we used two time

periods of 1280 hours which both had simultaneous data from four of the

moorings (Figure 2). The first time period, with data from Skunk,

Leopard, Ocelot, and Elephant, began at 0400Z 13 October and ended at

1200Z 5 December; this period included the large near-inertial "event"

in late October/early November. The second time period started at

0400Z 20 November, ended 1200Z 12 January, and included data from Skunk,
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TABLE 1

Values of coherence squared at the near-inertial frequencies (0.0586 or
0.0625 cph) between U and V components of each current meter.

Values greater than 0.44, 0.53, and 0.68 are significant at the 90%
level, 95% level, and 99% level, respectively.

Current Meter First Period Second Period

Elephant 23m 0.801 0.560

Elephant 49xn 0.929 0.495

Elephant 89m 0.948 0.678

Puma 64m -- 0.889

Puma 164m -- 0.942

Puma 261m -- 0.839

Ocelot 141m 0.981 --

Ocelot 243m 0.972 --

Ocelot 37lm 0.985 --

Leopard 70m 0.986 0.993

Leopard 820in 0.990 0.967

Skunk lOOm 0.981 0.990

Skunk 600in 0.993 0.993

Skunk 1850m 0.959 0.980
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Leopard, Puma, and Elephant. We allowed the two periods to overlap by

15 days in order to use as much of the available data as possible.

Data gaps due to instrument failure at the beginning of Ocelot

371m and Puma 261m, at the end of Ocelot 243m, and within the Puma

261m records were filled with zeroes. The addition of zeroes reduces

the spectral density, but it does not change the basic shape of the

resulting power spectra.

Power spectra were computed for each time period by ensemble

averaging five spectral periodograms of 256 hour segments. The result-

ing spectra have ten degrees of freedom, and a bandwidth of 0.0039 cph,

6.5% of f.

The power spectra of the current meters for the four moorings of

the first time period (13 October to 5 December) all show prominent

peaks at the near-inertial and semi-diurnal frequencies (Figure 6).

There is a shift in frequency of the near-inertial peak to a frequency

slightly greater than f (by about 1 to 6%) in all cases. This shift

in frequency is often observed in the ocean (eg, by Kundu, 1976; Fu,

1981; Gonella, 1971). At eight of the eleven current meters, the near-

inertial peak of the power spectrum was greater in magnitude than the

semi-diurnal peak. The exceptions were either over the continental

shelf (at Elephant 23ni and 49m) or in very deep water (Skunk 1850m).

At each mooring, the near-inertial peak was strongest at the

shallowest current meter and weakest at the deepest current meter. The

amplitude of the near-inertial motion appeared to be relatively constant

in the upper 500m. The only current meter that was in the surface

layer (Elephant 23m) did not show increased near-inertial energy. This
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is an apparent contradiction to the observations at Site flDIt in the

North Atlantic, where near-inertial motions are much stronger in the

surface mixed layer than between 50 and 500 meters (Pollard, 1970).

However, our only surface-layer observations were over the continental

shelf, where dissipation might be higher than offshore. The absence of

any offshore current meters shallower than 70m precludes a direct

comparison with the depth dependence at Site "D".

During the first period, the average bandwidth of the near-inertial

peaks of the eleven records was about 0.007 cph, almost twice the spec-

tral bandwidth of 0.0039 cph. The bandwidth of the peak is defined

as the difference between frequencies where the energy falls to one-

half of the peak value (Fu, 1981). This peak width is inversely related

to the persistence of the near-inertial events (Munk and Phillips,

1968); the average width of 0.007 cph indicates a persistence of about

six days.

Power spectra for the second time period show prominent peaks at

the near-inertial and semi-diurnal frequencies for the current meters

at Skunk, Leopard, and Puma. The shift in frequency of the near-

inertial peak for the current meters of these three moorings is similar

to that for the first period. The energy contained in the near-inertial

frequencies was less than the first time period by about a factor of

two. The average bandwidth of the near-inertial peak of all of the

current meters for the second time period (0.008 cph) was slightly

greater than that for the first time period, implying a persistence of

about five days. It is probably not coincidence that the persistence is
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less during the less energetic time period. The decrease in energy with

depth at the near-inertial frequencies was similar to that for the first

time period. There was no apparent correlation between the distance

offshore and the amount of near-inertial energy during either time

period.

Power spectra for the second time period at Elephant were quite

different from the spectra of the other moorings. Both Elephant 49m and

89m show a prominent peak at the diurnal as well as the near-inertial

and semi-diurnal frequencies. The near-inertial peak at Elephant 89m

is located approximately at f. The power spectra of Elephant 23in and

49m showed two distinct peaks at the near-inertial frequencies. The

lesser peak at 23m and the larger peak at 49m showed an upward shift

to a frequency several percent above f, similar to the upward shifts

at the other moorings. The other near-inertial peak in each of these

records showed a downward shift in frequency of about 0.008 cph below

f. A weak secondary near-inertial peak at a frequency about 14%

below f also occurred at Puma 64m. The three current meter's

exhibiting a downward frequency shift of the near-inertial peak

were all in a region of strong alongshore flow: the average north-

ward current for the second period was about 30 cm/sec at Elephant

23m, 20 cm/sec at Elephant 49m, and 25 cm/sec at Puma 64m. Mean

currents can cause a Doppler shift in frequency of the near-inertial

peak by the amount:

= k U cosy
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where k is the horizontal wave number of the near-inertial motion, U

is the magnitude of the mean current, and 'y' is the angle between the

direction of the mean current and the near-inertial motion (Thomson

and Huggett, 1981b). Assuming that near-inertial motion with a wave-

length of 100 kilometers propagates toward l00°T and that a mean current

of 30 cm/sec flowing due north exists, this yields a Doppler shift of

-0.012 cph. Hence it seems likely that the downward shift of the near-

inertial peak during the second period at Elephant and Puma were due to

the strong mean flow there. The current meters which did not exhibit

a downward shift in the frequency of the near-inertial peak all experi-

enced relatively weak mean flow.

Coherence spectra among the U components of all current records

were computed for both time periods in the same manner as the auto-

spectra, i.e., with a bandwidth of 0.0039 cph and ten degrees of free-

dom. The 90% and 95% significance levels of coherence are 0.44 and

0.53, respectively (Thompson, 1979). The coherence spectrum showed

a marked peak at the near-inertial frequencies for most record pairs

computed. The larger of the values at either 0.0586 cph (almost equal

to f, 0.0592 cph) or 0.0625 cph (5.5% above f) were used to determine

whether there was significant coherence between a pair of current

meters. The majority of the coherence spectrum peaks occurred above

f (at 0.0625 cph) rather than at f.

During the first time period, which included a strong, persistent

near-inertial "event" at the beginning of November, many current meter

pairs showed significant coherence at the near-inertial frequencies
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(Figure 7). Even current meters separated by 115 kilometers (the

maximum extent of the moored array) showed coherence well above the

95% significance level (Table 2). In general, there was higher coher-

ence between horizontally separated and diagonally separated pairs than

between vertically separated pairs (Figure 7). Only one current meter

(Ocelot 371m) did not show significant coherence with any other current

meter. The large lateral coherence scale (> 115 kilometers) indicated

by these values exceeds those observed in the open ocean at comparable

depths (Fu, 1981) and is comparable to the coherence scales observed

in the surface mixed layer at Site "D" in the North Atlantic (Pollard,

1980) and in the relatively shallow waters of Queen Charlotte Sound off

British Columbia (Thomson and Huggett, l98lb).

During the second time period, only a. few pairs of current meters

were significantly coherent at the near-inertial frequencies (Figure 7),

even though there was still substantial near-inertial energy at most

current meters (Figure 6). The lateral coherence scales during the

second time period appeared to vary from less than 20 kilometers between

Puma and Elephant to about 50 kilometers between Leopard and Puma.

The reduction in coherence scales from the first time period to the

second might be associated with the reduction in near-inertial energy

(Figure 6) since the radius of the extent of near-inertial motion is

directly related to its velocity (Murik and Phillips, 1968). At Elephant

there was greater vertical coherence during the second time period than

during the first (Figure 7); this may be due to the deepening of the

surface mixed layer at Elephant (Figure 4), to nearly include all three
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FIGURE 7

The distribution of current meter pairs coherent at the near-
inertial frequencies (0.0586 and 0.0625 cph). The pairs
connected by solid lines were coherent above the 95% signif i-
cance level while the pairs connected by the dashed line were
coherent above the 90% level.
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TABLE 2

Horizontal east-west (cross-shelf) wavelengths required to account for the phase differences between
the nearly horizontally separated current meter pairs.

Current Meter Pair Horizontal Separation Coherence+ Phase Difference N Wavelength

Leopard 70m-Ocelot l4lm (71m) 13.9 km 0.58 1000 (± 24°) 0 50 km

Ocelot 141m-Elephant 89m (52m) 48.9 km 0.67 13° (± 20°) 1 47 kin

Skunk lOOm-Leopard 70m (30m) 52.5 km 0.56 344° (± 25°) 0 55 km

Leopard 70m-Elephant 89m (l9in) 62.8 km 0.57 104° (± 24°) 1 48 km

Skunk lOOm-Ocelot l4lm (4km) 66.4 km 0.67 50° (± 20°) 1 58 km

Skunk lOOm-Elephant 89m (urn) 115.3 km 0.69 78° (± 19°) 2 52 kin

+
The 90% and 95% levels of significance are 0.44 and 0.53, respectively.

* Horizontal east-west (cross-shelf) wavelength, A.

A = separation distance x 360°/(Phase difference + (N x 360°)).

N = integral number of 360° added.

(31
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current meters. Elsewhere, the stratification remained essentially the

same during the second period as it had been during the first time

period: all offshore current meters were either in or below the

pycnocline.

Phase spectra were also computed for both time periods, but the

phase data are meaningful only for the first period when there was

generally high coherence among the current meters. The phase data was

used to estimate the horizontal east-west (cross-shelf) wavelength of

the near-inertial motion of the first time period. We assumed: (1)

the vertical separation (maximum of 71m) between Elephant 89m, Ocelot

l4lm, Leopard 70m, and Skunk lOOm was insignificant, i.e., the vertical

wavelength was considerably greater than 7Oin and (2) the horizontal

wavelength was larger than the smallest horizontal separation. Phase

differences at the near-inertial frequencies among these current meters

are shown in Table 2. The smallest horizontal separation between cur-

rent meters (13.9 kilometers) had a phase difference of 1000 (± 24°)

which yields an east-west wavelength of 50 kilometers (the 95% confi-

dence interval is 40 to 66 kilometers). By adding integral numbers of

360° to the phase differences between the other pairs of current

meters, we were able to obtain consistent estimates of the cross-shelf

wavelength (Table 2). All of the values obtained were well within the

95% confidence limits of the estimate based only on the Leopard 70m-

Ocelot 141m phase difference. The 50 kilometer horizontal wavelength

obtained for the first period is consistent with the large horizontal

coherence scales during the period (a little over two wavelengths spans

the entire array).
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We also considered estimating the vertical wavelength, but there

was significant coherence between only a few vertically separated

current meters. The spacing between the current meters was also too

large to resolve vertical wavelengths of the magnitude (50 to 500

meters) usually observed in the ocean.
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BAND-PASSED DATA

In order to examine the time variability of the near-inertial

motion, we band-passed the records using a narrow filter centered at

0.0625 cph, the most conunon frequency of the near-inertial peak in the

autospectra. The center component of the filter, where 100% of the

energy was passed, was 0.025 cph wide. The edges of the filter tapered

linearly to zero over a width of 0.002 cph (Figure 8). The narrow width

of the filter was required because of the close proximity of the tidal

frequencies to f. The band-pass filter program used a Sande-Tukey fast

Fourier transform and set the Fourier components outside the filter

frequencies to zero. The remaining components were transformed back to

the time domain to yield the band-passed data.

The possibility of peak smearing due to the sharp filtering was

tested using a synthetic 1024 hour series with 5, 10, or 15 cycles of

motion at 0.0625 cph. The remainder of the series was set to zero.

The results of applying the band-pass filter to the synthetic time series

shows peak smearing is less pronounced when the number of cycles was

greater. When the input series contained more than 10 cycles, the

amplitude of the band-passed output did not vary greatly from the input

series. The more energetic near-inertial "events" in our data consisted

of ten or more cycles (Figure 3). Itis felt the amplitude of the band-

passed output is representative of the actual near-inertial motion ampli-

tude for these "events". The phase of the near-inertial motion, regard-

less of the number of cycles, was not altered by the band-pass filter.



FIGURE 8

The response curve of the band passed-filter (upper left
panel), and examples of band-passed (dashed) time series of
synthetic input series (solid) of 5, 10, and 15 cycles at
0.0625. Total length of the synthetic time series was 1024
hours.



LOG

1-N

1.OI

15 CYCLES

OO Gf'

FIGURE 8
(J
0



31

The band-passed U component of each record is shown in Figure 9.

The length of each band-passed record was 2048 hours except at Ocelot

(1408 hours) and Puma (1280 hours). Note the presence of near-inertial

motion throughout the entire length of all the band-passed records

except possibly Skunk 1850m, Leopard 820m, and Puma 261m. The maximum

value of the band-passed data (41.1 cm/sec) occurred at Leopard 70m

during the "event" in late October/early November, which is visible in

the band-passed records of the three offshore moorings. The dominance

of the near-inertial component in both the U and V components of Leopard

70m is clearly visible in Figure 10. Note the extreme similarity of the

U and V band-passed components. An expanded section of the Leopard

70m U and V components shows clearly the approximate 900 lag of U behind

V (Figure 11).

During each period of high near-inertial energy, the phase differ-

ences between the band-passed records of Skunk lOOm, Leopard 70m, and

Ocelot l4lm remained constant. The phase differences between the band-

passed records of Skunk lOOm, Leopard 70m, and Ocelot l4lm for the

"event" in late October/early November were the same as the spectral

phase differences obtained for the first period, i.e., the wavelength

during that "event" is probably 50 kilometers, as estimated in the

previous section. During 18-22 December, however, the phase difference

between Leopard 70m and Skunk lOOm was 90°; implying an east-west hori-

zontal wavelength of about only 40 kilometers. Thus, the wavelength of

the near-inertial motion appears to be well defined and constant during

a particular "event", but may vary between different "events".
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FIGURE 9

The eastward (U) components of the band-passed time series
for all eleven current meters of the SUS array. Note the
presence of near-inertial "events" in most records.
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FIGURE 10

The U and V components of the processed and band-passed records
of Leopard 70m. Note the similarity between the components and
the dominance of the near-inertial component of the processed
records.
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FIGURE 11

A ten day (27 October to 6 November) expanded section of the band-passed U and V components
of Leopard 70m from the uevent of late October/early November. Note the approximate 900 lag
of U behind V.



37

WIND FORCING

We wanted to estimate qualitatively the near-inertial motions

which could have been generated in the mixed layer by the surface winds.

Pollard and Millard (1970) found a good correlation between observed

near-inertial motions in the mixed layer at Site "D" in the North

Atlantic and a computed current based on a simple model of wind forcing.

We applied the Pollard and Millard model using wind data recorded at

Newport as the forcing function. The model equations are:

U/3t - fV = T/(pZ) - CU (1)

aV/t + fU = T/(pZ) - cV (2)

where f is the local inertial frequency, c1 is the e-folding time scale

of the motion (c is the damping coefficient), p is the water density

(1 gm/cm3) and T(T, T) is the wind stress. The wind stress was

computed by:

= Cd a IvIv (3)

where is the hourly wind. The density of air was set at 1.25 x

io3 gm/cm3 and the drag coefficient (Cd) was set at 1.5 x l0. We

assumed a constant mixed layer depth, z, of 25 meters.

Rewriting (1) and (2) in finite difference form we get:

(U2 U1)/t = fV1 + T/(PZ) - CU1 (4)

(V2 - v1)/t = -fU1 + T/(pZ) - cV1 (5)

If we assume the forcing functions, and T, and the damping factor,

c, are zero, then (4) and (5) can be written as:

U2 = U1 + fV1t (6)

V2 = V1 + fU1t (7)
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If an initial velocity (energy) is given to the system, the

equations of the model as written in (6) and (7) should result in a

current vector of the initial given magnitude rotating with a period

of 1/f; i.e., energy should be conserved. However, the energy at time

2 is given by:

U22 V22 = (U1 + fV1 t)2 + (V1 - fU1it)2

= (U12 + V12) (1 + (ft)2) (8)

As can be seen from (8), energy on the order of (ft)2 has been "added11

to the system. We tested different values of t to determine which value

would not significantly alter the energy in the system and found that t

had to be four seconds or less to achieve this goal. Therefore, a four

second time step was used to compute the model current. Hourly values

were retained for output of the model current.

The Pollard and Millard model shows a strong near-inertial response

to the wind stress peaks of mid-December and early January (Figure 12).

The model results were compared to the observed near-inertial motions

of a current record in the mixed layer (Elephant 23m) and another about

30 meters below the mixed layer (Leopard 70m). There is qualitative

agreement between the U component of the model current and the band-

passed record of Elephant 23m for the periods 22-26 October, 3-18 Novem-

ber and 6-10 December, but Elephant 23m does not show a response to the

wind stress peaks of mid-December and early January. Leopard 70m

however does show a marked response to the wind stress peak in mid-

December and a weaker response to the one on 4 January.
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FIGURE 12

The magnitude of the Newport wind stress, and the U compo-
nents of the Pollard and Millard model and Elephant 23m
(in the mixed layer) and the Leopard 70m (about 30m below
the mixed layer) band-passed records. The Pollard and
Millard model was generated using the Newport wind stress
as the forcing function.
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The wind used to model the surface currents for the SUS array

was measured on the beach about 100 kilometers from the array center.

The actual wind over each mooring of the array was probably somewhat

different than that recorded at Newport. Pollard (1980) found through

comparison of modeled currents using wind observations separated by

about 50 kilometers at Site "D" that the Pollard and Millard model is

very sensitive to small variations in the wind field. In spite of

this, the model current using the Newport wind seems to account for the

gross response of Leopard 7Oin to the large peaks in the wind stress

even though Leopard 7Otn was well below the mixed layer.

The model current failed to account for the long, energetic "event"

of late October/early November. Since the model is sensitive to small-

scale variations in the wind field, we might expect poor agreement

between observed currents and model results based on the (relatively

distant) Newport winds whenever there are strong atmospheric fronts in

the region. As well as reflecting inhomogeneities in the wind field, a

frontal passage is generally associated with a brief clockwise rotation

of the wind direction, which is particularly effective in generating

near-inertial motions (Pollard, 1980; Thomson and Huggett, l98lb).

Fluctuations in the wind field of a period less than an inertial period

(such as those associated with fronts) are most effective in generating

or destroying near-inertial motions by the process of constructive!

destructive interference (Pollard, 1970).

Synoptic atmospheric surface pressure charts showed frequent strong

fronts in the area during late October and early November: examples are
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shown in Figure 13. Between October 23 and November 15, seventeen fronts

associated with low pressure centers of varying size and intensity passed

west to east over the StJS array. The hourly barometric pressure record

from Newport (Figure 13) was used to check some of the approximate

frontal passage times estimated from the synoptic charts. Clockwise

fluctuations of the wind direction associated with frontal passages are

evident in the direction of the low-passed (< 0.025 cph) wind at Newport

during this period (Figure 13). Since the extent of the SUS array was

115 kilometers, the arrival time of each front would not generally be

the same time at all moorings.. If the rotation of the near-inertial

motion caused by each frontal passage was in phase with the existing

near-inertial motion, a long, energetic "event" would be formed. No

phase shifts were observed at Leopard 70m during late October/early

November, while several phase shifts were observed at Elephant 23m

during the same period (Figure 14). Apparently all of the wind genera-

ted near-inertial motion near Leopard in late October/early November was

in phase, thus creating the large "event" observed there. On the other

hand, some of the near-inertial motion near Elephant was probably out

of phase with pre-existing near-inertial motions, causing destructive

interference on about 27 October and again on 4 and 6 November.

Following 15 November, there was a seven day period in which no fronts

passed over the SUS array apparently allowing the energy of the "event"

at Leopard 70m, and elsewhere in the array, to dissipate. Without

direct wind observations over the moorings, these tentative conclusions

cannot be verified.



43

FIGURE 13

The direction of the low-passed (< 0.025 cph) Newport wind, the
Newport barometric pressure, and examples of the surface synoptic
charts from the period of the near-inertial "event" of late
October/early November.
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FIGURE 14

Time series of the difference in phase between the Leopard
70m and Elephant 23m band-pass current vectors and a
reference vector rotating with a frequency of 0.0625 cph.
A linear slope indicates a constant phase for the near-
inertial motion of the band-passed records.
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SUMMARY

The observed near-inertial motions of the SUS array were below

the mixed layer except those from Elephant 23m and the end of the

Elephant 49m record. Near-inertial motions observed were present

almost continuously in all eleven current records. The maximum near-

inertial velocity (41 cm/sec) was greater than the expected norm of 20-

30 cm/sec, particularly considering it occurred at a depth of 70 meters,

well below the mixed layer.

For spectral analysis, the total observation time was divided into

two overlapping time periods with the first containing the "event"

of late October/early November. The autospectra generally showed an

upward shift in frequency of several percent of o above f. The auto-

spectra of Elephant 23m and 49m, and Puma 64m for the second time period

showed the near-inertial peak about 14% below f. The downward shift in

frequency of w below f for these cases can be accounted for by a Doppler

shift associated with the strong mean flow in the upper water column

over the shelf.

The scales of coherence for the two time periods selected were

quite different. The coherence scales observed for the second time

period were of the same order as those described in the introduction

(tens of kilometers horizontally and tens of meters vertically) as

common. The high diagonal coherence values observed in the first time

period have not been observed before: pairs of current meters separated

diagonally (up to 115 kilometers horizontally and 500 meters vertically)

were significantly coherent above the 95% level. An east-west (cross-

shelf) wavelength of about 50 kilometers was determined for the first
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period from the phase differences between current meter pairs with

roughly horizontal separations. This long wavelength helps account

for the large horizontal part of the diagonal coherence scale.

The numerous fronts associated with low pressure centers appeared

to be the primary generation mechanism of the large near-inertial

"event" of late October/early November observed at Leopard 70m, even

though the current meter was about 30 meters below the mixed layer.

All of the energy arriving at Leopard 70m during the "event" was in

phase. The similarity of responses of Leopard 70m and the Pollard

and Millard model to peaks in the wind stress in mid-December and

early January indicate surface winds can be responsible for near-

inertial motions observed below the mixed layer.

We conclude surface wind events can be the primary generation

mechanism for near-inertial motions observed below the mixed layer.

The phase of the energy added by succeeding wind events, especially

fronts, determines the magnitude of the near-inertial motions that can

be formed both in and below the mixed layer. The horizontal coherence

scales of near-inertial motions below the mixed layer can be much

greater than those previously accepted as conmion in the literature.
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