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Near-inertial and diurnal motions in the trajectories of
mixed layer drifters

by Pierre-Marie Poulain'?

ABSTRACT

We analyze the near-inertial/diurnal motions in the trajectories of surface mixed layer
drifters in the California Current System between 19N and 36N. The observed near-inertial or
diurnal oscillations are very intermittent in time and have a time scale of about 10 inertial
periods. Using a simple slab model of wind-driven inertial currents, we show that their temporal
variations are related to the fluctuations in the local wind stress field. Three events of strong
(20 cm s”') near-inertial/diurnal motions are studied in detail. Two events at the diurnal
frequency occur on the continental shelf. For the first, the observed subinertial oscillations are
interpreted as continental shelf waves generated by the diurnal tide currents and the local winds.
For the second, observations are consistent with wind-driven internal waves. A third event of
near-inertial oscillations appears for most of the drifters in the wake of a tropical storm. The
vorticity of the background mesoscale circulation shifts the frequency of the wind-generated
oscillations by as much as +0.05 cpd.

1. Introduction

High-frequency horizontal currents, such as inertial and tidal motions, represent a
major component of the kinetic energy of the oceans. Inertial currents (also called
inertial oscillations or waves) are characterized by anticyclonic rotation of horizontal
current with frequency near the local inertial frequency f, defined as 2  sin ¥, where Q
is the rotational frequency of the earth and ¥ is the latitude. They have been observed
in the oceans and large lakes at all depths (Webster, 1968) with velocities of
10-80 cm s~'. They have a vertical coherence scale of a few tens of meters and a
horizontal scale of a few tens to a few hundreds of kilometers. They are highly
intermittent and typically last a few inertial periods. Inertial waves are the most
energetic and lowest frequency constituent of the internal wave field. The observed
frequency is generally slightly above f and the surface-generated near-inertial waves
are characterized by an upward propagation of phase and a downward propagation of
energy. The blue shift in frequency is related to the variation of f with latitude or the
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B-effect (Munk and Phillips, 1968; Fu, 1981) and to the spectral characteristics of the
local wind forcing (Kundu and Thomson, 1985).

Inertial waves observed at a particular place can be either locally generated by the
wind or remotely generated at lower latitudes as random internal waves with turning
latitudes® close to the observation site (Fu, 1981; Munk, 1980). Within the mixed
layer, inertial currents are predominantly generated by fluctuations in the local wind
stress (Pollard and Millard, 1970). Inhomogeneities in the mixed layer mean circula-
tion can, however, modulate the strength and the effective frequency of the wind-driven
inertial oscillations (Weller, 1982; Kunze, 1985).

The decay of mixed layer inertial currents is complex. Surface inertial energy can be
destroyed by the wind or propagate downward and equatorward as internal waves
(D’Asaro, 1989). Nonlinear interactions with higher frequency internal waves (McCo-
mas and Miiller, 1981) and with subinertial motions (Weller, 1982) can contribute to
the decay. Inertial energy can also be dissipated by instability of the inertial shear at
the base of the mixed layer (D’Asaro, 1985). Thus, inertial waves represent a major
flux of energy from external sources (i.e., the wind forcing) into the deep ocean which is
available for generation of turbulence and mixing.

In the southern California Current System (CCS), observations of inertial or tidal
currents go back to the early 1950s. Reid (1962) reports on measurements of surface
currents with a geomagnetic electrokinetograph (GEK) at 30N at a distance of 650 km
from shore. The observed surface currents showed significant diurnal oscillations
which were interpreted as inertial currents driven by the diurnal tide. No evidence
against wind generation is, however, given and we personally believe that the local wind
forcing is the preferred generation mechanism rather than the diurnal tide. Neutrally-
buoyant floats between 500- and 2500-m depth near latitude 30N also showed
anticyclonic orbits at speed of 5-18 cm s~! and with a period of about one day (Knauss,
1962). More recently, observations of near-inertial currents were made from the
Research Platform FLIP in the same region (Weller, 1985). The strong (maximum
speed of 40 cm s™') near-inertial oscillations were not tide-related and the local wind
alone had neither the strength nor the variability needed to directly produce the
observed variability. Weller (1985) suggested that the shear of the mean circulation
was responsible for the localized intensifications of near-inertial motion.

In this paper, we present a novel way of looking at mixed layer dynamics by
analyzing the near-inertial /diurnal motions in the trajectories of surface mixed layer
drifters in the CCS between 19N and 36N. The drifter configuration and the drifter
data set are briefly described in Section 2. Lagrangian rotary spectra (Section 3) and
complex demodulation techniques (Section 4) are used to estimate the frequency and

3. The turning or inertial latitude is the latitude at which the wave frequency is equal to the inertial
frequency.
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amplitude of the oscillations. The variability of the observed motions is compared to the
predictions of a simple model of wind-driven inertial currents (Section 5). In Section 6,
three major events of large near-inertial/diurnal currents are studied in detail. The
interaction with the background mean surface circulation is discussed. Finally, Section
7 summarizes the essential results gained in our study.

2. Data

The mixed layer drifters deployed in the CCS were of TRISTAR types with a
three-axis symmetric drogue at a nominal depth of 14.8 m. A complete description of
the drifter systems and a discussion on their water-following capabilities are given in
Niiler et al. (1987). A downwind slip relative to the water of less than 2 cm s~ is
expected.

The drifters were tracked with the ARGOS satellite system. Position fixes averaged
S per day, with position accuracies of about 250 m. Velocities were computed from
consecutive pairs of positions and were assigned a position and time midway between
the two fixes. A pessimistic bound of about 5 cm s~' for the velocity errors was
estimated by Poulain and Niiler (1989).

A first set of 20 drifters was released during leg I of the FRONTS cruise in July 1985
(Haury et al., 1986). They were deployed in a persistent, seasonally-recurring front in
the CCS southwest of San Diego, California (Niiler et al., 1989). Nine other drifters
were deployed in March 1986 during the SQ86 cruise near the shore of central
California (Hayward et al., 1987). The two drifter data sets are hereafter named after
the year of their release.

A description of the 1985 and 1986 drifter trajectories is presented in Poulain ef al.
(1987). Small wiggles or loops appear intermittently in the tracks; these high-
frequency motions are the subject of the present study. Drifter trajectories shorter than
a month will not be considered. This reduces the total number of drifters to 23. Time is
given in days of the year of the drifter deployments (e.g., day 265 for the 1985 drifters
is day 265 of year 1985).

Surface winds over the CCS, representative of nominal 19.5-m anemometer heights,
were obtained from the Fleet Numerical Oceanography Center (FNOC). Using a
planetary boundary layer model and various field observations (FNWC, 1975), the
FNOC provides wind analyses every 6 hours on a northern hemisphere polar stereo-
graphic grid. Grid spacing over the CCS is about 300 km. Comparisons with direct
buoy observations of winds (Pazan et al., 1982) indicate that the FNOC winds are
generally lower in variance than the actual observations. Wind speed at 10-m height
was computed using the logarithmic wind profile (Tennekes and Lumley, 1987). Wind
stress at the ocean surface was calculated using the wind speed-dependent drag
coefficient suggested by Large and Pond (1981).
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Figure 1. Lagrangian rotary spectra (solid: anticlockwise, dotted: clockwise) from the drifter
observations in the 32-36N (a), 28-32N (b), 24-28N (c) and 20-24N (d) latitude bands.

3. Lagrangian rotary spectra

The mean distribution of kinetic energy of the horizontal currents as a function of
time scale was computed using rotary spectra (Gonella, 1972). The raw drifter velocity
time series were first linearly interpolated every 0.2 day. This procedure reduced the
velocity variance by about 20%. Each velocity time series was chopped into subseries of
40 days which were sorted into latitude bands of 4° according to the location of the first
velocity estimate in each of them. Figure 1 presents the Lagrangian rotary spectra in
four latitude bands. The spectra are essentially red with a strong peak corresponding to
clockwise oscillations at near-inertial or diurnal frequencies. Small semi-diurnal peaks
also appear in both the clockwise and anticlockwise components of the spectra. For
periods greater than 10 days, the anticlockwise component is larger than the clockwise
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component. This indicates a preferential anticlockwise sense of rotation of the large-
scale/low-frequency fluctuations (Poulain and Niiler, 1989). The inertial peak follows
the local inertial frequency. Moving south, the peak weakens and becomes comparable
in magnitude to the adjacent diurnal peak which can be barely resolved in the lowest
latitude band (20-24N).

4. Complex demodulation

In order to determine the spatio-temporal variations of the near-inertial and diurnal
components of the observed currents, we applied a band-pass filter to the drifter
velocity time series. The method used is a generalization of complex demodulation
(Tukey, 1961) to allow for slow time variation of the demodulation frequency. Details
can be found in Appendix 1.

Given the broad band and the relatively small signal-to-noise ratio (see below) of the
near-inertial /diurnal signal, we decided to adopt a boxcar window [w(f) = 1 over a
moving interval of length 27 = 10 days centered at each observation] in the complex
demodulation. The choice of T = 5 days is necessary to reduce leakage from other
frequency bands into the demodulated signal. The drawback with using such a long
data window is that there is more smoothing in time and that temporal resolution is
decreased as a result. We will see, however, that events of large near-inertial /diurnal
oscillations typically last 10 days so they are well resolved with a boxcar window of 10
days.

The amplitude of the demodulated currents at the local inertial frequency is plotted
versus time in Figures 2 and 3 for the 1985 and 1986 drifters, respectively. The
temporal distribution of inertial currents in the mixed layer of the CCS appears very
intermittent. In addition to numerous oscillations at periods of 5-10 days which arise
probably from leakage problems, events of relatively strong inertial currents with
amplitudes ranging from 10 to 20 cm s~! exist between days 200 and 300 in the
majority of the 1985 tracks. For the 1986 drifters, large inertial oscillations are
dominant between days 150 and 200. All these events are characterized by a signal-to-
noise ratio of about 5.

Since our data set is Lagrangian, the variabilities of the inertial currents are
intrinsically temporal and spatial. In order to show the spatial variations of the
demodulated currents, we have plotted the trajectories of the 1985 (Fig. 4) and 1986
(Fig. 5) drifters using a line thickness proportional to the amplitude of the inertial
currents. Inertial oscillations with substantial amplitude appear mostly near the coast.
Globally, the amplitudes decrease moving west and south. No significant inertial
oscillations are found south of 24N (y = —700 km).

5. Wind-driven inertial oscillations

It is well known that the local wind forcing is the major generating mechanism of
inertial oscillations in the surface mixed layer (e.g., Pollard and Millard, 1970; Pollard,
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Figure 2. Time series of the inertial current amplitudes for the 1985 drifters. The two events (A
and B) discussed in the text are marked with stippled areas.

1980). We, therefore, propose to relate the observed inertial motions to fluctuations in
the local wind stress. A simple damped slab model of the mixed layer (Pollard and
Millard, 1970) is used

d T
Eu(t) + 2x(if (1) + r)u(t) = % , §))
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where u(t) = u(t) + iv(r) is the horizontal velocity within the mixed layer, 7(f) =
7.(t) + i7,(2) is the wind stress at the surface, f{(¢) is the local inertial frequency, 7 is an
arbitrary decay constant and A is the depth of the mixed layer of density p.

The wind stress calculated from the FNOC 6-hourly wind products is not a reliable



800 Journal of Marine Research [48, 4

207

AMPLITUDE (ems™h

2l

50 100 150 200 250 300 350 400 450

TIME (days of 1986)

Figure 3. As Figure 2 but for the 1986 drifters. Event C is marked with stippled areas.

indicator of the actual wind stress fluctuations at periods less than a day (Thomson,
1983). This data set is, therefore, not appropriate for studying the wind-driven inertial
currents for which fluctuations in the wind field at periods less or equal to one day may
be very important. Besides, data is generally not available on the velocity vertical
structure in the vicinity of the drifters and the mixed layer depth A remains unknown.
The FNOC wind stress and the simple slab model (1) are, therefore, used only to
explain qualitatively the spatio-temporal distribution of the inertial current ampli-
tudes.

The surface wind stress was linearly interpolated in space and time to the drifter
coordinates. Model (1) was then applied with A = 20 m and r~! = 20 days. The first
value is typical in the southern CCS for the summer and fall seasons (Lynn et al.,
1982). The latter was chosen to match the longest time scale of the large inertial
current events observed in the drifter tracks. The modeled currents were demodulated
at the local inertial frequency in exactly the same way as for the observed currents.
Time series of the observed and modeled inertial current amplitudes, and of the
interpolated wind stress, are depicted for some of the drifters in Figures 6 and 7.

Correlation coefficients between observed and modeled amplitudes over the whole
time series are presented in Table 1. They vary from 0.63 (drifter 13) to 0.91 (drifter
32). This is quite remarkable in view of the poor quality of the wind data and the
simplicity of model (1). The substantial discrepancies between the predicticons and the
actual inertial current amplitudes, such as for drifter 3 around day 290 and drifter 28
around day 160, may be due to (1) the effect of unresolved small-scale structures in the
wind field, (2) the interaction with patterns in the mixed layer mean circulation, and
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Figure 4. Spatial distribution of the inertial current amplitudes (shown as the thickness of the
tracks) for the 1985 drifters. Deployment locations are depicted with star symbols.

(3) the nonlocal generation of inertial waves. Some of these issues will be discussed for
specific events of large inertial oscillations in the next section. Despite many discrepan-
cies between the observed and modeled inertial currents, our results (Figs. 5 and 6,
coefficients in Table 1) confirm that the local wind stress plays a major role in the
generation of inertial oscillations observed in the drifter tracks.

6. Major near-inertial/diurnal current events

In this section, we study in detail three major events of large (maximum amplitude
greater than 15 cm s™') near-inertial/diurnal currents (denoted A, B and C in Figs. 2
and 3). Since the observations were taken in a latitude range which includes the
turning latitude 30N, near-inertial and diurnal frequency bands can be close or equal
to each other. Both bands can have substantial energy levels (see Fig. 1). The best way
to separate the energy levels in the peaks is to use the technique of simultaneous
demodulation at two frequencies (see Appendix 2). As for the demodulation at one
frequency, the characteristic time scale and the small signal-to-noise ratio of the
near-inertial /diurnal signal require a demodulation with a boxcar time window of
length 2T = 10 days. For the case of oscillating currents at the diurnal frequency,
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Figure 5. As Figure 4 but for the 1986 drifters.

there is a priori no preferential sense of rotation and the currents are not generally
circularly polarized. It will be, therefore, interesting to examine the characteristics of
the diurnal current ellipse (see Appendix 3).

a. Event A (diurnal). The first substantial event of large oscillations appears around
day 215 (3 August 1985) for more than half of the 1985 drifters (see Fig. 2). The
simultaneous demodulation at the local inertial and diurnal frequencies reveals that
the event consists essentially of oscillations at the diurnal frequency. The lengths of the
semi-principal axes of the tidal ellipse are shown in Figure 8. The minor axis is
consistently positive corresponding to clockwise rotation of the current vector. For
drifters 4, 18 and 19, the motions are essentially circularly polarized. In contrast,
significant ellipticity is found for drifter 9, 12 and 15 and the orientation of the ellipse
varies from the zonal (drifters 12 and 15) to the meridional directions (drifter 9). The
spatial variations in ellipticity are possibly related to the structure of diurnal wave
beams on the continental shelf (Prinsenberg et al., 1974) but, given the paucity of the
observations, this is pure speculation. The time scale of the event is about 10 days.

The spatial distribution of the diurnal oscillations is depicted in Figure 9. Maximum
amplitudes are found on the continental shelf off Baja California a few degrees north of
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Figure 6. Observed and modeled amplitude of inertial currents in the mixed layer for 6 of the
1985 drifters. The wind stress vector is represented with sticks every 6 hours.

30N (15-20 cm s™!' for drifters 4, 9, 12, 15, 18 and 19). The phase of the diurnal
oscillations decreases northward along the coast. The corresponding speed of north-
ward propagation is of the order of 10 m s™'. This is at least an order of magnitude
smaller than the speed of propagation of the diurnal tide currents on the continental
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Figure 6. (Continued)
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shelf (about 200 cm s !, see Munk et al., 1970). Thus, the observed diurnal currents do
not seem to be phase-locked to the diurnal tide.

The slab model (1) predicts strong wind-driven diurnal oscillations for the time
period corresponding to the event (Fig. 6). The spatial structure of the wind stress field
(not illustrated) shows that this event follows an intensification and clockwise rotation
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of the northwesterly winds within 500 km of the shore. This indicates that the diurnal
currents are related to the local wind forcing.

b. Event B (near-inertial}. A major event appears in more than half of the 1985 drifter
tracks between days 260 and 290 (late September and early October 1985). Drifters 0,
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Figure 7. As Figure 6 for the 1986 drifters.
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4 and 12 are the only ones with no signature of the event. Using the technique of
simultaneous demodulation at two frequencies, we found that the event is essentially
inertial. The geographical distribution of the amplitude of the inertial currents
(estimated by the demodulation at one frequency) and of the FNOC wind stress is
presented in Figure 10. A low-pressure system with strong cyclonic winds is evident in
the vicinity of the drifters. This tropical storm sweeps by the drifters in a couple of days
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Figure 7. (Continued)

(days 266-268) moving to the northwest. On day 269, the system has decayed and the
winds are uniformly calm. This feature in the surface winds is roughly simultaneous
with the large inertial oscillations in the drifter trajectories. More precisely, near-
inertial oscillations tend to be first triggered in the drifters to the southwest [drifters 1,
7, 11] around day 263 and then appear later (day 265) in drifters more to the northeast
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Table 1. Correlation coefficients between the observed and modeled inertial current amplitudes
over the whole time series.

Drifter Number of Correlation
number observations coefficient
01 1061 0.82
03 966 0.75
07 1838 0.70
08 1171 0.78
10 1295 0.73
13 1025 0.63
21 1749 0.85
28 1977 0.67
32 1747 0.91
33 2104 0.78

EVENT A

AMPLITUDE (cmvs)

200 210 220 230
TIME (days of 1985)

Figure 8. Time series of the semi-principal axes (major: solid, minor: dashed) of the diurnal
current ellipse for 6 of the 1985 drifters during event A.
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Figure 9. Spatial distribution of the diurnal current amplitudes for event A: days 210-220,
1985. Star symbols and drifter numbers are posted at the beginning of each 10-day-long track.
The phases of the motions are shown between parentheses. The continental slope is depicted by
the 2000 and 3000 m isobaths (dashed lines).

[e.g., drifters 3, 5, 14] (see Fig. 11). For this period (days 263-365) the center of the
storm is located more than 500 km to the south of the drifter region, but amplification
and clockwise rotation of the wind stress vector is evident above the drifters. Thus,
there is a qualitative agreement between the northwest motion of the wind patterns and
the triggering of near-inertial currents in the drifter trajectories.

It is remarkable that inertial currents can be very different for drifters in the same
vicinity. The best example of high horizontal gradient of inertial energy is for drifters

10 and 13 between days 265 and 275. The variation in amplitude is 15 cm s™* over only
50 km. This contrast in drifter behavior disappears around day 280 with the onset of a

large signal of inertial oscillations in both trajectories (see Figs. 2 and 11). The absence
of energy in the inertial frequency band for drifter 10 around day 270 is not explained
by our simple model of locally wind-driven inertial currents (see Fig. 6).

We now propose a possible interpretation of the different energy levels in drifters 10
and 13 based on the interaction with the mean flow patterns. Information on the
mesoscale circulation in the region sampled by the drifters was obtained from a
satellite infrared image of the sea surface before the storm cloud system overcasts the
drifters (Poulain, 1989). The image shows that drifter 10 makes half a cyclonic loop in
a 50-km scale warm eddy. In contrast, there is no striking feature in the mesoscale
circulation around drifter 13 (slow southward flow). The absence of oscillations when
drifter 10 is caught in the eddy is compatible with the positive vorticity of the mesoscale
feature. Indeed, inertial waves generated in regions of positive vorticity are less inertial
outside the region and will propagate rapidly out of the positive vorticity. Furthermore,
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Figure 10. Spatial distribution of near-inertial oscillations in the drifter trajectories for 10 days
around day 267 of 1985 (event B). The track thickness is proportional to the inertial current
amplitude. Star symbols and drifter numbers are posted at the beginning of each track. The
wind stresses at 0000 (thick), 0600, 1200 and 1800 (thin) UT of day 267 are represented with
sticks at the FNOC grid points.

inertial waves cannot propagate into the positive vorticity region because their fre-
quency is lower than the effective inertial frequency in the eddy (Kunze, 1985).

The determination of the actual frequency of the oscillations is not an easy task given
the possible existence of energy in the diurnal band and the poor resolution in
frequency imposed by the intermittent character of the event. In order to estimate the
frequency of oscillation, we modified the demodulation procedure to maximize the
variance explained by the oscillation. For each 10-day interval, the signal was
demodulated at the frequencies between 0.5 and 1.5 cpd (with an increment of
0.01 cpd). The frequency and amplitude corresponding to the maximum explained
variance (or maximum skill, see Appendix 1) only were retained. They are depicted
with solid lines in Figure 11 for nine of the 1985 drifters. The simultaneous demodula-
tion at the diurnal frequency and at an unknown frequency (tuned to maximize the
explained variance) was also performed. This procedure works fine away from the
inertial latitude, e.g., outside the latitude band 28°30'N-31°30'N where the determi-
nant of matrix M is greater than 0.5 (see Appendix 2). The results are shown with
symbols in Figure 11.
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Figure 11. Amplitude and frequency of the near-inertial and diurnal oscillations between days
260 and 290 of 1985 (event B) for the drifters with significant signature of the event. Solid
line: demodulation at one frequency. Symbols: Simultaneous demodulation at the near-
inertial (squares) and the diurnal (triangles) frequencies, results are only shown when
det(M) > 0.5 (see Appendix 2). The diurnal and local inertial frequencies are also depicted
with dashed lines.

The difference between the inertial and actual frequencies, estimated with the
demodulation at one frequency, can be the effect of substantial energy in the higher
frequency diurnal band (see drifters 1, 7 and 11). Also, two distinct peaks of medium
amplitude (10 cm s™') can give a large event (20 cm s~') in the demodulated signal at
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Figure 11. (Continued)

one frequency if the diurnal and inertial frequencies are close to each other (see drifter
3 around day 278). Therefore, an accurate determination of the amplitude and
frequency of the near-inertial currents in the presence of diurnal energy can only be
done by demodulating simultaneously at the diurnal and near-inertial frequencies. We
estimated the accuracy of the frequencies presented in Figure 11 to be 0.01-0.02 cpd.

Figure 11 shows that, in general, the event is centered on day 270 (just after the
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storm) and that it has a time scale of about 10 days. Exceptions are found for drifter 10
with a 10-day long event centered on day 280, and for drifter 13 which has an event
lasting almost for 20 days. We suspect that the event in drifter 13 can be divided into
two subevents, the second one being centered around 280 and being similar to the one
in drifter 10,

The distribution of energy between the near-inertial and the diurnal bands varies
from an almost equal partition of energy (drifters 5, 7 and 14) to no significant energy
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in the diurnal band (drifters 8 and 13). The actual frequency of the oscillations varies
as a function of time. It can differ from the local inertial frequency by as much as 0.07
cpd (drifter 3 around day 268).

Substantial red shifts are found for drifters 3, 5, 7 and 14. Red shifting of the inertial
frequency is mainly due to interactions with the background mesoscale circulation.
More specifically, the vorticity of the mean flow { is known to shift the frequency of
inertial response to f + (27)~' {/2 (Weller, 1982; Kunze, 1985). Thus, the typical
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observed frequency shift (—0.05 cpd) can correspond to a vorticity of about —0.7 x
1073 s~". Figure 10 shows that the above drifters are in the region of a strong cyclonic
eddy. The negative vorticity estimated from the red shifts indicates that the drifters are
in the outer edge of the cyclonic eddy (region of negative vorticity). The value of this
vorticity can be roughly estimated as follows: Consider drifters 3 and 7 around day 270.
Their orbital speeds are 6 and 23 cm s~!, respectively. Dividing the difference of these
speeds by the distance between the two drifters (70 km) yields —0.2 x 10~°s~! for the
vorticity. The two estimates of vorticity are of the same order of magnitude. The

observed red shift of the inertial frequency is, therefore, qualitatively consistent with
the local vorticity of the mean flow.

Actual frequency significantly above the local inertial frequency is found at the
beginning of the event in drifters 1 and 7, and for drifters 8, 10 and 11. Maximum blue
shift is about 0.05 cpd. The interpretation of the blue shift of the inertial frequency is
not attempted here since it can be the result of many unknown factors, i.e., the
interactions with the mean circulation, the characteristics of the wind forcing and the
B-effect (Fu, 1981).

¢. Event C (diurnal). The most striking event of large near-inertial/diurnal currents in
the 1986 drifter trajectories occurs between days 150 and 180 (June 1986, see Fig. 3).
After demodulation at the diurnal and inertial frequencies, we found that the event
consists of diurnal oscillations. The geographical distribution of the oscillations during
the event is shown in Figure 12. Strong motions at the diurnal frequency appear in a
100-km anticyclonic eddy located on the continental shelf about 100 km south of 30N
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Figure 12. Geographical distribution of the diurnal amplitude for event C: trajectories between
days 150 and 180 of 1986. The line thickness is proportional to the amplitude. Star symbols
indicate the beginning of each track. The continental slope is depicted by the 2000- and
3000-m isobaths (dashed lines).

(drifters 21, 32, 33). The currents sampled by drifters 21, 32 and 33 oscillate in phase.
In contrast, no substantial high-frequency motion is evident in the trajectory of drifter
28.

Strong winds (with a maximum speed of 15 ms~!) are blowing from the northwest in
the vicinity of the drifters during the event. Except for drifter 28, our simple model of
wind-driven inertial oscillation predicts fairly well the temporal variations in the
observed near-inertial current amplitudes (Fig. 7). The absence of inertial or diurnal
oscillations in the trajectory of drifter 28 is surprising given the strong response
predicted by the model. The available data do not give an explanation of this
discrepancy. We suspect, however, that the location of drifter 28 west of the continen-
tal slope (Fig. 12) might be important to explain its different behavior compared to the
other drifters.

The lengths of the semi-axes of the current ellipse are plotted versus time in Figure
13 for the four 1986 drifters. The event is characterized by two maxima separated by
about 15 days. This bimodal structure is also seen in the modeled wind-driven
oscillations (Fig. 7) so it is not an effect of energy leakage from other frequency bands
but actually two events. Both events have a time scale of about 10 days.

We now focus on the first event centered about day 160 and for which all three
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Figure 13. Time series of the semi-principal axes (major: solid, minor: dashed) of the diurnal
current ellipse for the 1986 drifters during event C.

drifters (21, 32 and 33) are close to each other in the eddy. The phase, orientation and
ellipticity of the current ellipses are similar for the three drifters. The current ellipses
are slightly elongated in the meridional direction; the ratio of the minor to major axes
varies between 0.8 and 0.9.

The background vorticity, divergence and deformation rates were estimated from
the simultaneous relative drifter positions and velocities interpolated at 0.2 day
intervals (Molinari and Kirwan, 1975; Niiler et al., 1989). This method gives reliable
results for the first part of the event (days 150-155). The mean vorticity is significantly
negative with a magnitude of about 10~% s!. The mean divergence is not significantly
different from zero and the two mean deformation rates are about —5 x 107>s~!. The
vorticity of the mesoscale flow shifts the lower bound of the internal waveband to an
effective frequency f + (27)~' {/2 approximately equal to 0.98 — 0.07 = 0.91 cpd.
The departure of the actual frequency of the oscillations (1 cpd) from the effective
inertial frequency (0.91 cpd) agrees well with the observed ellipticity of the currents.
Indeed, according to the theory of linear internal waves, the ratio of the principal axes
of the velocity ellipse is equal to the ratio of the (effective) inertial frequency to the
frequency of oscillation. In our case, we have 0.91/1.00 and this value is similar to the
observed ellipticity.

7. Summary and discussion

Near-inertial and diurnal motions appeared intermittently in the trajectories of
mixed layer drifters in the southern California Current System (CCS). The temporal



818 Journal of Marine Research [48,4

and spatial variations of the energy in the near-inertial/diurnal frequency bands have
been analyzed using a generalized complex demodulation technique. A simple slab
model of wind-driven currents was used to explain the variability of the observed
oscillations. Although there are some discrepancies between the model and the
observations, there is a global qualitative agreement between both time series. The
local wind stress plays, therefore, a major role in the generation of the drifter
near-inertial /diurnal motions.

Although the Lagrangian observations were taken around the inertial latitude 30N,
where inertial oscillations are theoretically in resonance with the diurnal tide, no peak
of inertial oscillations at 30N is evident. The forcing by the diurnal tide and the
resonance mechanism (Hendershott, 1973; Craig, 1989) must be weak compared to
the wind forcing.

Two major events of large (=20 cm s~!) oscillations at the diurnal frequency were
observed near 30N on the continental shelf off Baja California. For the first event
(Event A, August 1985), the frequency of oscillation (1 cpd) is below the local inertial
frequency and the motions are circularly polarized and not phase-locked to the diurnal
tide. These subinertial waves can be interpreted as shelf waves trapped on the
caontinental shelf (Cartwright, 1969; Munk et al., 1970; Thomson and Crawford,
1982). Their wavelength (~1000 km) and frequency (0.94-0.98 /) are compatible
with the first mode (barotropic) shelf waves on a sloping shelf of 200-300-km width
{Mysak, 1980). Thomson and Crawford (1982) showed that such waves can be
generated by the diurnal tide currents at latitudes poleward of 30N and in regions
where the bathymetry of the continental margin is able to support these high-frequency
shelf wave motions. For our observations, the waves appeared to be forced by the local
winds and there is no evidence of forcing by the diurnal tide. Since the frequency of
oscillation is exactly diurnal, we suspect, however, that both tidal and wind forcings
contribute to the generation of the observed diurnal shelf waves.

The second event (Event C, June 1986) took place south of 30N. The drifters with
large diurnal oscillations were close to each other and the diurnal currents oscillated in
phase. The observed ellipticity of the current ellipse is consistent with freely-
propagating internal waves at frequency a few percent above the inertial frequency.
These super-inertial waves were shown to be generated by the local wind stress.

A major event (Event B) of large near-inertial currents was generated by a tropical
storm which moved northwest over the southern CCS in September 1985. The intense
background mesoscale circulation was shown to alter significantly the effective fre-
quency of the observed oscillations. In particular, a strong mesoscale eddy red-shifted
the frequency of the oscillations by as much as 0.07 cpd. Interactions with the mean
flow can be responsible for the disparity in the oscillation amplitudes (see drifters 10
and 13). It is, therefore, expected that the mean circulation plays an important role in
setting the horizontal scales of the near-inertial currents and the consequent decay and
propagation of surface near-inertial energy into the deep ocean.
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Two comments should be made before closing this discussion. First, no consistent
blue shift of the inertial frequency was observed. If there exists blue shifting associated
with the B-effect or the spectral characteristics of the wind forcing, it must be weak
compared to the frequency variations imposed by the mean circulation vorticity.
Second, the decay time scale of the oscillations (=10 inertial periods) is rather long
compared to the observations of near-inertial currents reported in the literature. The
Lagrangian character of the current observations (the location of observation and the
near-inertial motions are advected by the mean circulation) might explain this result,
especially since most oscillations are subinertial (or inertial) and should stay longer in
the mixed layer.
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APPENDIX 1

Complex demodulation at a slowly-varying frequency

The filtering operation called complex demodulation is a weighted least-squares fit
of circularly-polarized oscillating currents at a given frequency on the velocity observa-
tions, over a specified moving time interval. Consider the complex time series u(¢) =
u(t) + i v(t) where u and v are respectively the zonal and meridional components of
velocity. Assume that u(¢) represents a drifter velocity from which we want to extract
the energy at the local inertial frequency f(¢).* Suppose that f{¢) is slowly varying in
time so that free inertial currents are solution of

%u(t) = =27 f(2) u(?). (A1)

The least-squares fit model of the free inertial oscillations on the velocity observations
over a time interval of length 2T around ¢, reads

u(?) = q e~ e (A2)
where
1
sy =< [lraeyar (A3)

and ¢* is arbitrary. The solution (also called demodulated signal or current) correspond-

4. Here, all frequencies are taken positive. The anticlockwise sense of rotation of the inertial currents is
expressed by the minus sign in Eqs. (A1) and (A2).
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ing to the minimum weighted sum of squares of the errors is

a(t,) = (w()e "D u(y)) (A4)
where
1 to+T
O=37der @ (A3)

and w(t) is a normalized data window <w(¢)> = 1. The skill § is the ratio of the
variance accounted for by the model to the total variance of the velocity observations
(w()e V"D y(p)) |2
S(t,) = | 3 |
(w() () |*

The technique yields good results when the components of the signal to be explored
correspond to a spectral peak.

(A6)

APPENDIX 2

Simultaneous demodulation at two frequencies

In the presence of two substantial spectral peaks at a priori known frequencies, we
can generalize the technique developed in Appendix 1 to extract simultaneously the
energy in both peaks. For our Lagrangian data set, this method is used to analyze the
variabilities of the energy in the inertial and diurnal bands. The model is

u(t) ~ a e 4 g e~ WU (A7)
where f *(¢) is defined in (A3). The best fit yields
alt,)
{B(to)] =M (A8
where
6= [ <W(t)e27“ w0 ] (A9)
(w(t)e™ " u(1))
and
1 (w()e~ U= y(r))
B [(W(t) S u(r)) ! ] ' (410
The skill for this two-oscillation fit is
S(t,) = oM (A11)

(wdu(@?)
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APPENDIX 3
The tidal ellipse

Any periodic motion at a given frequency f (1 cpd in our case) can be written as the
sum of two circular oscillations rotating in opposite sense

u(t) = u(t) + iv(t) = Ae*™" + Be~ Mt (A12)

where 4 = |Ale and B = | Bl ¢ are complex amplitudes. The velocity vector traces an
ellipse whose major and minor axes have lengths M = 2(l4l +IB!) and m =
2(1B! — 1A40) respectively. The inclination of the major axis with respect to the zonal
directionis 8 = !4 (a + B). The sense of rotation of the velocity vector is anticlockwise
if m < 0 and clockwise if m > 0.

In order to extract the energy at the diurnal frequency and to obtain the characteris-
tics of the current ellipse, the two-oscillation model (A12) is least-squares fitted to the
velocity observations. The complex coefficients 4 and B and the skill are computed
using formulas similar to (A8)-(A11) and M, m and 8 are easily estimated.
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