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Observ ations of high-frequency in ternal waves in the
Coastal Ocean Dynamics Region

JamesM. Pringle1

Woods Hole Oceanographic Institution, Woods Hole, Massachusetts, 02543

Abstract. Current meter data from the secondCoastal OceanDynamics Experi-
ment (CODE I I) for July 1982are analyzed for internal waves in the 6 to 40 cycles
per day (cpd) frequencyband. It is found that the wave �eld is anisotropic and that
the current ellipsesare oriented in approximately the cross-isobathdirection. The
squaresof the ratio of the major to minor axesof the current ellipses(the \elliptic-
it y") are consistent with a continuum of internal wavespropagating onshorebut are
not consistent with a single wave propagating onshore. The reduction of internal
wave energyacrossthe shelf is consistent with propagation from the deepoceanor
shelf break, as is the correlation betweenvertical velocities and velocities parallel to
the minor axis. However, there is evidencefor the generation of additional internal
wave energyon the shelf in the evolution of the current ellipsesacrossthe shelf and
in the bluing of the internal wave spectra acrossthe shelf. Internal wave energy
levels are elevated by a factor of 1.5 to 5 above Garrett and Munk [1972] levels at
the moorings on the 130 and 365 m isobaths. The �rst vertical mode dominates
at the 130 m isobath, the only mooring for which the vertical modal analysis was
done.

1. In tro duction

In the deepocean,away from horizontal and vertical
boundaries, the high-frequency internal wave spectrum
is well modeled by the Garrett and Munk [1972] spec-
trum (hereafter referred to as GM). In shallow coastal
regions there is no such universal description of the
internal wave �eld. Thus it is useful and interesting
to examine the internal wave climate at a particular
shelf location. The current meters and thermistors de-
ployed during the Coastal OceanDynamics Experiment
(CODE) allow one to examine how the high-frequency
internal wave spectrum changes across a continental
shelf. This is done for the central current meter ar-
ray of the CODE II experiment for the month of July
1982. An accompanying study by Pringle and Brink
[this issue] (hereafter referred to as PB) models linear
internal wave propagation from the shelf break to the
coast using a GM spectrum as the deep ocean initial
condition. To the extent that the observations and the-
ory can be comparedand di�er, it givesan idea of how
much of the internal wave energy on the shelf is gen-
erated on the shelf and how much propagates in from
the ocean. A detailed comparison of PB and the data
is impossiblebecausethe data are unable to resolve the
horizontal wavenumber spectrum of the internal waves,
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and the internal wave spectrum in the ocean adjacent
to the shelf is also unknown.

For the CODE region, high-frequency waves have
been de�ned, somewhat arbitrarily , as those with fre-
quenciesbetween6 and 40 cyclesper day. This rangeof
frequenciesis between the highest frequency of critical
topographical re
ection of internal waves (6 cpd) and
the lowest buoyancy frequencyobserved on the shelf for
the time of the analysis (40 cpd). The month of July
1982waschosenbecausethe strati�cation wasrelatively
constant throughout the month and the hydrographic
structure was generally simple. The same analysis as
presented herein can be performed for other times in
the data record. The results do not seemqualitativ ely
di�eren t, but the analysis is di�cult becauseof the un-
certainties in calculating the strati�cation at the current
meters in other months.

The high-frequencyinternal waveclimate on the shelf
is interesting, not only in its own right but alsobecause
it can a�ect diapycnal mixing [Sandstrom and Elliott ,
1984; Sanford and Grant, 1987] and the propagation
of acoustic energy on the shelf [Lynch et al., 1996]. It
has been studied by several authors, including Gordon
[1978],who analyzedinternal wavesusing current meter
data taken o� SpanishSaharaat 21◦N, 17◦W aspart of
the 1974JOINT-1 experiment. That shelfhasa bottom
slope, 2× 10−3, between those typical of the east and
west coastsof North America. Gordon concludedfrom
an empirical orthogonal function analysis that most of
the energy is in the �rst-mo de internal wavesand that
those wavespropagated toward the shore. He claimed
that energydissipation was dominated by the e�ects of
shoaling as the wavesentered shallow water and by the
subsequent nonlinear dissipative e�ects of wave break-
ing.

Another analysisof internal wavedata by Howell and
Brown [1985] is of interest becauseit was done at the
same site as the present analysis. Howell and Brown
analyzedsix internal wave soliton events that occurred
during a six day period in April 1981. They conclude
that they did observe solitons with a period of about
25 minutes, and that the events correspondedwell with
two-layer soliton theory. Howell and Brown's conclu-
sions would have to be included in any more complete
analysis of internal waveson the shelf.

2. In ternal Wave Background

Garrett and Munk [1972]codi�ed the deepwater in-
ternal wave spectrum, and their scheme has proven to
be surprisingly robust away from horizontal boundaries,
vertical boundaries, and the equator [Wunsch, 1976].
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There is no reasonto expect that it will be correct on
or near the shelf. However, since deep ocean internal
wavesmay propagateonto the shelf and sincewhatever
processesmaintain the deepoceanat the GM spectrum
may also drive the coastal internal wave spectrum lo-
cally, the GM spectrum makes a useful point of refer-
encefor any observed spectrum. In PB the propagation
of a GM spectrum onto the shelf is explicitly modeled,
but whatever nonlinear processesequilibrate the GM
spectrum in the deepoceanare not considered.

The GM spectral power density is, for horizontal cur-
rents observed by a current meter that moveswith the
subinertial current,
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with very little error.
Wunsch [1968,1969]and McKee [1973] examined in-

ternal wavespropagating in a uniformly strati�ed wedge.
The McKee solutions show that incoming internal wave
crests turn to parallel the beach in the sameway that
surfacegravit y wavesdo. They also derive the slope c
for critical internal wave re
ection o� the bottom:

c =

r
! 2 − f 2

N 2 − ! 2 (3)

If the bottom slope is steeper than c, the wave will be
re
ected back to deeper water. If the slope is lessthan
0:5c, the bottom appears locally 
at, and if the slope
is nearly equal to c, a region of strong shear will exist
near the bottom.

3. Topograph y and Coordinates

The CODE region, which is described by Beards-
ley and Lentz [1987], is centered around 123◦30W and
38◦30N, betweenPoint Arena and Point Reyes,Califor-
nia. Figure 1 shows the location of the current meter Figure 1
moorings used in the present analysis. The coastline
is straight for about 75 km, the straight portion being
approximately centered on the central (\C") moorings.
The alongshore and cross-shelfdirections are de�ned
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by the mean orientation of the coast around the cen-
tral array; the cross-shoreaxis points to 47◦T, and the
alongshoreaxis points to 317◦T. [Beardsleyet al., 1985].
The shelf break, however, is not parallel to the shore.
A coordinate system de�ned by the 365 m isobath is
rotated by about 17◦ clockwise from the coordinate
system de�ned at the shelf.

The shelf break is at about 200 m, and the slope of
the shelfaverages5×10−3 betweenC4 and C3 (130 and
90 m depth, respectively) and 5× 10−2 at C5. C5 is in
365 m of water, beyond the shelf break at 200 m.

Wunsch[1969]solvesfor the characteristic slopeof an
internal wave. If the bottom slope is greater than the
characteristic slope of an internal wave, the wavecan no
longer be represented with vertical modesand internal
wave energy re
ecting o� the bottom will be sent back
to the deep sea(PB). Since much of the analysis here
considers the propagation of internal waves from the
deepoceanonto the shelf, the analysiswill be restricted
to frequencieswhosecharacteristic slope is everywhere
greater than the bottom slope. This is true when

! >

r
f 2 + � 2N 2

1 + � 2 ≈
p

f 2 + � 2N 2; (4)

where � is the bottom slope. An N of 100 cpd, an f
of 1.24 cpd, and a maximum bottom slope on the shelf
break of 6× 10−2 restricts the analysis to frequencies
greater then 6 cyclesper day. This also avoids internal
wavesat the tidal and inertial frequencies,whoseforc-
ing mechanismsare likely to be di�eren t than the forc-
ing mechanismsof the higher-frequencyinternal waves.
The critical frequency on the shelf, with its slope of
5× 10−3, is only 5% higher than f , and so is not near
the frequenciesanalyzedhere.

4. Hydrograph y

The month of July 1982 was chosenfor analysis be-
cause the hydrography had a simple relationship be-
tweentemperature and density, which allows the calcu-
lation of density � from the temperaturesT observed at
the current meters. The overall hydrography is typi�ed
by Figure 2, an averagefor the April to July upwelling Figure 2
season(Figure 2 is drafted from Kosro and Huyer [1986,
Figure 24]). It is similar to the two sections taken on
July 16 and 19, 1982,and the many other conductivit y-
temperature-depth (CTD) caststaken in July [Huyer et
al., 1983].

A relation betweentemperature and potential density
wasformed from the CTD caststakenduring July in the
CODE region on the shelf and shelf break. Only data
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from lessthan 400 m were usedto obtain the relation

� = −0:1781T + 27 T < 7:74◦C (5a)

� = −0:2633T + 28 7:74◦C < T < 9:212◦C (5b)

� = −0:1975T + 28 T > 9:212◦C (5c)

This includes both the e�ect of the nonlinearity of the
equation of state and the observed T=S relation. The
RMS di�erence between(5) and the density computed
with the full equation of state is 0.085kg m−3. To pro-
vide con�dence in this empirical relation, the buoyancy
frequencyfrom the CTD sectionsis plotted ascomputed
from the full equations of state and as computed from
(5a)-(5c) (Figure 3). Though not a rigorous test, since Figure 3
it usesthe samedata as used to derive the � =T rela-
tion, it is reassuring that there are few outliers. This
� =T relation allows one to compute densities from the
temperature recordsat each current meter. A represen-
tativ emiddepth time seriesof N 2 is shown for the water
between 55 and 70 m at the C4 mooring in Figure 4. Figure 4
The temperature data used for Figure 4 were low-pass
�ltered with a half-amplitude passat 3.25 times the in-
ertial period (f =1.24 cpd) and a full-amplitude passat
4 times the inertial period. This removes the displace-
ments in the density �eld causedby the internal waves.

5. Low-Frequency Curren ts

Unfortunately , the high-frequency data needed to
study internal waves were only archived for the moor-
ings at the 130 and 365 m isobaths. There are only
hourly data available for the moorings shoreward of
130 m. Thus most of the following analysis can only
be done with the C5 mooring in 365 m of water and
the C4 mooring in 130 m of water. The C4 mooring
had usablecurrent meters at 10 and 20 m on a surface
mooring and at 35, 55, 70, 90and 121m on a subsurface
mooring 100m away. The C5 mooring had instruments
at 20, 35,55, 70, 90,110,150,250,and 350m [Beardsley
et al., 1985].

The alongshoresubinertial currents during July had
two main characteristics. At the 90 m (C3) and 365 m
(C5) moorings, alongshore
o w was equatorward (v ≈
−5 to −15 cm s−1) for the �rst 15 days of the month
and poleward the next 16 days (v ≈ 5 to 15 cm s−1).
This was also true of the alongshore currents at 90
m and below at the 130 m (C4) mooring. However,
the currents werepersistently equatorward in the water
above 90 m at C4. The cross-shelfcurrents were less
vigorous than the alongshorecurrents. The barotropic
current at C4 is equatorward for the �rst 15 days and
nearly zerofor the next 15 days. Figure 5 showsplots of Figure 5
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representativ e alongshorecurrents at C3, C4, and C5.
For more information on the low-frequencycurrents, see
Winant et al. [1987].

6. Analysis at Individual Curren t
Meters

The GM model makesthree strong statements about
the internal wave spectrum in the deep ocean. The
shape of the power spectrum of horizontal currents goes
roughly as ! −2, the energy level is �xed, and the spec-
trum is isotropic. However, it will be shown below that
the shape of the internal wave spectrum on the shelf
varies acrossthe shelf, the internal wave energy levels
vary with mooring and time, and the spectra are never
isotropic.

Figure 6 shows power spectra of velocity from the Figure 6
C5, C4, and C3 moorings, at depths chosen because
they illustrate well the general trends of the spectra.
The power spectra are computed with half-overlapped
Welsh windows of period 4� =f , so that the spectra re-
solve the full internal wave band including tidal and
inertial frequencies(though thesepeaksare not promi-
nent in the data). The spectra becomelessred as one
movesonshore,the energy levels decrease,and the cur-
rent ellipsesare not the circles that GM predicts for the
deep ocean. In section 7 it will be shown with energy
arguments that the high-frequency data are consistent
with internal waves.

6.1. Horizon tal Curren t Kinetic Energy

The total meansquarecurrent, u2 + v2, in the 6 to 40
cpd wave band is plotted for current meters C4 and C5
in Figure 7. The mean squarecurrent has beenscaled Figure 7
by the GM spectrum for the time-averagedbuoyancy
frequency, so a value of 1 would match the kinetic en-
ergy in the GM spectrum. The power at both locations
is consistently larger than the GM power. The power
at the C5 mooring is greater than at the C4 mooring,
both when integrated over the water column and aver-
agedover the water column. The depth-averagedpower
is reducedby a factor of about 1.5 betweenC5 and C4,
while the depth-integrated power is reduced by about
4, which is consistent with the frictional dissipation of
shoreward propagating internal waves as described by
Brink [1988] and modeled in PB, and it strongly sup-
ports the idea that most of the internal wave energy
on the shelf is propagating in from the deep ocean or
shelf break and being dissipated as it movesshoreward.
If energy were propagating adiabatically from o�shore,
both the power integrated over the water column and
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the power per vertical distance should increasetoward
the shore as the waves shoal (PB). If the waves were
propagating from the coast outward, the power should
likewise increase shoreward, with or without friction,
becauseboth friction and shoaling work to reduce the
energyin the waveasit moveso�shore. Thus the reduc-
tion of internal wave power as one movescloser to the
shore is a robust indication that energy is propagating
from the deep ocean or shelf break and is being dissi-
pated as it moves to the shore. The limited amount of
data at the 90 m C3 mooring (Figure 6) indicates that
the internal wave energy continues to decay acrossthe
coast, again consistent with PB.

The enhancedenergy near the surface and the bot-
tom at C4 suggeststhat the internal waves there are
dominated by the �rst baroclinic mode, which is con-
sistent with the modal analysis presented below. The
lack of a similar enhancement at C5 arguesthat mode
1 is not dominant in the deeper water.

6.2. Spectral Shap e

In Figure 6 one can see that the log-log spectral
slope becomeslesssteepasonemovestoward the shore.
This is con�rmed by Figure 8, which shows the spectral Figure 8
slopesat all the current meterson the 365m and 130 m
moorings. The slope is computed from a linear least
squares�t betweenthe log of the power and the log of
the frequenciesanalyzed. There were not enoughspec-
tral data to analyze robustly the power laws at the C3
site. The slopesat the 365 m mooring are around 1.8,
except for the deepest current meter, where the slope
is steeper. The slopes for the 130 m mooring cluster
around 1.5. Sincethe 1 standard deviation uncertainty
of the �ts is lessthan 0.06, theseslopesare signi�can tly
di�eren t. The reduction of the slope of the shallow wa-
ter spectra is puzzling if oneviews the internal wavesas
propagating in from the deepsea. Sincethe wavesdecay
at a roughly constant rate per unit time [Brink , 1988;
Sanford and Grant, 1987; PB], one would expect the
high-frequencywaves,which areslower, to bedissipated
more strongly per unit distance as they move onshore.
This would reddenthe spectrum by selectively dissipat-
ing the higher-frequencywaves. The resolution of this
discrepancymay lie in a conjectural nonlinear interac-
tion that transfers energy from low-frequencywavesto
higher-frequencywavesor in the preferential generation
of high-frequency internal waves on the shelf or shelf
break. For instance, the high-frequency internal soli-
tons found by Howell and Brown [1985] could, if gen-
erated between the 365 m and 130 m site, account for
someof the extra high frequency energy. The relative
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excessof high-frequencyenergyover low is the greatest
disagreement betweenPB and the data.

6.3. Lack of Isotrop y: Predictions From PB

The GM spectrum is isotropic, but it is no surprise
that the internal wave spectrum has a strong polar-
ization near the coast. McKee [1973] studied internal
wavespropagating into a wedge-shaped topography. He
noted that internal wavecreststurn to parallel the coast
as surface gravit y waves do. This tends to focus the
wave energy toward the coast.

If the internal wavesstart at the shelf break with no
preferred orientation, those that propagate toward the
coast turn, so that their crests becomemore parallel
to the coast. Since internal waveshave current ellipses
whosemajor axesareoriented in the direction the waves
are propagating, this turning toward the coast tends
to make the current ellipsesperpendicular to the local
bathymetry.

If the wavesare generatednear the shoreand radiate
outward, their orientation depends sensitively on the
sourcelocation and the orientation of the wavesgener-
ated at the source. Sincecurrent ellipsesare symmetric
around their major and minor axes, the shape of the
ellipse does not indicate whether a wave is coming on
or o�shore. Wavesthat are generatedat the shorebut
radiate at an angle to the shorewill be trapp ed shore-
ward of a depth that decreasesas the magnitude of the
angle to the normal of the shore increases.The ellipse
orientation of a trapp edwavedependssensitively on the
trapping depth and variesas the wave crossesthe shelf,
and so it dependssensitively on the sourcegeometry.

A mean 
o w can also alter the internal wave geom-
etry. There are many possible e�ects. Current shear
alters the local relative vorticit y and hencethe appar-
ent f [Kunze, 1985]. The internal wave can trade en-
ergy back and forth with the mean current [Lighthil l,
1978]. The e�ect that is found in PB to be dominant
at these frequenciesand for realistic mean currents is
the e�ect of Doppler shifting a red spectrum. A current
will Doppler shift the observed wave, sowavestraveling
with the mean current will be observed at frequencies
higher than their intrinsic frequency, and those travel-
ing against the current will be observed at lower than
their intrinsic frequency. If the spectrum of the inter-
nal waves in the referenceframe of the mean current
is red, as it almost certainly is, then the amplitude of
the wavestraveling with the current, which have lower
intrinsic frequencies,will be greater. Becauseof this,
the current ellipse will be shifted in the direction of the
current.
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All of thesee�ects operate at the sametime, so dis-
tinguishing the relativecontributions of each in the data
is hard. PB presents a model of thesee�ects for waves
of a GM spectrum at the shelf break propagating over
the shelf. The model uses ray tracing to follow the
horizontal path of internal wave vertical modesand as-
sumesthat near the shelf break the path of the inter-
nal wavesbecomescontrolled by the bathymetry. This
naive treatment of the shelf break, as well as the lack
of any alongshorevariation in currents and the disre-
gard of any nonlinear e�ects other than wave interac-
tion with a mean 
o w, are the primary weaknessesof
the model. However, its simplicit y has the advantage
that its predictions can be easily summarized as fol-
lows: (1) Topographic refraction makes the major axis
of the current ellipsesperpendicular to the isobaths. (2)
The ellipticit y of the current ellipse, which is the ratio
of the horizontal current power in the major axis di-
rection to the power in the minor axis direction, will
increase closer to shore but will not depend strongly
on wave frequency. Currents of the magnitude seenin
the CODE region will not greatly changethe ellipticit y.
(3) The current will tend to shift the major axis of the
current ellipse downstream, that is for a positive mean
current the angle of the major axis to the cross-shore
direction is positive (seeFigure 9). For a bathymetry Figure 9
such as that in the CODE region, the mean currents
will shift the major axis of the current ellipseof vertical
mode 1 and mode 2 waves by only 5 to 15◦away from
the cross-isobathdirection for mean currents lessthan
20 cm s−1.

In order to disentangle the e�ects of topography and
alongshorecurrent in the data, two types of analysis
will be performed. First, the ellipticit y and orientation
of the currents as a function of frequency for each cur-
rent meter will be analyzed for two time subperiods,
one for when the mean currents were predominantly
poleward, one for when they were predominantly equa-
torward. Then, sincethe predictions of the e�ects of the
alongshorecurrent depend on the vertical mode struc-
ture of the wave, a similar analysis will be done on the
the modally decomposeddata. It is also with this de-
composition that the direction of propagation of the
waves can be determined, and the power in the verti-
cal and horizontal currents can be comparedto internal
wave theory.

6.4. Ellipticit y

Oneobservablethat indicatesanisotropy is the square
of the ratio of the major to minor axis of the current
ellipse(the \ellipticit y"). This is the ratio of the powers
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in the horizontal currents in a coordinate systemaligned
with the major axis. For a single plane wave it varies
with frequency as ! 2=f 2. For an isotropic spectrum
on an f plane, it is, of course, 1. The theory in PB
predicts that the ellipticit y of a continuum of wavesover
the shelf should not be a function of vertical mode and
only a weak function of ! and meancurrents, until near
the coastwhen all the waveshave beentopographically
refracted to benearly perpendicular to the coastor until
the meanalongshorecurrents becomestrong enoughto
absorb or re
ect the waves, neither of which occurs at
the C4 or C5 sites.

In order to collapse the data at each current meter
in each subperiod into a singlenumber, the ellipticit y is
calculated for each frequencybetween6 and 40cpd, and
those ellipticities are averagedwith a constant weight-
ing, ignoring the di�erences in energyat each frequency.
Since the spectra are red, any power-weighted average
is approximately the ellipticit y at 6 cpd and thus not
much more useful than only examining the ellipticit y at
6 cpd. The averagesare therefore made without power
weighting in order to increasethe robustnessof the sta-
tistical tests applied to the averages. Averaging the
ellipticit y over a rangeof frequenciesis a sensiblething
to do for a random isotropic wave spectrum, for each
frequency is an independent sample. However, averag-
ing the observedellipticit y over a rangeof frequenciesis
still troublesome,for any nonlinear interaction between
the waves could intro duce correlations between mea-
surements made at di�eren t frequencies. Nonetheless,
there is no consistent variation of ellipticit y with fre-
quency for various current meters, an observation that
agreeswith the result in PB that ellipticit y should be a
weak function of ! . This can be seenin the spectra in
Figures 6 and 10, in which there are no consistent varia- 10
tions in the ratio of the power spectra of the cross-shore
and alongshorevelocity in the 6 to 40 cpd frequency
range.

As an observed quantit y, ellipticit y is di�cult to an-
alyze, for any random time seriesof currents will have
an ellipticit y of 1 or greater. Thus the sample aver-
ageellipticit y of an observed isotropic spectrum will be
greater than 1, even though the expected averagewill
asymptote to 1 as the length of the record increases.
However, for this analysis the ellipticit y at a given fre-
quencyis di�eren t from an isotropic spectrum with 80%
con�dence if its ellipticit y is greater then 1.37, and the
averageellipticit y over the 6 to 40 cpd frequency band
consideredhere is di�eren t from an isotropic spectrum
at the 95% level if the ellipticit y is greater then 1.37.
That both signi�cance levels are 1.37 is a coincidence.
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These signi�cance levels were found by a Monte Carlo
technique: the distributions of ellipticit y from 105 syn-
thetic isotropic time serieswascomputed, and from this
the con�dence levels were obtained.

Only oneof the 32 estimatesof the averageellipticit y
of the data in Table 1 fails to be di�eren t from white Table 1
noise at 95% con�dence, so the data must be consid-
ered anisotropic. The averageellipticities in Table 1 lie
between2.8 and 1.4, except for the bottommost current
meter at C4, whoseellipticit y is ≈ 4:75 for the whole
record. At C4 the ellipticities are enhancednear the top
and bottom to levels that are near the levels that will
be obtained for the mode 1 wavesin the modal decom-
position below. This is consistent with the idea that
the internal wave energy at C4 is dominated by mode
1 and suggeststhat this is not true for C5. None of
the current recordshasellipticities near the ! 2f −2 pre-
dicted for a single internal wave, so the internal wave
�eld cannot be made up of a single wave propagating
in from the shelf break, but the results are consistent
with an ensemble of internal wavespropagating across
the shelf.

PB predicts that if all of the internal waves on the
shelf had originated as an isotropic wave �eld in the
deepocean,the ellipticit y of the current ellipsesshould
increaseas the waves move toward the coast. This is
not observed, again suggestingthat there is wave gen-
eration or modi�cation on the shelf. Waves generated
on the shelf would also tend to be turned toward the
coast by the topography and thus become consistent
with the PB picture closer to shore. A more detailed
comparison to the model in PB is not practical, for
there is not enough information in the current meter
recordsto compute the horizontal wave number spectra
at the current meter moorings, and thus it is impossi-
ble to compensatefor the naivete of PB's internal wave
boundary conditions at the shelf break or to diagnose
what waves are generated on the shelf or at the shelf
break betweenC5 and C4.

Interestingly, 13 out of 16 current meters at C5 and
C4 had greater ellipticities in the second half of the
month, when the water was 
o wing poleward or less
equatorward. The PB model does not predict this ef-
fect, which may be causedby alongshorevariation in
the mean 
o w or localized generation of internal waves
on the shelf or shelf break.

6.5. Curren t Ellipse Orien tation

From the angleof the major axis of the current ellipse
to the cross-shoredirection, one can get a good con-
straint on the direction of propagation of energy since
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the current ellipse, horizontal wave vector, and intrin-
sic group velocity are parallel for a single wave. The
mean current will Doppler shift the frequency but not
changethe current ellipse angle of a single wave. How-
ever, the orientation of the major axis is ambiguous to
the direction of wave propagation by 180◦, so the �nal
determination of the direction of energy propagation
must useother methods, such as the evolution of cross-
shelf power presented above or the correlation between
velocities presented later.

The orientation of the major axis of the current ellipse
is the angle the major axis makes to the cross-shore
direction. The angle is constrained to be between-90◦

and 90◦ and is de�ned in Figure 9 as being positive in
the counterclockwise sense.

Figure 10 includes plots of the ellipse orientation for
the 55 m current meter at the C5 mooring. It illus-
trates a surprisingly constant major axis angleover the
6-40 cpd range of the analysis. The scatter of the an-
gles in Figure 10 is smaller than in most other records,
but none of the other records shows a trend in the el-
lipse orientation with frequency. Sincethe observed an-
glesshow no consistent relation to frequency, they have
beenaveragedover the usual range of frequencies.The
averagesare in Table 1. The signi�cance estimate was
again formed with a Monte Carlo technique, in which
105 synthetic isotropic random time serieswerecreated,
and ellipse orientations as a function of frequencywere
formed as with the data. The mean angle was de�ned
as the angle that is closest to all the angles in a least
squared distance sense. Angular distance was de�ned
as being between−� =2 and � =2 becauseellipse angle
is ambiguous to a � radian rotation. The standard de-
viation of anglesaround this mean was found for each
synthetic isotropic series, and a distribution of these
standard deviations was found. The standard devia-
tion of the angles in the data was then compared to
the distributions of the synthetic data. All but one of
the current meter records have angleswhosedistribu-
tions are signi�can tly (> 95%con�dence) di�eren t from
an isotropic wave �eld. This again shows that the wave
�eld must be consideredanisotropic

Several conclusionscan be drawn from the anglesin
Table 1. Thirt y-one of 32 averagedanglesare negative,
and many arenear the -17◦ valueconsistent with bathy-
metric steering and, thus are consistent with linear in-
ternal waveenergypropagating to the shore. (The shelf
break is rotated relative to the shoreby -17◦.) The an-
glesat C4 aremorenegativewhenthe bottom half of the
water column 
o ws to the equator, as the Doppler shift
theory in PB would predict. Conversely, the anglesat
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C5 are lessnegative when the currents are 
o wing equa-
torward. This is puzzling, for it is not what PB would
predict, and the di�erence is in the sign of the e�ect,
not just the magnitude. Perhapssomealongshorevari-
abilit y in the currents is focusinginternal waves. The 20
m current meter at C4 has current ellipseswith angles
of ≈ -60◦ to the cross-shelfdirection with very little
scatter with frequency. This anomalousresult could be
causedby the brokencurrent meter bladesfound on one
of the rotors upon recovery of the mooring.

7. Mo dal Decomp osition

From a modal decomposition of the data, the direc-
tion of wave propagation can be found, the vertical
structure of the wavescan be found and more detailed
comparisonscan be madeto the PB theory. The power
in the horizontal and vertical currents canalsobeshown
to be consistent with linearized internal waves. Unfor-
tunately, decomposition into vertical modes can only
be done at C4, for the current meters at C5 are badly
spacedfor a decomposition, and the hourly data at the
shallower site make it di�cult to compute robust statis-
tics. The details of the decomposition have beenleft to
the appendix, but a summary follows. Using the mean
buoyancy pro�le for the month (Figure 11), the vertical Figure 11
modal structures are calculated for a frequency of 10
cpd, so f 2 � ! 2 � N 2: These modes, also illustrated
in Figure 11, are shown in PB not to vary substantially
with frequency for frequenciesgreater than the critical
frequencyof re
ection and lower than the buoyancy fre-
quency. It is these restrictions that de�ne the 6 to 40
cpd frequencyrangeto which the gathering of statistics
is con�ned. The modesare �t at each time step to the
current meter data, with u, v, and w �t independently .
The �t is optimal in a least squaressense. The verti-
cal velocity w is determined from the time derivative of
temperature and the vertical gradients of temperature.

For this decomposition, only the �rst two modesare
estimated with con�dence. These two modes account
for 71% of the cross-shorecurrent variance, 50% of
the alongshorevariance, and 66% of the vertical veloc-
it y variance in the frequency range analyzed. Table 2 Table 2
breaks this down by variable and mode. The angle of
the current ellipsesand the ellipticit y of the current el-
lipse for the mode 1 wave are shown in Figure 12. Figure 12

The ratio of the power in the horizontal currents to
that in the vertical currents for a given mode can be
used to check if the high-frequency data are consistent
with internal waves. The ratio of the horizontal current
power to the vertical current power for a given mode
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should be [Fofono� , 1969;PB]


v2

�
+



u2

�

〈w2〉 =
N 2 − ! 2

r

! 2
r − f 2

�
1 + f 2! −2

r

�
; (6)

for an ocean with a constant N , where ! r is the fre-
quencyof the wave in a frame of referencemoving with
the barotropic water velocity. PB demonstratesthat re-
placing the constant N with a depth-averagedN makes
little di�erence if ! 2

r � N 2
min , where Nmin is the small-

est N in the water column, in this caseabout 50 cpd.
The ! r di�ers from ! by (PB)

! r = ! − sin(� )V
M �
D

c; (7)

where V is the along-shelfbarotropic current, M is the
mode number, D is the water depth, and � is the orien-
tation of the internal wave to the cross-shelfdirection.
V varies with time, and at any given frequency there
is an ensemble of waves with varying orientations and
amplitudes. In Figure 13 the results for modes 1 and Figure 13
2 are plotted with the curvespredicted by (6) and (7)
for V = ±10 cm s−1 and � = ±24◦, the latter being
the current ellipse angle for mode 1, described below.
The data agreewell with the curvesfrom (6), especially
with the curve in which � and V are oriented in the
samedirection, as they are in the data.

The most robust result of the decomposition is that
the �rst mode is dominant at C4. In the cross-shelfve-
locity the �rst mode explains 53% of the variance, the
secondexplains 17%. In the along-shelf direction, the
numbers are 35% for the �rst mode and 15% for the
second,while in the vertical velocity they are 53% in
the �rst mode and 15%in the second.The lower power
in the �rst-mo de alongshorecurrents compared to the
cross-shelfand vertical velocities suggeststhat waves
trapp ed to the coast are less dominated by the �rst
mode. The higher power in mode 1 is consistent with
Brink [1988], who predicts that modal internal waves
decay at a constant rate per time. Thus, if the waves
are coming from the shelfbreak, thosethat travel faster
will be the least dissipated when they reach a mooring
on the shelf. Since second-mode waveshave group ve-
locities half as large as �rst-mo de waves,they ought to
be and appear to be more attenuated than �rst-mo de
waves. Of course,there may havesimply beenlessmode
2 energyentering the shelf from the deepoceanor gen-
erated at the shelf break. A more detailed compari-
son betweenmodel and theory is thwarted by a lack of
knowledgeof the relative strength of the modes at the
shelf break.

Becausethe internal waves at C4 are dominated by
the �rst mode, the top and bottom current meters
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should be coherent with each other and incoherent with
the middepth current meter. This is the case,and the
coherencebetweenthe deepest current meter at C4 and
a middepth and surfacecurrent meter is plotted in Fig-
ure 14. The horizontal currents are≈ 180◦ out of phase Figure 14
betweenthe top and bottom current meters,again con-
sistent with a mode 1 wave (not plotted).

The coherenceallows one to investigate the modal
structure of the internal wavesat a mooring even if the
current meters are poorly spacedfor a modal decom-
position. Figure 14 plots the coherencebetween the
bottommost current meter at the C5 mooring and a
middepth and surfacecurrent meter. The lack of coher-
encebetweenthe bottom current meter and the surface
current meter supports the idea that mode 1 does not
dominate at C5 (seesection 6.1).

The orientation of the modal current ellipses at C4
is nearly crossisobath, though the orientation changes
somewhat with time and mean currents. The depth
mean current is equatorward for the �rst 15 days of
July and nearly zerosubsequently [Winant et al., 1987].
Nevertheless,the �rst-mo deangleis hardly changed,re-
maining about -24◦ as the current changes,while the
slower secondmode changesits angle from -33◦ when
the bottom current is equatorward to -13◦ when the
current is poleward. This 20◦ changein angleis compa-
rable to the 10◦ swing predicted by PB for a 10 cm s−1

barotropic current and an isotropic GM spectrum at a
400 m shelf break. In the end, however, the magni-
tude of the predicted e�ect of mean current on angle is
small, and the uncertainties in the predictions and the
data analysis are large. Thus while the second-mode
data are not inconsistent with the Doppler shift model
in PB, nor are they inconsistent with the simpler model
that ignores currents and says that the waves will be
perpendicular to the local bathymetry and propagating
toward the shore.

PB predicts that the internal wave �eld propagating
in from the shelf break will be focused into a narrow
range of angles,and thus the ellipticit y of the currents
will becomeindependent of frequency and mode. Un-
fortunately, the predictions of what the ellipticit y will
be in PB aresensitive to evensmall amounts of waveen-
ergy generatedon the shelf. Any wavesgeneratedon the
shelf can reducethe ellipticit y by an order of magnitude
if the maximum o�shore extent of thosewavescoincides
with the position of the mooring, even if the energygen-
erated on the shelf is much lessthan the incoming inter-
nal waves. The ellipticit y of the observed mode 1 waves
is about 3.6, while that of the secondmode is 2.3, with
neither showing an obvious frequencydependence.This
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suggeststhere is relatively more alongshorepropagat-
ing energy in the secondmode than in the �rst. Also,
for both modes the ellipticit y increasesin the second
half of the month, though only in the �rst mode is this
increasesigni�can t, from 3.29 to 4.34. This suggests
a decreasein alongshoreenergy in the secondpart of
the month. The tentativ enessof this analysis indicates
the di�cult y of understanding the internal wave �eld
without somemeasureof the horizontal wave number
spectrum.

The modal data can help to determine the direction
of internal wave propagation. To do this, it is necessary
to de�ne the \sp ectral correlation coe�cien t." This is
the normalized cospectrum of two time seriesat a given
frequency, de�ned as

〈vw〉 =
Covw√
Pvv Pww

; (8)

where Covw is the cospectrum of v and w and Pvv and
Pww are the power at a given frequency in v and w,
respectively. The structure of an internal wave propa-
gating in the x direction is, when represented modally,

u = −1
k

dW
dz

sin(kx − ! t + � ) ; (9a)

v =
f

k!
dW
dz

cos(kx − ! t + � ) ; (9b)

w = W (z) cos(kx − ! t + � ) ; (9c)

wherek is the wave number, ! is the angular frequency,
and � is a phase(PB). From (9a)-(9c) it is easyto see
that for a single plane wave traveling in the positive x
direction, the correlation 〈vw〉 is 1 and the major axis
of the internal wave is oriented along the x axis. Thus,
for a single wave, once the angle of the major axis of
the current ellipse has beendetermined for a given fre-
quency, the mean direction of wave propagation along
the major axis can be determined from the sign of the
correlation of the vertical velocity and the current in
the minor axis direction. Unfortunately , for a set of in-
ternal wavespropagating onto the coastwith a rangeof
angles,the computation of the correlation is more com-
plicated. As a simpli�ed version the model in PB, the
correlation is calculated assuming waves of equal am-
plitude and random phasepropagating at anglesfrom
-� c to � c around the major axis. Computing the theo-
retical correlation of the minor axis velocities and the
vertical velocities for modally decomposedwavesof ran-
dom phaseand constant amplitude, one obtains

〈vw〉 =
2f
! sin(� c)

r

2� c

�
1 + f 2

! 2

�
+ � c sin(2� c)

�
f 2

! 2 − 1
� ; (10)
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where � c is computed in PB asa function of � , the ratio
of the water depth at the observation site to the depth
where an internal wave �rst \feels" the bottom:

� c = arctan
�

1√
� −1 − 1

�
: (11)

� c is shown as a function of � and 〈vw〉 is shown as a
function of � c in Figure 15. Assuming � ≈ 0.3 to 0.4 Figure 15
for the 130m site, the correlation should lie between0.1
and 0.4. Correlations of 0.1 to 0.4 for a singlefrequency
are hard to distinguish from white noise. However, it
becomespossibleto test for propagation onshoreif the
test is whether the correlation is positive. This test
distinguisheswavesgoing onshorefrom a random wave
�eld, whosecorrelation would be randomly distributed
around zero, and also from wavespropagating o�shore.
It cannot test between various models of the distribu-
tion of energywith angle. The test is made by rotating
the data at each frequencyso that u is in the direction
of the major axis that points onshoreand v is parallel
to the minor axis, which makes the coordinate system
right-handed. Then the correlation 〈vw〉 is formed and
plotted in Figure 12. Table 3 gives the percentage of Table 3
frequencieswhose correlation is positive and the con-
�dence that this percentage is distinguishable from an
isotropic internal wave �eld. Sinceu is rotated so that
the onshorecomponent of a positive u is positive, when
〈vw〉 is positive, the wavesare propagating onshore. All
of the mode 1 data are consistent with onshore prop-
agation at a better than 93% level, while the mode 2
data are only consistent with onshorepropagation be-
fore July 15. The mode 2 correlations after July 15 are
indistinguishable from white noise.

There are some caveats to this method. The cor-
relation is very sensitive to the range of angles over
which the wavesare propagating. Thus, if an ensemble
of wavespropagated onshoreat a range of anglesfrom
-10◦ to 10◦ and the sameamount of energy went o�-
shorespreadbetween-30◦ and 30◦, this method would
indicate that energy was propagating into the shore.
These are the limitations of not measuring the wave
number spectrum directly.

8. Variation in Power With Space and
Time

Inherent in the GM spectrum is an assumption that
the energylevelsof the internal wave spectrum are con-
stant with time. This is not true for the internal waves
on the shelf in the CODE region. The determination
that the energy levels are not stationary is tric ky, for
any �nite-length moving averageof a truly random time
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serieswill 
uctuate. These 
uctuations are larger for a
red spectrum. Figure 16 is a plot of a 2 day moving Figure 16
average of the power over the 6 to 40 cpd frequency
band from the 35, 70, 90, and 121 m current meters
at C4, along with 1 standard deviation error bars com-
puted from the periodograms. The error bars account
for the rednessof the spectrum. The meanenergyis also
plotted. The standard deviations of the data are small
enough and the degreesof freedom large enough, that
the chi-squaredistributions canbeconsideredGaussian.
The observations from 35 m weremore than 1 standard
deviation from the monthlong mean 32% of the time,
at 70 m for 68% of the time, at 90 m for 67% of the
time, and at 121 m for 80% of the time. For a station-
ary Gaussian-distributed time series, this should only
be true 34% of the time, indicating that the power lev-
elsare not stationary. The variations of the power from
the meanpower are not more than a factor of 2.5. Very
similar results hold for an analysisdoneover the months
of June, July, and August, though the uncertainty in
the interpretation increaseswith the uncertainty in the
background strati�cation over this longer time period.

Neither the 
uctuations in N plotted in Figure 4 nor
the 
uctuations in the along-shelf wind in Figure 17 Figure 17
show any correlation with the power 
uctuations. This
is also true for the time seriesof N at the other depths,
the time seriesof winds at other nearby locations, and
the time seriesof alongshorecurrent and current shear.
Perhapsthe 
uctuations in internal wave power are the
results of the focusing of internal waves by alongshore
variations in the current �eld.

9. Discussion and Conclusion

The observations can be summarized by contrasting
those results that are consistent with internal wave en-
ergy existing in the deepoceanas a GM spectrum and
propagating onto the shelf and those results that sug-
gest that waves must also be generated, or at least
severely modi�ed from the predictions of a linear theory,
on the shelf or at the shelf break.

The decline of total energy levels approaching the
shorestrongly supports the model of wavesoriginating
in deep water or at the shelf break and being eroded
by friction as they propagate onshore. In a scenario
with no friction or any scenario for generation of out-
ward propagating wavesnear the shore,the energylev-
els would be expected to increasenear the coast.

The orientation and ellipticit y of the current ellipses
are consistent with an ensemble of internal wavesprop-
agating in from the deep ocean, though the failure of
the ellipticit y to increase shoreward (as predicted by
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PB) suggeststhat wavesgeneratedon the shelf are also
propagating onshore, thus broadening the angular dis-
tribution of the waves. Propagation toward the coast is
also supported by the sign of the correlation of the ver-
tical and minor axis velocities of modes1 and 2 waves.

The dominance of mode 1 waves at the C4 site is
again consistent with the frictional model in PB, since
mode 1 waves are the least a�ected by friction. This
argument cannot be made more convincing, however,
without better knowledgeof how deepwater modespen-
etrate onto the shelf. It seemsthat mode 1 does not
dominate at C5.

There are facts that con
ict with the picture in PB
and indicate that while a GM spectrum propagating in
from the deepoceanor shelf break is probably the dom-
inant sourceof internal waveson the shelf, it is certainly
not the only one. It may be that a signi�can t portion
of the internal wave energyon the shelf is generatedon
the shelf. It may also be that the theory is too naive
in its linearit y, in its simple assumption that the along-
shore current is barotropic, or in its assumption of no
alongshorevariabilit y in topography on frequency.

The most puzzling �nding is that the spectrum be-
comeslessred closerto shore. The slower high-frequency
wavesshould be dissipated more rapidly than the low-
frequency waves. The observed bluing of the spectrum
means that either energy is being generated preferen-
tially at higher frequencieson the shelf or that nonlin-
ear interactions are shifting the energy in the spectrum
to the higher frequencies.

Thus the most plausible qualitativ e synthesis of ob-
servations is of a GM spectrum propagating onto the
shelfaccompaniedby shoreward propagating wavesgen-
erated on the shelf. In order to clarify this possibility,
it would be necessaryto have observations of the modal
structure of the wavesat several di�eren t locations and
ideally someknowledge of the directional spectrum of
the waves.

It is also worth observingthat on continental shelves
broader than at the CODE region, PB indicates that it
is likely that dissipation would eliminate all wavesfrom
the deepoceanbeforethe shoreis reached, which would
considerably alter the internal wave climate.

App endix

In a 
at bottom ocean the internal wave spectrum
can be broken into vertical modes that are orthogonal
to each other [LeBlond and Mysak, 1978]. Given u and
v as horizontal velocities and w as the vertical velocity,
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the linearized system of equationson an f plane is

@u
@t
− f v = − 1

� 0

@P
@x

; (A1a)

@v
@t

+ f u = − 1
� 0

@P
@y

; (A1b)

@w
@t

= − 1
� 0

@P
@z
− �g

� 0
; (A1c)

@u
@x

+
@v
@y

+
@w
@z

= 0; (A1d)

@�
@t
− � 0

g
N 2(z)w = 0: (A1e)

This systemadmits internal wave solutions of the form

u = −1
k

dW
dz

sin(kx − ! t + � ) ; (A2a)

v =
f

k!
dW
dz

cos(kx − ! t + � ) ; (A2b)

w = W (z) cos(kx − ! t + � ) ; (A2c)

where � is a phase,k is the horizontal wave number, !
is the angular frequency, and W (z) is the vertical modal
structure. W (z) is determined by

d2W
dz2 + k2

�
N 2(z) − ! 2

! 2 − f 2

�
W = 0 (A3)

with W = 0 at the surfaceand bottom. If N is constant,
W has the form

W = sin
�

M �
D

z
�

M = 0:::∞: (A4)

If N depends on depth, the structure of the mode is
no longer independent of ! 2. However, as shown in
PB, if N 2 � ! 2, as is true of this analysis, the modal
structure is independent of ! 2 to a very good approx-
imation. Thus the modal decomposition will be done
for the ! = 10 cpd modes. The results are insensitive
to the choice of ! .

This analysis is only true for a 
at bottom, however,
since the boundary condition is W = 0 at the bottom.
However, Wunsch[1969]showed that the vertical modal
solution is approximately valid for waveswhosefrequen-
cies are much lessthan the frequency of critical re
ec-
tion, which is true for this analysis. This approximation
is justi�ed in greater detail in PB.

The actual decomposition of the data wasdoneon the
horizontal and vertical velocities. The vertical velocities
were estimated by assumingthe temperature balance

Tt + wTz = 0 (A5)
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and computing Tz from low-pass�ltered current meter
data. The modal functions werecomputed for the mean
hydrography. This is lesscritical than it may appear,
for the low modes are not very sensitive to changesin
N . The amplitude of each mode was found by �tting
the computed modesto the current meter data at each
time record, �tting u, v, and \ w" independently . The
data weredepth weighted, but this madelittle di�erence
becausethe current meters were nearly evenly spaced.
The �t was optimal in a least squaressense.

This straightforward method obscuresseveral sub-
tle issues in the decomposition. The �rst problem
is that while the internal wave modes are orthogo-
nal, a set of discrete measurements in the water col-
umn are not, in general, orthogonal. Unfortunately ,
to speak meaningfully of power in a mode, that mode
must be orthogonal to all others. In order that all of
the modes that are �t are nearly orthogonal to each
other (in the sensethat for two modes W 1 and W 2 ,
W 1 ·W 2=

p
(W 1 ·W 1 )(W 2 ·W 2 ) � 1, whereW 1 ·W 2

is the inner product of W 1 and W 2 evaluated at the
measurement points), only �v e modescan be �t to the
seven current meters. The �t is judged successfulbe-
causethe sum of the power in each mode and the resid-
ual (as shown in Table 2) is never more than 6% di�er-
ent from the total power. If the data from the top two
current meters are discarded, the power in the modes
explains 180%of the variance, with most of the dupli-
cation of power being in the lowest two modes. Thus
discarding the top two current meters is untenable.

It is unfortunate that the need for orthogonality
forcesone to usethe top two current meters, sincethey
are on a di�eren t mooring. This mooring is described
as nominally being 100 m to the northwest of the sub-
surface mooring and was certainly not more than 200
m away [Beardsley et al., 1985, and S. J. Lentz, per-
sonal communication 1997]. The horizontal decorrela-
tion length scale for horizontal currents will be half a
wavelength for waveswith a �nite beam width.

Figure A1 is a plot of the wavelengthsof the �rst �v e Figure A1
modes as a function of frequency. From this it can be
seenthat if the separation betweenthe �rst two moor-
ings is 100m, mode 2 becomesnearly decorrelatedat 40
cyclesper day. In the worst case,with a separation of
200m, the secondmode becomesdecorrelatedat about
23 cyclesper day.

The amount of power in a real mode that is spuriously
transferred to another mode becauseof any decorrela-
tion of the top 2 m from the lower current meters can
be calculated. This calculation shows that, at the worst
caseof 200m separation,20%of mode 1 horizontal cur-
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rent power will leak into mode 2, while 20% of the hor-
izontal current power in mode 2 can leak into mode 1.
However, only 5% percent of the vertical current power
in mode 2 can leak into mode 1 vertical current power
and vice versa. Little mode 1 and 2 power would be
leaked to the higher modes. The vertical power is 53%
in the �rst mode and 15% in the secondmode, and the
cross-shorepower is 53% in the �rst mode and 17% in
the second(Table 2). This partition remains true for
frequenciesin the 25-40 cpd range. If the two moor-
ings were so far apart that mode 1 would decorrelate,
the cross-shoremode 2 power would be greater than
the vertical mode 2 power, sincemore of the horizontal
mode 1 power would leak into horizontal mode 2 than
vertical mode 1 power into vertical mode 2. Likewise,
if only mode 2 decorrelated, the fraction of cross-shore
power in mode 2 would be lessthan the fraction of ver-
tical power in mode 2, sincemore mode 2 power would
leak in the horizontal modesthan vertical modes. Thus
the the moorings are probably 100 m or lessapart.

Even with only 100 m between the two current me-
ter moorings, it must be assumedthat modes higher
than the secondare decorrelated. Similar calculations
to the onesabove show that it becomesimpossible to
sort out the energy in the higher but resolvable modes
but that the partition of about 30% of the energy to
modeshigher than the secondmode is robust.

The possibility of modeshigher than the theoretically
observable�fth modebeingaliasedinto the low modesis
impossibleto rule out, but it seemsimprobable that it is
signi�can t becausethe energy decreasesmonotonically
for the �rst �v e modes.
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Table 1. Angle That the AverageCurrent Ellipse Makes With the Cross-
ShoreDirection and the Ellipticit y of the Current Ellipse for the C4 and C5
Moorings for the 2 Week Periods Before and After July 15, 1982

Before July 15 After July 15

Depth, m Mean Angle, deg Ellipticit y Mean Angle,deg Ellipticit y

C4 Mooring

10 -36� 6 2.49� 0.37 -23� 5 2.79� 0.42
20 -72� 7 1.83� 0.39 -49� 4 2.83� 0.28
35 -16� 53∗ 1.35� 0.21∗ -49� 21 1.60� 0.40
55 -22� 9 1.64� 0.25 -17� 18 1.53� 0.23
70 -20� 15 1.83� 0.38 -2� 9 1.95� 0.36
90 -12� 16 1.53� 0.25 4� 9 2.03� 0.35
121 -16� 5 4.41� 1.17 -16� 4 5.02� 0.80

C5 Mooring

20 -4� 27 1.34� 0.16∗ -15� 15 1.91� 0.34
35 -8� 24 1.37� 0.22 -10� 10 2.00� 0.54
55 -17� 5 1.79� 0.31 -26� 5 2.35� 0.38
70 -9� 9 2.27� 0.47 -13� 3 2.42� 0.39
90 -13� 11 1.93� 0.27 -9� 6 2.49� 0.31
110 -20� 7 2.31� 0.43 -22� 7 3.21� 0.62
150 -12� 6 2.81� 0.69 -20� 10 2.06� 0.63
250 -26� 37 1.53� 0.33 -34� 21 1.47� 0.31
350 -14� 7 2.73� 0.79 -22� 8 2.62� 0.68

The averagesare made by calculating the ellipticit y and angle at each frequency
in the 6 to 40 cpd frequency range and then averaging the results with an even
weighting. The deviations are standard deviation, not the standard error.

Stars mark ellipticit y or anglesnot signi�can tly di�eren t from white noise at the
95% con�dence level, using the tests described in the text.
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Table 2. Percent VarianceExplained by Mode for the Modal Decomposition

Mode Alongshore Velocity Cross-shoreVelocity Vertical Velocity

1 35 53 53
2 15 17 15

3/barotropic 11 4 10
Residual 32 27 22

Total variance 94 101 100

Values are in percent. The third mode for the horizontal velocities is the
barotropic mode, not the real third mode. It is �t to reduce the crossing of any
barotropic mode into the �rst and secondmodes. The total variance does not sum
to 100% becausethe three discretely sampled modes are neither orthogonal nor
complete. Details are in the appendix.
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Table 3. Percentagesof FrequencyBins WhoseVertical Velocity
VersusMinor Axis Velocity Correlation is Greater Than Zero.

Mode 1 Con�dence Mode 2 Con�dence

Before July 15 100 > 95 71 93
After July 15 71 93 45 none

Values are in percent. For waves traveling onshore this should be
100%; for an isotropic wave �eld it should be 50%. The con�dence level
is the con�dence that it is the former, not the latter.
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Figure 1. The Coastal OceanDynamics Experiment
(CODE) region, showing the central line of moorings
from the CODE II experiment. The C5, C4, and C3
moorings are usedherein.

Figure 1. The Coastal OceanDynamics Experiment (CODE) region, showing the central line
of moorings from the CODE II experiment. The C5, C4, and C3 moorings are usedherein.

Figure 2. (top) Hydrography for the CODE region for
the April-July upwelling regimeand (bottom) standard
deviations.

Figure 2. (top) Hydrography for the CODE region for the April-July upwelling regime and
(bottom) standard deviations.

Figure 3. Averagebuoyancy frequency found from
conductivit y-temperature-depth (CTD) casts on the
shelf and shelf break in July 1982. The thick line is
the value computed with a full equation of state, while
the thin line usesthe empirical relation between tem-
perature and potential density given by (5). The data
have beensmoothed by a 10 m boxcar average.

Figure 3. Average buoyancy frequency found from conductivit y-temperature-depth (CTD)
casts on the shelf and shelf break in July 1982. The thick line is the value computed with a
full equation of state, while the thin line usesthe empirical relation between temperature and
potential density given by (5). The data have beensmoothed by a 10 m boxcar average.

Figure 4. Buoyancy frequency of water between 55
and 70 m at C4 as a function of time. The data were
low-pass�ltered with a �lter that had a half-amplitude
passat 3.25 times the inertial period (f =1.24 cpd) and
a full passat 4 times the inertial period.

Figure 4. Buoyancy frequencyof water between55 and 70 m at C4 as a function of time. The
data were low-pass�ltered with a �lter that had a half-amplitude passat 3.25 times the inertial
period (f =1.24 cpd) and a full passat 4 times the inertial period.

Figure 5. Low-pass-�ltered alongshorecurrents at
(top to bottom) 35 m depth at C3; 20 m depth at C4;
90 m depth at C4; and 110 m depth at C5. The same
low-pass�lter was usedas in Figure 4.

Figure 5. Low-pass-�ltered alongshorecurrents at (top to bottom) 35 m depth at C3; 20 m
depth at C4; 90 m depth at C4; and 110m depth at C5. The samelow-pass�lter was usedas in
Figure 4.

Figure 6. Power spectra of cross-and along-shelfve-
locity for current meters (top) C5 at 90 m depth, (mid-
dle) C4, 90 m depth, and (bottom) C3, 70 m depth.
The thin solid line is the cross-shorepower, the dashed
line is the alongshorepower, and the thick solid line is
the Garrett and Munk [1972] power. The stars on the
frequency axis mark the limits of the frequency range
analyzed. The power is in cm2 s−1, frequency is in cy-
clesper day.
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Figure 6. Power spectra of cross-and along-shelf velocity for current meters (top) C5 at 90
m depth, (middle) C4, 90 m depth, and (bottom) C3, 70 m depth. The thin solid line is the
cross-shorepower, the dashedline is the alongshorepower, and the thick solid line is the Garrett
and Munk [1972]power. The stars on the frequencyaxis mark the limits of the frequency range
analyzed. The power is in cm2 s−1, frequency is in cyclesper day.

Figure 7. Power in the 6 - 40 cpd frequency band
normalized by the Garrett and Munk [1972] spectrum
for (top) C5 and (bottom) C4 moorings.

Figure 7. Power in the 6 - 40 cpd frequencyband normalized by the Garrett and Munk [1972]
spectrum for (top) C5 and (bottom) C4 moorings.

Figure 8. Slopeof the power spectrum of each current
meter in log-log spacefrom (top) C5 and (bottom) C4.

Figure 8. Slope of the power spectrum of each current meter in log-log spacefrom (top) C5
and (bottom) C4.

Figure 9. Major axis of the illustrated current ellipse
(thick line), and the angleof the major axis to the cross-
shoredirection � , which is positive as drawn.

Figure 9. Major axis of the illustrated current ellipse (thick line), and the angle of the major
axis to the cross-shoredirection � , which is positive as drawn.

Figure 10. (top) Power spectra and (bottom) the an-
gle that the major axis of the current meter makeswith
the cross-shelfdirection for the (left) �rst and (right)
last half of July for the current meter in 55 m of wa-
ter at the C5 mooring. The arrows on the bottom axis
mark the frequency limits of the analysis.

Figure 10. (top) Power spectra and (bottom) the angle that the major axis of the current
meter makeswith the cross-shelfdirection for the (left) �rst and (right) last half of July for the
current meter in 55 m of water at the C5 mooring. The arrows on the bottom axis mark the
frequency limits of the analysis.

Figure 11. (left) Horizontal velocity structure of
the �rst three modes and (right) buoyancy frequency
pro�le. The stars on the vertical axis mark the position
of the current meters at C4.

Figure 11. (left) Horizontal velocity structure of the �rst three modes and (right) buoyancy
frequencypro�le. The stars on the vertical axis mark the position of the current meters at C4.

Figure 12. (top) Angle of the current ellipses,(middle)
ellipticit y of the current ellipse, and (bottom) correla-
tion between the currents parallel to the minor axis of
the ellipse and the vertical velocity for mode 1. The
stars on the horizontal axis mark the frequencylimit of
analysis.

Figure 12. (top) Angle of the current ellipses, (middle) ellipticit y of the current ellipse, and
(bottom) correlation betweenthe currents parallel to the minor axis of the ellipseand the vertical
velocity for mode 1. The stars on the horizontal axis mark the frequency limit of analysis.
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Figure 13. Ratio of the horizontal and vertical cur-
rent powers for (top) mode 1, and (bottom) mode 2.
The solid line is the solution to (6) when the along-shelf
barotropic velocity V = 0 and/or the orientation of the
internal wave to the cross-shelfdirection � = 0, while
the dashedlines are for V = ±10 cm s−1 and � = ±24◦.
The lower curve is for when the sign of V and � di�er,
the upper curve is for when they are of the samesign.
The error bars on the data are± 1 standard deviation.

Figure 13. Ratio of the horizontal and vertical current powers for (top) mode 1, and (bottom)
mode 2. The solid line is the solution to (6) when the along-shelf barotropic velocity V = 0
and/or the orientation of the internal wave to the cross-shelfdirection � = 0, while the dashed
lines are for V = ±10 cm s−1 and � = ±24◦. The lower curve is for when the sign of V and �
di�er, the upper curve is for when they are of the samesign. The error bars on the data are± 1
standard deviation.

Figure 14. Coherenceof cross-shelfcurrent between
the bottommost current meter and the surfaceand mid-
depth current meters for the C4 and C5 moorings. The
thick line is the 95% con�dence level.

Figure 14. Coherenceof cross-shelfcurrent between the bottommost current meter and the
surface and middepth current meters for the C4 and C5 moorings. The thick line is the 95%
con�dence level.

Figure 15. (top) Correlation between the vertical
velocity and the horizontal velocity parallel to the mi-
nor axis as a function of angular beam width and wave
frequency. (bottom) Beam width as a function of the
ratio of depth at which the wavesfeel the bottom to the
depth of the current meter.

Figure 15. (top) Correlation betweenthe vertical velocity and the horizontal velocity parallel
to the minor axis asa function of angular beamwidth and wave frequency. (bottom) Beamwidth
asa function of the ratio of depth at which the wavesfeel the bottom to the depth of the current
meter.

Figure 16. The 2 day moving averageof the power
from the (top to bottom) 20, 70, 90, and 121m current
meters at the 130 m site, along with 1 standard devia-
tion error bars. The meanpower is plotted as the thick
horizontal line.

Figure 16. The 2 day moving averageof the power from the (top to bottom) 20, 70, 90, and
121 m current meters at the 130 m site, along with 1 standard deviation error bars. The mean
power is plotted as the thick horizontal line.

Figure 17. The alongshelfwinds at C4 for the month
of July. The winds have beenlow-pass�ltered with the
same�lter as usedfor Figures 4 and 5.

Figure 17. The alongshelfwinds at C4 for the month of July. The winds have been low-pass
�ltered with the same�lter as usedfor Figures 4 and 5.

Figure A1. Wavelengths of the �rst three internal
wavemodesin 130m of water asa function of frequency;
N = 77 cpd.

Figure A1. Wavelengthsof the �rst three internal wave modesin 130m of water as a function
of frequency;N = 77 cpd.
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