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Observations of internal waves and coastal upwelling 
off the Oregon coast 

by Stanley P. Hayes and David Halpem1 

ABSTRACT 

A vertical array of moored velocity and temperature sensors was used to study the high-fre-
quency (periods of less than 24 hr) structure during a coastal upwelling event. The upwelling 
event, which represents a wind-generated mesoscale response of the ocean circulation along a 
meridional coastline, changes the environment in which the high-frequency disturbances are pro-
duced and propagated. In order to study the frequency dependence of the horizontal kinetic 
energy six bands were considered: Diurnal (.03-.05 cph), Inertial (.05-.07 cph), Semidiumal (.07-
.09 cph), IWl (.09-.18 cph), IW2 (.18-.34 cph), and IW3 (.34-.68 cph). The energy in each 
band was studied as a function of time and depth. Structures, significant at the 90% level, were 
observed in each frequency band. These structures were frequency dependent and could be as-
sociated with various stages of the coastal upwelling event. The response in the diurnal and 
semidiurnal frequency bands was attributed to changes in the propagation characteristics caused 
by modifications in the density field. The response in the inertial and higher frequency bands 
(IWl, IW2, IW3) was attributed to the production of inertial-internal waves. 

1. Introduction 

Inertial-internal wave oscillations and in particular internal tidal oscillations have 
been associated with coastal upwelling phenomena since Defant (1949, 1961) 
stipulated that dynamic instabilities caused by the baroclinic tides were a precon-
dition to upwelling. Subsequent research (Mooers, 1970, 197 5a) has focused on 
both the effect of the internal waves on the upwelling process and the effect of an 
upwelling front on the production and propagation of internal waves. Independent 
of coastal upwelling discussions, several theoretical and experimental studies have 
considered the production or the intensification of internal waves in the vicinity of 
continental shelves and slopes (see Wunsch, 1975, and the references therein). A 
generalization from these studies is that continental margins may be source regions 
for much of the internal wave energy seen in the pelagic ocean. 

The present analysis investigates the relationship between internal waves of tidal 
and nontidal frequency and a coastal upwelling event which is defined as a meso-

1. Pacific Marine Environmental Laboratory/ NOAA, University of Washington, WB-10, Seattle, 
Washington, 98195, U.S.A. 
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Figure 1. The location of moorings B and C. Mooring B was a PMEL surface mooring and 
mooring C was an OSU subsurface mooring. 

scale response of the ocean to wind forcing. The data were collected off the Oregon 
coast in July and August 1973 during the Coastal Upwelling Experiment CUE-2 
field program. Time series obtained with moored current meters and hydrographic 
sections were analyzed. The positions of the moorings B and C are shown in Fig. 1; 
the water depth is approximately 100 m. Buoy B was deployed by the Pacific 
Marine Environmental Laboratory, and it is described in Halpern, Holbrook, and 
Reynolds (1974). Buoy C (Carnation) was deployed by Oregon State University, 
and it is described in Pillsbury, Bottero, Still, and Gilbert (1974). The instrumenta-
tion considered in the present study is detailed in Table 1. 

The low-frequency (periods greater than 40 hrs) structure observed by this array 
has been discussed by Halpern (1975) and by Kundu, Allen, and Smith (1975). In 
particular, Halpern described an upwelling event which occurred between approxi-
mately July 10 and July 15. Our study concentrates on the high-frequency struc-
ture associated with this event. 

The hourly-averaged values of the wind stress at B during July are shown in 
Fig. 2 from Halpern (1975). From July 10-15 observed wind-stress values were a 
factor of two larger than those observed during any other time in July and August. 
These 5 days of winds toward the south occurred between periods of northward 
winds. This produced ideal conditions for the onset and relaxation of an upwelling 
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Figure 2. Hourly values of wind stress computed from the square of the vector wind speed. 

event. The mesoscale response of the density field to this wind event is shown in 
Fig. 3 which is also from Halpern (1975). The density contours are drawn from 
zonal hydrographic stations taken along either 45°15'N or 45°17'N. Previous 
analysis (Halpern, 197 4a) indicates that the small difference in latitude is inconse-
quential. The sections for July 7 and July 9 are quite similar. During this period 
the stratification was gradually increasing (Holbrook and Halpern, 1974, pp 302, 
306) reaching a maximum on July 10. The wind then began to blow southward 
and the density stratification responded. By July 12, the fiducial density layer of 
ut between 25.5 and 26.0 (Collins, 1968) had broken the surface just inshore of 
the mooring location. The July 13 section shows the further progress of the up-
welling and the July 19 section shows the relaxation of the event. The final density 
field closely resembles the conditions which existed prior to the event. 

As can be seen from the density sections in Fig. 3, the change in the stratification 
at mooring B is quite pronounced during the upwelling event. The Brilnt-Vaisala 
frequency is shown in Fig. 4 (Holbrook and Halpern, 1974). In order to reduce 
contamination caused by tidal oscillations, the data presented in Fig. 4 are en-
semble-averaged profiles for STD stations collected hourly for 25 hours. Unfortu-
nately, no such anchor station data were available for the July 12-July 15 period. 
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Figure 3. Time sequence of zonal (transisobath)-vertical distribution of sigma-t determined 
from STD and Nansen bottle (July 15, July 19) measurements. 

Instead, Fig. 4 shows the Briint-Vaisala frequency profile for a second upwelling 
event occurring on August 1. These data agree within expected errors with the 
Briint-Vaisala frequency calculated from single profiles taken on July 13. The com-
parison of the July 10 and the August 1 profiles show that the major changes in 
the stratification occur in the upper 50 m. The near-surface pycnocline disappears; 
at 10 m the Briint-Vaisala frequency dropped by almost an order of magnitude. 
However, the stratification at this depth on August 1 was still sufficient to support 
internal-wave oscillation with frequencies lower than about 3 cph (.05 cpm). 

2. Data analysis 

The July 10 upwelling event provided an excellent opportunity to study the re-
lationships between upwelling and internal waves. In view of the extreme variability 
observed in the density field during the event, one expects similar nonstationarity 
in the internal wave field. Thus, an analysis of short segments of the current meter 
records was developed. 
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Figure 4. Briint-Vaisala frequency, N, and sigma-t profiles from 25-hour anchor stations near 
mooring Bon July 10, 1973 and August 1, 1973. 

The analysis followed the technique described by Frankignoul (1974a, 1974b). 
For each current meter record listed in Table 1, the time series of 15-minute (10 
minutes for the Aanderaa current meters) values of east-west and north-south 

Table 1. Instrumentation used in this study. VACM are vector averaging current meters manu-
factured by AMF. Geodyne current meters are manufactured by E. G. and G. The VACM 
and Aanderaa instruments record temperature as well as water velocity. Temperature was 
also measured at the Geodyne instruments by using a separate data logger. 

Depth Mooring Instrument 

I.Om B VACM 

3.4 B VACM 

7.7 B VACM 

9.9 B VACM 

14.3 B VACM 

16.3 B Geodyne + T 

18.3 B Geodyne + T 

20.2 C Aanderaa 

40.4 C Aanderaa 
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Figure 5. The kinetic energy spectrum measured at 9.9 m depth on mooring B. The dashed 
lines indicate the limits of the six frequency bands that have been considered. 
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Table 2. The frequency bands, the degrees of freedom, and the 90% confidence interval limits. 
The 90% confidence limit for the horizontal kinetic energy in the frequency band f is given 

by Xd~.(f) E(f) X.E(f) where E(f) is the measured horizontal kinetic energy. 

90 % confidence 
Degrees of limits 

Band Limits (cph) Limits (hour) Freedom X L x. 
Diurnal ,031-.052 32.0 -19.2 4 0.4 5.6 
Inertial .052-.073 19.2 -13.7 4 0.4 5.6 
Semidiuma! .073-,094 13,7 -10,7 4 0.4 5.6 
IWl .094-.177 10.7 - 5.65 16 0,6 2.1 
IW2 .177-.344 5.65- 2.91 32 0,7 1.7 
IW3 .344-.677 2.91- 1.48 64 0.8 1.5 

velocities were divided into 48-hour pieces. This piece length is a near-integral 
multiple of the diurnal, inertial (16.9 hour), and semidiumal periods. The kinetic 
energy spectra generally contain peaks at these periods and relatively less energy 
for periods of approximately 48 hours (Halpern, Holbrook, and Reynolds, 1974). 
The mean and a linear trend were removed from each piece, the latter by joining 
end points (Frankignoul, 1974a). The pieces were then Fourier analyzed and the 
horizontal kinetic energy was calculated as a function of frequency and time (i.e., 
piece). 

The energy spectrum was divided into six frequency bands between .042 cph and 
.66 cph. Frequencies above .66 cph are not discussed, since it was shown by 
Halpern, Pillsbury, and Smith (1974), that the Geodyne 850 current meter on a 
surface mooring is seriously affected by noise at frequencies higher than about .50 
cph. The bands and the number of degrees of freedom in each band are listed in 
Table 2 and illustrated in Fig. 5 for a typical kinetic energy spectrum. Table 2 also 
gives the 90% confidence interval for each band. The diurnal, inertial, and semi-
diurnal bands each contain one periodogram point. In these cases the method is 
equivalent to complex demodulation. In the higher frequency bands, several peri-
odogram points were combined, yielding more accurate energy estimates. 

The above analysis was repeated with the time origin displaced by half the piece 
length (24 hours). This resulted in daily estimates for the horizontal kinetic energy 
in each frequency band. Adjacent estimates were not independent, but had a 50% 
overlap. 

Some problems associated with the Fourier analysis of short-time series have 
been discussed by Frankignoul (1974b). The large number of instruments in the 
upper 20 m provided some redundancy in the measurements. In general, the energy 
time series calculated for adjacent instruments agreed quite well. It was possible to 
compare data obtained from the two different moorings. Buoy B was a surface 
mooring; Buoy C was a subsurface mooring with the upper buoyancy 20 m below 
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Figure 6. Horizontal kinetic energy versus time for the IW2 band (.18-.34 cph). The solid line 
indicates measurements on a surface mooring (B) and the dashed l ine indicates measurements 
on a subsurface mooring (Carnation). 

the surface. The Geodyne 850 at 18.3 m on B was compared with the Aanderaa 
current meter at 20.2 m on C. The intercomparison experiment of Halpern, Pills-
bury, and Smith (1974) showed that records from VACM and Geodyne 850 current 
meters on a surface mooring agree with records from an Aanderaa current meter 
on a subsurface mooring. These authors present a comparison of the inertial energy 
time series calculated from the three different instruments by complex demodula-
tion. The records agree. Since one might expect more contamination at high fre-
quencies, Fig. 6 shows the comparison of the IW2 band (.18-.34 cph) calculated 
for the 18 m (Buoy B) and the 20 m (Buoy C) levels. The records agree within the 
90% confidence limits and the energy peak on July 13 is quite pronounced in both. 
The lower frequency bands were also compared; the results were similarly good. 
Such comparisons are important in view of the suggestion by Wunsch (1975a) that 
mooring motions may contribute to the energy correspondences calculated by 
McWilliams (1972) and Frankignoul (1974a). 

3. Observations 

The horizontal kinetic energy (HKE) in four of the frequency bands is plotted as 
a function of time in Figs. 7 and 8. For comparison, the low pass filtered (48 hour 
running mean) North-South wind component is also shown. The nonstationarity of 
the HKE is clear from the figures. Structures, significant at the 90 % level, are ob-
served in each frequency band. The temporal development of these structures varied 
greatly with frequency. The response in each band is described below. 

a. Diurnal band. The horizontal kinetic energy in the diurnal band is shown for 
five depths in Fig. 7. The upwelling event is marked by an energy peak on about 
July 12. This structure is confined to the upper 20 m. In the complete record for 
July and August several peaks were observed in the diurnal energy at 3.4 m depth. 
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Figure 7. Horizontal kinetic energy versus time for the diurnal and inertial frequency bands. 
Several depths are shown. For comparison, the low pass filtered (48 hour running mean) 

North-South wind is also shown. 

However, only during the onset of an upwelling event did the diurnal energy extend 
into the deeper layers. The near surface energy structure may be related to the 
diurnal variations which have been noted in the wind (Halpern, 1974b). 

b. Inertial band. The kinetic energy time series for the inertial band are also shown 



256 Journal of Marine Research [34, 2 

] N- S WIND 

.~ 
'u 

Q,) 
IJ> 

E 

300 SEMI-DIURNAL 
3.4m---
7.7m-
9 .9m + I\ 
I4.3m )( I \ 

200 I \ 18 .3m • 
I \ 40.4m • I ' I 

r--

"' 'u 
Q,) 
IJ> 

"' E 0 
u 

>- 5 
l'.) 

0:: 
IW2 w 

z 
3.4m ---w 4 
9 .9m + 
I6 .3m X 
18.3m • 3 20.2m • 

40.4m- , I ,.. 

2 

10 15 20 25 
JULY 1973 

Figure 8. Horizontal kinetic energy versus time for the semi-diurnal and IW2 frequency bands. 
Several depths are shown. For comparison, the low pass filtered (48 hour running mean) 
North-South wind is also shown. 

in Fig. 7. The response to the upwelling event is quite sharp and again confined to 
the upper 20 m. The energy peak on July 10 corresponds to the change in wind 
direction from northward to southward. Subsequent variations in the intensity of 
the southward wind are not reflected in the inertial energy below the surface layer. 
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The period of maximum southward wind on July 12-13 is not associated with large 
inertial energy. Nor is there a significant inertial energy increase associated with the 
relaxation of the upwelling event. The peak on about July 21 occurs at a time when 
the wind is again changing from northward to southward flow. 

c. Semidiurnal band. Fig. 8 shows the HKE time series for the semidiumal fre-
quency. The response to the upwelling event is dramatic. As the upwelling develops 
and density stratification is reduced, the semidiurnal energy drops. This effect is 
most pronounced in the upper 20 m; however, the 40 m record also shows the 
energy decrease. For the other depths the results were similar. In all cases the semi-
diurnal energy was relatively small between July 13 and July 15. The effect is en-
hanced in the upper 20 m by the energy peaks immediately before and after the 
upwelling event. For example, the average energy at the 10 m level dropped from 
230 (cm/ sec)2 for July 8-10 to 14 (cm/ sec)2 for July 13-15. 

d. High-frequency bands IWJ, IW2, IW3. The variation in the response of these 
three frequency bands at one depth is shown in Fig. 9 for the 16.3 m level. The 
energy scales have been adjusted to account for the decrease in energy with increas-
ing frequency. Note also that the energy plotted is the average energy in each band. 
To obtain the total energy in the band, multiply by the number of estimates in the 
band (Table 2). The response is frequency dependent. The IWl band (10.7-5.6 
hour periods) shows no significant structure during the upwelling period; however, 
IW2 (5.65-2.9 hour), and IW3 (2.91-1.48 hour) both show an energy peak on 
about July 13. This coincides with the fully developed upwelling event (Fig. 3). The 
frequency dependence was observed at the other depths also. The periodogram was 
examined as a function of time to determine whether the peak in IW2 energy was 
caused by tidal harmonics. This does not appear to be the case. The time series for 
nearly all of the periodogram points (there are 8 periodogram points in IW2) indi-
cate the energy peak on July 13-14. 

In Fig. 8 the vertical structure of the energy in the IW2 band is shown. Similar 
results hold for IW3 . The energy peak on July 13 is apparent from the surface 
through 20 m depth. The peak has a maximum energy at about the 18 m level. 
The relative energy increase from July 10 to July 13 is about a factor of 4 at 18 m. 
The large number of degrees of freedom in the IW2 band makes this a significant 
change at the 90% level. Below 40 m no significant structure was observed during 

the upwelling event. 
In summary, the upwelling event had an observable signature in all the frequency 

bands studied except IWl. The relative temporal structure of the various frequency 
bands is apparent from Figs. 7 and 8. Each frequency band is unique. The inertial 
peak occurred on July 10 when the wind changed direction. The diurnal energy 
maximum on July 12 coincided with the initial response of the stratification as 
shown in Fig. 3. The IW2 band had an energy peak on July 13 during the period 
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Figure 9. (Upper) Horizontal kinetic energy versus time for IWl, IW2, and IW3 frequency 
bands at the 16.3 m depth. 

Figure 10. (Lower) Time series of Briint-Vaisalii frequency, N , at 10 m depth calculated from 
temperature measurements on mooring B (see text) and the WKBJ scaled horizontal kinetic 
energy (HKE). 

of maximum southward winds. Finally, the semidiumal band exhibited a minimum 
energy during the upwelling event and a relative energy maximum on July 9 before 
the wind changed direction. 

4. Discussion 

The problem of internal waves propagating through a fluid with horizontal and 
vertical density gradients has been recently discussed by Mooers (1975a, 1975b). 
We consider only the two-dimensional case since the density field along the Oregon 
Coast has large vertical (z) and zonal (x) gradients. The internal wave field, the 
mean flow , and the mean density field (p) are assumed to be uniform in the 
meridional (y) direction. The zonal component of the mean velocity (u) is neglected 
and the meridional component (v) is assumed to geostrophically balanced. Then, the 
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linearized governing equation for internal wave motions with a frequency w is 
(Mooers, 1975a): 

(1) 

where ,r, is the stream function (u = -'1r. , w = ,r,x) for the fluctuating velocities. The 
subscripts denote differentiation. N is the Briint-Vaisala frequency and M is an 
analogous function for the horizontal stratification, i.e., 

N Z= g Pzf Po 

M 2 = g p,:! po 

(2) 

(3) 

Equation (1) has several properties which distinguish it from the governing equa-
tion without frontal interaction (i .e., M = Vx = 0). For the present analysis the 
principal differences are: (a) the pass band for freely propagating internal waves 
and (b) the internal wave characteristic equation. 

Moores (1975a) shows that the pass band for internal waves governed by equa-
tion (1) is approximately: 

f2 + v f - M • < w2 <N2 
X N2 (4) 

Since M 4 / N2 is positive for stable stratification this term tends to decrease the low-
frequency limit. The sign of the Va;f term depends on the sign of the mean velocity 

gradient. 
The slopes of the characteristics defined by equation (1) are also given by Mooers 

(1975a). They are 

_ -M 2 ± -JM• + (N" - w2) (w2 - f2 - fv,,) 
(Ni - w2) 

(5) 

Thus from any point there are two characteristics. To determine where the energy 
at point A may have come from, one calculates the two characteristics which pass 
through A. Any source region along such a characteristic will contribute. Note that 
for the case M = 0, Vx = 0, equation (5) reduces to 

(~)± = ± yw2_f2 
dx N z - w2 

(6) 

This is the familiar equation for the slope of the characteristics in a horizontally 
homogeneous density field (e.g., Fofonoff, 1969). 

a. Diurnal band. In a horizontally uniform stratification, the diurnal frequency is 
outside the pass band for freely propagating internal waves at the latitude of the 
experiment. Oscillations at this frequency can, of course, exist as topographically 
trapped modes, Kelvin waves, or forced oscillations. However, in the presence of a 
horizontal density gradient the internal wave pass band can be extended as shown 
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in equation (4) and an energy increase at the diurnal frequency might occur. The 
density sections in Fig. 3 show large changes in the zonal density gradient during 
upwelling. Ignoring vf in equation (4), then the diurnal frequency will lie within the 
pass band if M'/N2 > 5.4 x 10-9sec-2• The July 9 and July 13 STD sections were 
used to estimate the density gradients near the moorings. On July 9, before the 
winds changed directions, no depth interval had horizontal and vertical density 
gradients which satisfied this inequality. However, the July 13 section showed that 
in the upper 20 m M' / N2 did exceed the critical value. For example, at 10 m depth 
M'/N 2 changed from 1 x 10-1 0 sec-2 on July 9 to 6 x 10-9 sec-2 on July 13. 
Immediately inshore of the moorings the values of M'/N 2 were even larger. Thus, 
on July 13 there was a near surface layer in which diurnal oscillations could propa-
gate as free internal waves. 

These results qualitatively explain the observations shown in Fig. 7. As the up-
welling event developed the isopycnal slopes in the vicinity of mooring steepened. 
The pass band for freely propagating internal waves was broadened and the diurnal 
energy peak appeared as deep as about 15 m. The decrease in diurnal energy on 
July 15 can be attributed to the reduced stratification at the mooring. 

The velocity term in equation ( 4) has been ignored above. In summer the average 
circulation off Oregon has a southward coastal current in the upper 50 m and a 
small northward undercurrent. The current magnitudes decrease as one proceeds 
seaward from the mooring location (Mooers, 1970; Smith, 1974). In response to 
the upwelling event considered here, the southward current increased and extended 
throughout the water column (Kundu, et al., 1975). This flow pattern yields a nega-
tive v., (on the order of 10-s sec-1) and a further reduction in the low-frequency 
limit. 

b. Inertial band. Previous observations (e.g., Webster, 1968; Pollard and Millard, 
1970; Halpern, 1974c) indicate the nonstationarity of inertial oscillations. Halpern 
(1974c) noted that the inertial period energy in the mixed layer responded rapidly 
and coherently with depth to a sudden increase in wind stress. Pollard (1970) 
modeled such processes. He found that the time scale of the wind stress variation 
must be short compared to the inertial period in order to effectively produce inertial 
oscillations. Additionally, both the observations (Pollard and Millard, 1970; and 
Halpern, 1974c) and the model (Pollard, 1970) yield a rapid decay of the inertial 
energy in the stratified water. 

The observations shown in Fig. 7 confirm these relationships for the upwelling 
event studied. The onset of the event is marked by a sharp transition of wind stress 
and a subsequent burst of inertial energy. This energy is largely confined to the 
upper 20 m. The second energy peak on July 22 is also associated with a change 
in wind direction. It is interesting that the relaxation of the upwelling conditions 
when the wind changed from southward to northward was not accompanied by an 
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increase in the inertial energy. This may indicate that the relative phase of the 
inertial current and the wind rotation is critical to the generation process (Pollard 
and Millard, 1970). 

c. Semidiurnal band. The structure in the semi-diurnal band (Fig. 8) indicates that 
during the upwelling event (July 12-15) the energy in this band was a minimum. 
The stratification was also reduced at this time. In Fig. 10 the Briint-Vaisala fre-
quency, N, at 10 m depth is plotted as a function of time. This time series was esti-
mated (Halpern, 1975) by assuming a linear relation between temperature and 
salinity based on the STD casts prior to the upwelling event. The temperature 
measurements on the mooring were used to obtain the time series of the tempera-
ture, and hence density, gradient. The N plotted in Fig 10 was low pass filtered 
with a 48-hour running mean filter sampled every 24 hours. 

WKBJ approximate solutions to the internal wave equation without frontal in-
teraction (e.g., Phillips, 1966) show that the HKE scales with N. In Fig. 10 the 
HKE at 10 mis scaled to the initial value of N0 = 4 X 10-2 sec-1 • This scaling 
does not remove the observed structure. Apparently, the stratification changes have 
additional effects not included in the WKBJ approximation. 

Using the estimate for N and the vertical temperature gradient, the WKBJ solu-
tions relate HKE and vertical displacement variance, Pee• For internal waves at the 
frequency w the relation is (Garrett and Munk, 1972): 

where 

HKE = R (w) N 2 Pee(w) 

w2 + f 2 
R (w) = w2 - f2 

(7) 

(8) 

The vertical displacement variance was obtained from the measured temperature 
variance P •• assuming that the horizontal temperature gradient was negligible: 

p ( ) _ P •• (w) ,e w - 0.2 

where 0z is the mean vertical temperature gradient at the depth where Pee was evalu-
ated. In Fig. 11 the time series of Pee, N 2 R (w) Pee, and HKE are plotted for the 
semidiurnal frequency band at the 10 m depth. If equation (7) is valid, the solid 
and the dotted lines should coincide. Until July 15 the agreement is good. However, 
after this time the scaled vertical displacement variance is too large. Halpern (1975) 
noted that on July 15 the surface water began to return shoreward producing a 
thermal front with a zonal gradient of about 1 °C km-1

• Thus, it is likely that the 
increased temperature variance observed after July was caused by the tidal advec-
tion of the horizontally inhomogeneous water. 
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Figure 11. Comparison of the time series of the vertical displacement variance (Pii ); the hori-
zontal kinetic energy (HKE), and the WKBJ scaled vertical displacement variance (see text) 
for the semidiurnal band at 10 m depth. 

To further investigate the effects of the upwelling event on the semidiurnal fre-
quency band, the field of characteristics was determined. It was assumed that the 
semidiumal internal waves were produced in the vicinity of the shelf break (Rattray, 
1960; Rattray, et al., 1969) and propagate normal to the coast. Internal tides pro-
duced at or reflected from the coastline were ignored. Dissipative effects would 
reduce the importance of these (Prinsenberg, et al., 1974). Equation (5) was used 
to estimate the characteristics before and during the upwelling event. Since no 
measurements of v., were made in the upper 20 m, this term was ignored. The den-
sity sections in Fig. 3 were used to construct numerical solutions for the character-
istics which pass through the mooring site. N 2 (z) was calculated from each STD 

station: then N 2 (x,z) was found by linearly interpolating between stations. Similarly 
M 2 (x,z) was found by differencing adjacent STD stations and linearly interpolating 
between levels. In Fig. 12 representative characteristics for the semidiumal tide are 
sketched for the July 9 and July 13 density fields. In each case the characteristics 
drawn begin at the mooring site and proceed seaward. The characteristics which 
pass through the 0, 10, 20 m depths at the mooring location are shown. The bottom 
contour was estimated from bathymetric charts. 

The two dates present a sharp contrast. On July 9 the strong surface pycnocline 
produces flat characteristics. Of the characteristics drawn only the 20 m ray reflects 
off the bottom before the shelf break at the 200 m depth. On the other hand, all 
the downgoing characteristics displayed for the July 13 density field are reflected 
before the shelf break. After reflection from the bottom the July 13 O m character-
istic nearly parallels the July 9 20 m characteristic. This occurs because the deep 
stratification was relatively unaffected by the upwelling event. 

The near equivalence of the characteristic slopes and the shelf break slope is 
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Figure 12. Representative characteristics for the semi-diurnal tide (from equation 5). The char-

acteristics from 0, 10, and 20 m are shown for the two dates indicated. The characteristics 
begin at the mooring position (right hand side of the figure) and proceed seaward. 

seen for both cases. The slope of a characteristic 30 km from shore and at a depth 
of 250 m was 3.2 X 10-2 on July 9. Similarly, on July 13 this slope was 3.1 X 

10-2 • For comparison, the average bottom gradient between 200 m and 400 m 
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depths is about 3.3 x 10-2• Therefore, the bottom slope is approximately critical 
for the semidiurnal tide. (A similar observation was made by Mooers, 1970.) Criti-
cal bottom slopes have been associated with large increases in internal wave energy 
and resulting nonlinearities (Wunsch, 1969; Wunsch and Hendry, 1972). Baines 
(1973) found that for a given stratification the internal wave energy produced by 
the barotropic tide increased with the steepness of the continental slope until the 
slope became critical. Considering these studies it is not surprising that large in-
ternal semidiurnal energies are observed along the Oregon Coast. 

However, since the stratification over the shelf break remains roughly constant 
during the upwelling event, variations in the source are probably not responsible 
for the energy fluctuations observed at the moorings. The July 9 characteristic field 
shows that energy can propagate directly (no surface reflections) from the shelf 
break region to the upper 15 meters at the mooring site. In contrast, on July 13 
only surface reflected characteristics pass from the shelf break to the mooring. If 
energy dissipation occurs in the upper layer, then this reflected path would yield 
less energy at the mooring. A possible mechanism for dissipation is the generation 
of interfacial waves on the boundary of the mixed layer. Other mechanisms in-
cluding turbulent processes are also possible. Thus, the energy dissipation coupled 
with the reduced stratification in the surface pycnocline could be responsible for the 
order of magnitude decrease in energy from July 9 to July 13. 

d. The high-frequency bands: /WI, IW2, IW3. In Fig. 9 the IW2 and IW3 bands 
show an energy increase on July 13-14 during the upwelling event. Equation (7) 
was again used to compare the vertical displacement variance and the HKE. From 
STD data on July 13, the Briint-Vaisala frequency was estimated. The average 
energies in the IW2 band on July 13-14 at 16 m depth was HKE = 3.5 cm2 sec-2 

and R (w) N 2 P,, = 1.5 cm2 sec-2• Considering the uncertainties in N 2 and 0/ the 
agreement with equation (7) is satisfactory. The vertical displacements and the hori-
zontal kinetic energies are consistent with internal wave dynamics. 

The vertical distribution of HKE in the IW2 band (Fig. 8) was scaled by the 
vertical profile of Briint-Vaisala frequency which is shown in Fig. 4. The measured 
HKE on July 13 at each depth was scaled to the value at 18.3 m. The results are 
in Table 3. The WKBJ scaling accounts for the vertical variations observed in the 
upper 20 m; however, the 40 m value is still too small. This discrepancy could be 
caused by the inadequacy of the Briint-Vaisala frequency profile. 

As was done for the semidiurnal band, the above scaling could be applied to the 
HK.E time series. However, since the energy peak occurs during low stratification, 
the scaling will enhance the effect. It is interesting that the IWl band shows no 
effect (or with the WKBJ scaling, a small effect). Apparently, the mechanism which 
produces the internal waves during the upwelling event favors higher frequency 
oscillations. 
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Table 3. The average horizontal kinetic energy on July 13-14 in the frequency band IW2. The 
observations are scaled to the 18.3 m value using the WKBJ scaling. 

N(18) 
Depth N(z) X 10 E (z) N(z) E(z) 

3.4m .88 sec1 2.2 cm2 sec-• 3.5 cm• sec--2 
7.7 .73 1.5 2.9 
9.9 .83 2.3 3.9 

14.3 1.3 2.4 2.6 
16.3 1.4 3.5 3.5 
18.3 1.4 3.8 3.8 
20.2 1.4 3.7 3.7 
40.4 .9 .70 1.1 

The theory for the production of internal waves by atmospheric interactions is 
not well understood. Various possible production mechanisms were recently re-
viewed by Thorpe (1975). In the complex situation which occurs during an upwell-
ing event, essentially all possible mechanisms may be contributing. The observed 
high-frequency internal wave energy maxima coincides with the time period of 
minimum stratification and not with the onset of large southward wind stress. This 
may indicate that the readjustment of the density field is more important than the 
winds in generating the waves. It is also interesting that the peak coincides with the 
minimum semidiumal energy. It is possible that the dissipation of the semidiumal 
energy contributes to the high-frequency energy. 

5. Conclusions 

Some of the CUE-2 field program observations have been used to study the 
response of the inertial-internal wave band to a coastal upwelling event. Rather 
than responding as a continuum, the individual frequency bands each had a unique 
signature. The structure observed in the inertial and high-frequency energies has 
been attributed to production processes which occur during the upwelling event. 
The structure observed in the diurnal and semidiumal frequency energies has been 
attributed to changes in the propagation caused by the modified density field as-
sociated with the event. 

The description has focused on one event during which fairly complete sampling 
of the density field was available. This facilitated the interpretation of the observed 
response. However, it is not suggested that all events will have the same internal 
wave signature. For example, the semidiurnal structure relies on the relationship 
between the shelf break, the density stratification, and the upwelling front. If any 
of these change, then the observations will be different. 

Further study of the internal wave processes is required to ascertain their im-
portance in mixing. Part of the semidiurnal energy loss during the upwelling event 
has been attributed to dissipation caused by surface reflection. This could be 
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checked with further measurements. Similarly, the production of the high-frequency 
internal waves requires more theoretical and experimental research. 
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