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Abstract. The nature of tidal band (0.030 to 0.17 cph) variability on the narrow (∼ 10

km) continental shelf and slope off of Mission Beach, California was studied using data
from mooring arrays deployed during the summer and fall months of 1996 and 1997.
Tidal variability was intermittent, and its strength was not obviously correlated with the
fortnightly cycle of the surface tide or low-frequency changes in background currents or
stratification. Surprisingly, strong baroclinic, diurnal (0.042 cph) currents were present on
the slope and shelf, even though this frequency was slightly sub-inertial (inertial frequency
= 0.045 cph). The spatial structure of the tidal variability was studied separately for the
diurnal (0.030 to 0.056 cph) and semi-diurnal (0.056 to 0.11 cph) frequency bands using
complex empirical orthogonal functions (cEOFs). Most of the variability in each band was
explained by a single cEOF mode. However, the structure of the first mode was strikingly
different for the two bands. Diurnal currents were surface enhanced and decayed gradually
from the slope to the nearshore of the shelf. They were clockwise, circularly polarized,
and generally had a slow upward phase propagation (∼ 0.5 mm/s). This upward phase
propagation was surprising for motions that were apparently sub-inertial, and therefore
evanescent, at this location. The driving mechanism for these oscillations is presumed
to be the local sea-breeze, which had a very prominent diurnal peak. The strength of
semi-diurnal currents was stronger on the shelf than on the slope. These currents, roughly,
had a mode one structure in the cross-isobath direction. However, bottom currents were
linearly polarized in the cross-isobath direction, while the surface currents were clockwise,
circularly polarized. There was no apparent vertical phase propagation for these waves.
The relative phase between cross-isobath, semi-diurnal currents at different depths and
temperature fluctuations was consonant with a cross-shore standing wave. The near
bottom, semi-diurnal currents on the slope (350 m water depth) were an exception to
this general description. Here, the semi-diurnal currents were bottom enhanced, linearly
polarized in the long-isobath direction, and apparently coupled to the fortnightly cycle of
the surface tide.

Introduction

Tidal currents are often very energetic on continen-
tal shelves. In fact, cross-shore currents are frequently
dominated by tidal band (here defined as between 1

33
and 1

9 cycles per hour) variability. Yet, the tidal vari-
ability is often intermittent, and not obviously cor-
related with the regular and predictable surface tide,
which is presumably forcing the currents. This lack of
correlation is apparently caused by the presence of en-
ergetic baroclinic tidal motions. Baroclinic tides may
be intermittent for several reasons. Their generation
may be sensitive to the stratification at the generation
sites (Baines, 1982; and Rosenfeld, 1990), and stratifi-
cation on continental shelves varies seasonally as well
as at faster time scales due to upwelling events (Rosen-
feld, 1990) and the passage of vigorous storms. Multi-
ple generation sites are likely to be present near con-

tinental shelves with complicated topographic features.
The presence of low-frequency currents and stratifica-
tion variability on and near the shelf may act to focus
and defocus the internal waves at a given location at
different times.
Here we report on a study of the nature of the baro-

clinic tide on the narrow (∼ 10 km) continental shelf
and slope off of Mission Beach, California using data
from the 1996 and 1997 Internal Waves on the Conti-
nental Margin (IWAVES ) experiments, which were de-
signed to study the internal wavefield, across the en-
tire internal wave frequency band, on the continen-
tal slope and across the shelf. The main point that
we wish to make here is that, while the tidal cur-
rents during IWAVES were intermittent and this inter-
mittency was not obviously correlated with local low-
frequency changes in stratification and currents, their
spatial structure remained consistent across the shelf
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Figure 1. Summer month mooring locations and
bathymetry at the Internal Waves on the Continental Mar-
gin (IWAVES) study site. Circles mark the locations of the
moorings of the shelf/slope arrays. Unfilled circles mark
moorings deployed in 1996; black-filled mark 1997 moor-
ings; and gray-filled mark moorings deployed in both years.
Depths are given in meters, and cross-shore distances are
given in kilometers.

and in time and was fairly easy to describe. However,
this structure was not consonant with linear flat bottom
internal waves nor progressive wave solutions of con-
stant bottom slope models (Wunsch, 1969). Further,
both diurnal and semi-diurnal variability were present
on the shelf, and their respective structures were quite
different. The presence of baroclinic diurnal variability
in this region was surprising, because this frequency was
slightly sub-inertial at this latitude (32◦ 45′ N). How-
ever, we will show that a prominent peak in current vari-
ability occurred at the diurnal frequency (fd = 0.042
cph) which was clearly distinguishable from the iner-
tial frequency (fi = 0.045 cph). We propose that the
forcing mechanism for the diurnal motions was not the
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Figure 2. Time line of the 1996 and 1997 summer moor-
ing deployment of the Internal Waves on the Continental
Margin (IWAVES) experiment. The 30 m moorings of 1996
are labelled s, c, and n to indicate the south, center and
north moorings deployed that year (Fig. 1). The 350 and
500 m moorings of 1997 are labelled l and u to indicate
the lower (upward-looking) and upper (downward-looking)
ADCPs deployed on those mooring lines.

barotropic tide, but the wind stress associated with the
local sea-breeze.
After briefly describing the IWAVES experiments,

three analyses of the data are presented. First, the ver-
tically averaged, diurnal and semi-diurnal kinetic en-
ergy at each mooring is described and compared to
the low-frequency and super-tidal kinetic energy levels.
Next, the vertical structure of the horizontal current
rotary spectra is described. Finally, the structure of
the dominant modes of variability obtained from com-
plex empirical orthogonal functions (cEOFs) at selected
moorings is presented for the diurnal and semi-diurnal
frequency bands. The differences in the structure of the
two bands is emphasized. Time series of the mode one
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cEOFs at different moorings show the intermittent na-
ture of the variability. These time series are compared
to the fortnightly cycle of the surface tide, slow changes
in stratification at the moorings, and the cross-shore
winds measured near the study site.

Field Studies

Arrays were deployed off of Mission Beach, Califor-
nia (Fig. 1) to study internal wave dynamics during
the 1996 and 1997 IWAVES experiments. The arrays
were deployed twice each year with different configura-
tions. From approximately the end of June to the end
of August each year (Fig. 2), the array spanned depths
from 15 m to 500 m covering a cross-shore range of ap-
proximately 15 km (Fig. 1). During the late summer
and early fall, moorings were tightly spaced in shallow,
nearshore depths ranging from 15 to 30 m. This study
focuses on data from the broad shelf/slope arrays de-
ployed in the summer months of both years.
Each mooring was instrumented with at least one

acoustic doppler current profiler (ADCP) to measure
the three components of velocity as a function of depth.
On the shelf, between 67 and 80% of the water column
was covered by the ADCPs (Table 1). On the slope,
the full water column could not be sampled because of
ADCP range limitations. In 1996, the deeper portion of
the water column was sampled at the 350 m mooring.
In 1997, two ADCPs (a deep upward-looking, and a
shallow downward-looking) were deployed on the 350
and 500 m mooring lines. Together, they approximately
covered the upper 50% of the water column at each
mooring. Vertical resolution ranged from four to 16 m
on the slope, and one to 4 m on the shelf. Sampling
intervals ranged from one to four min.
Four to 12 temperature loggers (TLs) were evenly

spaced on the lines of each mooring. These instru-
ments sampled once every 15 seconds. Bottom-mounted
and near-surface pressure sensors (sample interval =
one min) were deployed on some of the moorings.
Wind speed and direction was monitored from Scripps
pier (approximately 12 km north of the study site)
during the experiments and was also obtained from
NOAA weather stations at Lindbergh Field and Im-
perial Beach. In addition, continuous CTD yoyo’s were
conducted at the mooring locations on numerous occa-
sions for periods ranging from 4 to 24 hours.
The shelf was approximately 10 km wide at the study

site (Fig. 1). Its bottom slope was approximately pla-
nar, with a value of approximately 0.01. The conti-
nental slope topography was somewhat more complex,
having a shallow bank to the southwest (which shoaled
to a depth of approximately 125 m) and then dropping
off precipitously at the Coronado Escarpment. Scripps

Canyon impinged on the shelf approximately 14 km
north of the study site, drastically changing the shelf
geometry there.

Energetics

First we summarize the vertically averaged, horizon-
tal kinetic energy of the tidal currents obtained by the
ADCPs in relation to the low-frequency and super-tidal
currents on the slope and shelf (Table 1). Long-isobath
currents were distinguished from cross-isobath, and the
long-isobath direction (approximately 10◦ W of N at
each mooring) was defined by the local bathymetry at
each mooring. Low-frequency currents (f < 1

33 cph)
were most energetic in the upper 100 m of the water
column. They were highly elliptical, with most energy
directed in the long-isobath direction. Currents de-
cayed monotonically from the continental slope to the
nearshore, and slope and outer-shelf currents were an
order of magnitude more energetic than the nearshore
currents.
Diurnal ( 1

33 < f < 1
18 cph) currents were also surface

enhanced. Slope and outer-shelf variability was nearly
equal in the cross- and long-isobath directions. The en-
ergy decayed towards the shore and became slightly el-
liptical in the long-isobath direction. In contrast, semi-
diurnal ( 1

18 < f < 1
9 cph) energy increased from the

slope to the shelf. It was greatest at mid-shelf depths
(30-70 m), and decreased slightly inshore of 30 m. The
variability changed from being slightly elliptical in the
long-isobath direction at the shelf and outer-slope to
slightly elliptical in the cross-isobath direction on the
mid- and inner-shelf. Super-tidal (f > 1

9 cph) currents
were most energetic in the nearshore, where they were
most elliptical in the cross-isobath direction.
The near-bottom currents at the 350 m mooring,

which were sampled in 1996, were at variance with the
foregoing general description. The semi-diurnal cur-
rents were energetic, while diurnal currents were weak.
All currents were nearly linearly polarized in the long-
isobath direction. We will show that the structure and
temporal variability of these currents differed markedly
from the surface to mid-depth currents on the slope and
shelf.

Rotary Spectra

We begin our description of the spatial structure of
the tidal currents with a look at the horizontal current
rotary spectra at each mooring. Spectra were calcu-
lated at different vertical bins spanning the depth range
of the ADCPs. Each time series was first band-passed
between 1

33 and
1
4 cph. The data were then subsampled

to obtain time series with sample intervals of one hour.
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Table 1. Depth-averaged Kinetic Energy

Low-freq. Diurnal Semi-Diurnal Super-tidal

Moor. Range Long- Cross- Long- Cross- Long- Cross- Long- Cross-
depth (m) (m) isobath isobath isobath isobath isobath isobath isobath isobath Noise

1996

350 151-327 24.8 1.39 3.66 0.620 12.3 2.33 2.31 3.32 1.36
100 20-88 102 5.93 9.62 10.7 5.38 5.32 3.75 5.61 0.989
70 6-62 75.9 3.74 9.37 9.61 8.33 12.3 3.35 5.98 1.02
30 c 4-24 17.6 2.72 5.17 3.18 8.09 10.9 6.73 11.4 2.56
15 2-13 9.17 3.64 5.78 2.35 7.72 11.9 7.14 14.9 1.92

1997

500 u 17-85 214 44.7 14.5 16.1 9.81 8.04 5.45 5.93 2.18
500 l 143-279 29.9 22.9 4.48 4.31 5.27 5.24 2.43 2.82 4.85
350 u 13-89 131 33.2 10.9 10.7 9.22 6.16 4.44 5.41 1.72
350 l 116-196 46.9 4.75 3.73 1.72 7.36 4.28 3.46 4.67 0.612
120 24-108 119 28.1 9.06 8.24 7.81 7.03 4.46 6.81 2.04
30 3-27 21.9 3.14 5.46 2.88 8.50 15.9 7.68 15.0 2.70
15 2-13 11.2 1.69 5.69 1.71 7.08 9.40 4.77 15.0 4.41

Depth-averaged velocity variance (cm2/s2) for the ADCPs of the shelf/slope array deployments during the summers of
1996 and 1997. The frequency ranges for the low-frequency, diurnal, semi-diurnal, and super-tidal bands were 0- 1

33
, 1

33
- 1
18
,

1
18
- 1
9
, and 1

9
-fN cph, respectively, where fN was the Nyquist frequency for each instrument. Long-isobath directions were

defined by the local bathymetry at each mooring, and were roughly 10◦ west of true north. The rms noise variance was
removed from the estimates within each frequency band. The noise was assumed to be white-noise, and was estimated
from the level floor at the high-frequency end of the horizontal current power spectra. Variances were estimated over the
common time range 25 June to 29 August in 1996 (except for the 15 m mooring for which the range 27 July to 29 August
was used) and 28 June to 17 August in 1997. The designations c, u and l for the mooring depths are explained in Figure
2.

Finally, a Hanning window was applied to each time
series. For most moorings, in order to obtain the high-
est possible spectral resolution, the full time series were
used, and the spectra were neither frequency-band nor
ensemble averaged. For the 500 and 350 m moorings of
1997, only the longer of the two continuous time series
were used (∼ 40 days, Fig. 2). Data from the 30 and 15
m moorings were broken into two to three nearly equal
time blocks, because instrument batteries were replaced
during the experiments (Fig. 2). For these moorings,
spectra were calculated separately for each time block
and then averaged. Consequently, the spectral resolu-
tion was not as fine for them as that for the outer shelf
and slope moorings.
The spectra from the 1996 and 1997 experiments

are summarized in figures 3 and 4, respectively. At all
moorings, the diurnal variability was well-resolved and
clearly distinguishable from inertial variability. Diur-
nal currents were clockwise-circularly, polarized at all
depths and always surface enhanced, falling to near-

background levels at the bottom of the shelf, or at a
water depth of about 150 m on the slope. For ex-
ample, the diurnal band variance at the 1996, 70 m
mooring fell from 34 cm2/s2 at a depth of 8 m to 5.8
cm2/s2 at a depth of 60 m. The shape of the peak on
the shelf was characterized by a tall, sharp line with
broad, background shoulders. On the slope (350 and
500 m), the line was less distingishable from the shoul-
ders. The widths of the peaks can be compared to spec-
tra of the surface tide, calculated for comparable time
periods (Fig. 5).
The semi-diurnal currents were more difficult to gen-

eralize. Both clockwise (cw) and counter-clockwise
(ccw) semi-diurnal energy were present in the spectra,
though the ccw peak tended to be sharper than the cw.
In general, the ratio of ccw to cw variance increased
with depth on the shelf. We will subsequently show
that this was due to the bottom currents being onshore,
linearly polarized, while the surface currents were clock-
wise, elliptically polarized. In contrast, on the slope in
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Figure 3. Rotary spectra of horizontal current time series from the 1996 IWAVES experiment. Clockwise (cw) and
counter-clockwise (ccw) spectra are shown for selected moorings at different depths spanning the range of the ADCPs. Axes
are linear, and spectra from different depths are offset by varying amounts. The diurnal (fd), inertial (fi) and semi-diurnal
(fsd) frequencies are marked by small vertical lines above each spectrum. The spectral resolution (∆f) is indicated by the
gap between two vertical lines at the upper-right of each panel. The two lines are almost indistinguishable for most spectra.
The resolution of the spectra vary from mooring to mooring because the length of the time series vary.

the upper portion of the water column (500 and 350
m moorings of 1997), the ratio of ccw to cw variance
decreased with depth.
Spectra from the bottom half of the water column

at the 350 m (1996 deployment) differed from all the
others. Here, very little diurnal energy was present,
and the semi-diurnal peaks were very sharp and bottom
enhanced. We will show that the semi-diurnal variance
here was linearly polarized in the long-isobath direction
and was not obviously coherent with the tidal variability
at the other moorings.

Complex Empirical Orthogonal
Functions

To study the vertical structure of the tidal currents
in more detail, we employed complex empirical orthog-
onal functions (cEOFs; Wallace and Dickinson, 1972).
Complex EOFs, in various forms, have been used by nu-

merous investigators (Gordon, 1978; Denbo and Allen,
1984; Bratkovich, 1985; and Rosenfeld, 1990) to study
the dominant modes of variability in the tidal frequency
bands on continental slopes and shelves. With cEOFs,
the dominant, statistically independent modes of vari-
ability within a specified frequency band from a col-
lection of time series (e.g., horizontal current time se-
ries at different locations) can be identified. An advan-
tage of cEOFs over time-domain EOFs, when studying
propagating wave phenomena, is that the relative phase
between different locations is not fixed. For example,
when a cEOF is calculated for a propagating plane wave
sampled at different locations, all the variance will be
contained in a single cEOF mode, and the amplitude at
each location will be the same (equal to the amplitude
of the wave). The relative phase gives the time differ-
ence in the arrival of wave crests at different locations.
The strong differences in the nature of the diurnal

and semi-diurnal peaks in the spectra suggest that the
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Figure 4. Same as Figure 3, but for selected moorings from the 1997 IWAVES experiment.
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Figure 5. Surface tide power spectra calculated using data
from the bottom-mounted pressure gauge at the 15 m moor-
ing deployed during the summer months of the 1996 and
1997 IWAVES experiments. Spectra were calculated in the
same manner as the rotary spectra of Figures 3 and 4. The
sample length used for both the 1996 and 1997 spectra was
40 days (comparable to the period used for the 500 and 350
m rotary spectra of 1997). The separation between the two
vertical lines in the upper-right corner of each plot indicates
the spectral resolution of the spectra.

dynamics of these two bands were different. We, there-
fore, calculated separate cEOFs for the diurnal ( 1

33 to
1
18

cph) and semi-diurnal ( 1
18 to

1
9 cph) frequency bands.

The data were processed in the same manner as was
done to calculate the rotary spectra. Here we present
results from decompositions of horizontal current data
from single moorings.

Single mooring cEOFs

Complex EOFs were calculated using the current
data from individual moorings. In each case, the en-
tire time series was used. The most energetic semi-
diurnal and diurnal cEOFs from the 70 m mooring of
1996 are summarized in Figures 6, 7 and 8. These
modes explained 73 and 67% of the variance within the
semi-diurnal and diurnal bands, respectively. The semi-
diurnal, cross-isobath variability essentially resembled a
mode one wave (Figs. 6a and b). The amplitude was
largest at the top and bottom of the water column, and
was at a minimum at a depth of approximately 30 m.
The upper and lower currents were 180◦ out of phase.
In contrast, the long-isobath variability was greatest at
the surface and decayed to near-zero values at the bot-
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Figure 6. First cEOF mode of semi-diurnal band ( 1
18

to
1
9
cph), horizontal currents at the 70 m mooring of the 1996

IWAVES experiment. The full time series (T ≈ 65 days)
was used, and a Hanning window was applied to the data
before the cross-spectral matrix was calculated. Approxi-
mately 73% of the variance within the semi-diurnal band
was explained by this mode. a) Relative amplitude of the
cross- and long-isobath currents vs. depth. b) Phase of the
currents relative to the cross-isobath currents in the upper
most depth bin. c) Ratio of the minor to major axes of the
current ellipses. d) Angle of the major axis (0◦ is cross-
isobath)

tom. At the surface, long- and cross-isobath currents
were 90◦ out of phase, with the long-isobath currents
leading the cross-isobath. The ratio of minor to major
current ellipse axes was close to one at the surface (Fig.
6c), consistent clockwise, circular polarization. At the
bottom, currents were linearly polarized and directed
in the cross-isobath direction (Figs. 6c and d).
The relative phases, at the semi-diurnal frequency,

between temperature fluctuations at a depth of 45 m
and cross- and long-isobath currents at different depths
were calculated for the 1996, 70 m mooring (Fig. 9).
Temperature fluctuations (used here as a proxy for ver-
tical isopycnal displacement fluctuations) led (lagged)
cross-isobath currents by approximately 90◦ near the
bottom (surface). This was consistent with a cross-
shore standing wave.
The amplitudes of the long- and cross-isobath diur-

nal currents were essentially equal to each other at all
depths (Fig. 7a). They were maximum at a depth of
20 m and decayed to near zero values at the bottom.
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cph). This first cEOF mode explained 67% of the
variance within the band.
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The phases of both increased linearly with depth (Fig.
7b), with the long-isobath leading the cross-isobath by
90◦. This was consistent with upward phase propaga-
tion, with a speed of 0.45 mm/s. The ratio of minor to
major current ellipse axes was close to one at all depths
(Fig. 7c), consistent with clockwise, circular polariza-
tion.
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(a Hanning window was applied to each block), giving 20
degrees of freedom in the estimate of the cross-spectra.
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Figure 10. Same as Figure 6, but for the semi-diurnal
band first cEOF mode of horizontal currents from the 350 m
mooring of the 1996 IWAVES experiment. This first cEOF
mode explained 74% of the variance within the band.

Not surprisingly, the dominant cEOF modes cap-
tured most of the variance in diurnal and semi-diurnal
spectral peaks (Fig. 8). While the second cEOF modes
explained 6.8 and 16% of the variance in the diurnal
and semi-diurnal bands, respectively, their variance was
spread more uniformly across each band (Fig. 8.). This
suggested that all modes but the first captured the vari-
ance of the background and noise within each band,
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Semi−diurnal surf. tide

Surf. tide

∆T
70 m mooring

9o C

6o C

Figure 11. Time series of the first, semi-diurnal band
cEOF modes calculated separately for the horizontal cur-
rents at the 15, 30, 70, 100 and 350 m moorings of the 1996
IWAVES experiment. These modes explained 51, 62, 73,
51, and 74%, respectively, of the variance within the semi-
diurnal band at each mooring. The time series are scaled to
give a relative measure of the vertically averaged variance
of the mode. The semi-diurnal band-passed and unfiltered
surface tide are plotted below the cEOF time series. The
maximum tidal range was 2.75 m. The final time series is
the low-passed (f < 1

33
cph) temperature difference between

the topmost (z = −1 m) and bottom (z = −68 m) temper-
ature loggers on the 70 m mooring line.

while the first modes were effective at capturing most
of the variance in the peaks and their shoulders.
The structure of the first mode cEOFs of all shelf

moorings (100 to 15 m water depth) were similar to
the 70 m mooring cEOFs described above. In con-
trast, the mode one, semi-diurnal cEOF from the 350
m mooring of 1996 (Fig. 10) looked quite different.
Since the diurnal peaks were comparatively small at
this mooring, we focused only on the semidiurnal cEOF.
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Figure 12. Time series of the first, diurnal band cEOF
modes calculated separately for the horizontal currents at
the 15, 30, 70, and 100 m moorings of the 1996 IWAVES
experiment. These modes explained 73, 59, 67, and 66%,
respectively, of the variance within the diurnal band at each
mooring. The time series are scaled to give a relative mea-
sure of the vertically averaged variance of the mode. The
diurnal band-passed, surface tide is plotted below the cEOF
time series. The lowest two time series are the cross-shore
diurnal band wind speed and its variance (running-mean fil-
tered with a boxcar of length 2 days) measured at the end
of the Scripps pier, approximately 12 km N of the IWAVES
study site. Approximately 66% of the cross-shore wind vari-
ance was contained in the diurnal frequency band.

Only the lower half of the water column was sampled
here. The currents were nearly linearly polarized in the
long-isobath direction (Fig. 10c). Further, they were
bottom-intensified, with the near-bottom, long-isobath
currents being approximately twice the amplitude of
those at mid-column.
Time series of the mode one, semi-diurnal cEOFs

at each mooring of the 1996 IWAVE experiment (Figs.
11) revealed a reasonable correspondence between semi-
diurnal currents on the shelf (15 to 70 m). A puzzle was
the burst of semi-diurnal variability at the 30 m moor-
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Figure 13. Power spectra of the cross-shore (bold) and
long-shore (thin) winds at the Scripps pier (Fig. 1, approx-
imately 12 km north of the IWAVES study site) during the
summer months of 1996. Vertical lines indicate the diur-
nal, inertial and semi-diurnal frequencies. The separation
between the two vertical lines in the upper-right corner in-
dicates the spectral resolution of the spectra.

ing at the end of June that was not obviously appar-
ent at the moorings further offshore. Shelf variability
was generally low through most of July and increased
significantly by the end of the month. Thereafter, sev-
eral pulses with durations of approximately 10 to 15
days passed through. However, correlation with the
fortnightly cycle of the surface tide was not obvious.
Further, there was not an obvious correlation between
the shelf variability and the low frequency changes in
the temperature difference between the upper and lower
water column (used as a proxy for stratification) at the
70 m mooring. Variability at the 100 m mooring was
weaker than and not obviously correlated with that on
the shelf. Variability at the 350 m mooring (bottom
depths) remained high throughout the summer. Cor-
respondence between the semi-diurnal variability here
and the fortnightly beating of the semi-diurnal surface
tide was comparatively higher than that on the shelf.
The energy in the mode one cEOF diurnal currents

(Fig. 12) on the shelf had a similar temporal modula-
tion as the semi-diurnal energy. Currents were weak at
the beginning to mid-July, picked up at the end of July
and remained high through August. Packets of diurnal
variability also had a temporal width of 10 to 15 days.
Correspondence between these currents and the diur-
nal, surface tide was weak. There was also no obvious
correlation between diurnal currents and the strength of
the diurnal, cross-shore winds measured at the Scripps
pier (Fig. 1). However, the variance in the winds were
modulated on a similar slow time-scale as the diurnal
currents (10 to 15 days), and the spectrum of the cross-
shore winds revealed a very sharp peak at the diurnal
freqency (Fig. 13).
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During periods of energetic, tidal band motions, the
difference in the structure of diurnal and semi-diurnal
currents was dramatic, and was clearly seen in the band-
passed time series (Fig. 14), without the aid of statis-
tical decompositions like cEOFs.
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Figure 14. Thirteen day time series of semi-diurnal (sd)
and diurnal (d) band-passed long- and cross-isobath currents
(u and v) at the 70 m mooring of the 1996 IWAVES exper-
iment. Zero current values are contoured. The maximum
amplitude of the currents over this time range was 12 cm/s
for both frequency bands. The time scale is the same as
used in Figures 11 and 12.

Discussion

Semi-diurnal variability

Semi-diurnal variability on continental shelves is of-
ten dominated by a low-mode baroclinic structure (Baines,
1986; Rosenfeld, 1990; Braktovich, 1985; Denbo and
Allen, 1984; Sherwin, 1988; and Gordon, 1979). Rosen-
feld (1990) showed that semi-diurnal currents on the
northern California shelf, at the CODE experiment site,
had a structure similar to mode one, flat bottom waves
(single minimum near the middle of the water column,
and 180◦ phase shift between upper and lower currents)
during periods of elevated tidal energy. The phase re-
lationship between cross-shore currents and tempera-
ture revealed that the waves were propagating on-shore.
Currents were generally elliptical in both the upper and
lower water column, possibly with the upper-column
ellipes being more circular than the lower-column el-

lipses. Braktovich (1985), who conducted tidal current
studies on the shelf off of Del Mar, California (Fig. 1,
approximately 25 km north of our study site), revealed
a dominant, summer-time, semi-diurnal structure that
was similar to mode one internal waves in the cross-
isobath direction, with the lower currents enhanced rel-
ative to the near-surface currents. Long-isobath cur-
rents were uniform in amplitude with depth, and were
as energetic as bottom, cross-isobath currents. Rela-
tive phases between the two horizontal current compo-
nents were not determined. At a water depth of 15 m,
bottom, cross-shore currents and temperature fluctua-
tions were 90◦ out of phase with respect to each other
at the semi-diurnal frequency, consistent with standing
waves (Winant and Braktovich, 1981). Denbo and Allen
(1984) distinguished between clockwise and counter-
clockwise rotating semi-diurnal coherent structures us-
ing data obtained on the Oregon continental shelf. The
clockwise rotating structure was mode one-like, and
propagated onshore, while the counter-clockwise am-
plitude and phase were nearly depth independent and
weaker than the clockwise amplitude at all depths.
The semi-diurnal cEOFs described above had sim-

ilarities to each other and to those observed at the
IWAVES site, particularly in their cross-shore struc-
ture. However, details were different. In particular,
the purely cross-isobath, linear polarization in the bot-
tom half of the water column observed here was not
observed in the other studies. This structure is a puz-
zle. It is not consistent with flat bottom internal waves,
for which the ellipticity is independent of depth. Nor
is it consistent with cross-shore, progressive waves in
which there is no long-shore dependence (e.g., Wun-
sch, 1969). In that case, the ellipticity would also be
independent of depth. It seems unlikely that the semi-
diurnal motions were the result of a phase-locked, super-
position of internal tide and surface tide currents, as
assumed by Denbo and Allen1984. Barotropic currents
were much less energetic than the baroclinic currents
and appeared to play an insignificant role in tidal band
motions. For example, at the 1996, 70 m mooring, the
variance of the depth-averaged, long- and cross-isobath,
tidal band currents was a factor of 0.18 smaller than the
depth-averaged variance of the residual tidal band cur-
rents. An argument against the relative unimportance
of barotropic motions is that the barotropic and baro-
clinic tides might conspire to, at times, destructively
interfere (end of June to mid-July,1996, Fig. 11), wip-
ing out the semi-diurnal current signal across the water
column, and at other times constructively interfere (end
of July through August, 1996, Fig. 11) to produce the
energetic packets observed on the shelf.
It is likely that the semidiurnal currents have strong

long-shore dependence. The bathymetry varied in the
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long-coast direction on length scales comparable to
internal-tide, horizontal wavelengths (∼ 10 km). Promi-
nent topographic features (e.g., the shallow bank to the
southwest of the IWAVES study site, Fig. 1) may have
acted as local generation sites of internal waves, and our
study site may be in the near-field of this generation.
Studies of the long- and cross-isobath phase propaga-
tion and energy fluxes of the semi-diurnal motions are
presently being conducted.

Diurnal variability

Surface enhanced, upward phase propagating (down-
ward energy propagation), near inertial motions are
prominent in many regions of the ocean, even continen-
tal shelves (Baines, 1986 and Denbo and Allen, 1984).
Variability in the near-inertial band is typically at a
frequency about 8% higher than fi (Baines, 1986), and
are presumed to be driven by winds. Denbo and Allen
(1984) observed an upward phase speed of 1.4 mm/s
for these waves on the Oregon shelf (fi = 0.059 cph).
They also observed a small peak (compared to the in-
ertial and semi-diurnal peaks) at diurnal frequencies.
The currents within this band were clockwise, circu-
larly polarized, and were strong in the upper 15 m of
the water column and weak below (water depth = 100
m). There was no apparent vertical phase propaga-
tion. These motions were coherent with the wind stress
measured at the mooring site and were interpreted as
near-surface, wind-driven motions, with weak, rectilin-
ear, compensating, cross-shelf transport below. At our
study site, a prominent peak at the diurnal frequency
was observed, and was clearly distinguished from the
nearby, but slightly higher, inertial frequency. These
motions were observed at all locations on the slope and
shelf. The currents were clockwise, circularly polar-
ized and had an upward phase speed of 0.45 mm/s.
Therefore, diurnal energy was propagating down from
the surface, and its source was probably at the sur-
face. A possible surface source for these motions was
the cross-shelf wind stress, which had a very prominent
diurnal sea-breeze peak (Fig. 13). Correlation between
the modulation of cross-shelf wind variance observed at
Scripps pier and the modulation of diurnal motions at
the 70 m mooring was not apparent. However, the sea-
breeze observed at Scripps pier did have a comparable
time scale in the modulation of its intensity (10 to 15
days) to that of the diurnal current motions. Further,
the winds at Scripps pier may not be representative of
the winds directly at the IWAVES study site.
An interesting feature of the diurnal peaks in the ro-

tary spectra were their broad shoulders. These shoul-
ders were not present in either the surface tide nor the
wind spectra. The proximity of fd to fi may cause the
diurnal motions to have a high Q and be nearly reso-
nantly driven. Local, slowly varying currents may act to
Doppler-shift the diurnal motions from the frequency at
which they were forced and, thus, cause the broad shoul-
ders. The downward phase propagation, however, is a
puzzle. These sub-inertial, evanescent motions should
not propagate. It is possible that the relative vorticity
associated with background currents shifted the appar-
ent inertial frequency “felt” by the waves to low enough
values to make the diurnal frequency “super-inertial”.
Changes in relative vorticity could therefore act as a
switch for the diurnal waves. Investigations into these
possibilities are being conducted at present.

Acknowledgments. This work was sponsored by the
Office of Naval Research (grant number N00014-96-1-0031).

References

Baines, P. G. 1986: Internal tides, internal waves and near-
inertial motions, in Baroclinic Processes on Continental
Shelves, Coastal Estuarine Sci., vol. 3, edited by C. N.
K. Mooers, pp. 19-31, AGU, Washington, D.C.

Bratkovich, A. 1985: Aspects of the tidal variability on the
southern California shelf, J. Phys. Oceanogr., 15, 225-
239.

Denbo, D. W. and J. S. Allen. 1984: Rotary empirical or-
thogonal function analysis of currents near the Oregon
coast, J. Phys. Oceanogr., 14, 35-46.

Gordon, R. L. 1978: Internal wave climate near the coast
of northwest Africa during JOINT-1, Deep-Sea Res., 25,
625-643.

Gordon, R. L. 1979: Tidal interactions in a region of large
bottom slope near northwest Africa during JOINT-1,
Deep-Sea Res., 26, 199-210.

Rosenfeld, L. K. 1990: Baroclinic semidiurnal tidal currents
over the continental shelf off northern California, J. Geo-
phys. Res., 95, 22,153-22,172.

Sherwin, T. J. 1988: Analysis of an internal tide observed
on the Malin Shelf, north of Ireland, J. Phys. Oceanogr.,
18, 1035-1050.

Wallace, J. M. and R. E. Dickinson. 1972: Empirical or-
thogonal representation of time series in the frequency
domain, J. App. Met., 11, 887-900.

Winant, C. D., and A. W. Bratkovich. 1981: Temperature
and currents on the southern California shelf: A descrip-
tion of the variability, J. Phys. Oceanogr., 11, 71-86.

Wunsch, C. 1969: Progressive internal waves on slopes, J.
Fluid Mech., 35, 131-144.


