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ABSTRACT

An analysis is presented of the low-frequency fluctuations [w<0.6 cycle per day (cpd)] of the currents
near the Oregon coast, based on the 1972 and 1973 measurements from moored current meters in CUE-1
and CUE-2. Let « and v denote the eastward (approximately onshore) and northward (approximately
alongshore) components of the currents. The mean alongshore velocity # has the structure of a baroclinic
coastal jet, whose maximum speed occurs near the surface at a distance of about 15-20 km from the shore,
whereas the fluctuating part of v has the structure of a roughly barotropic coastal jet whose maximum occurs
very near (<4 km) the shore. The standard deviation of v is approximately depth-independent whereas that
of u decreases with depth. As one approaches the coast, the standard deviation of « decreases whereas that
of v rises steeply, consistent with the behavior expected of coastally trapped wave motion. A scatter plot
of the velocity fluctuations in a hodograph plane indicates that the fluctuations roughly follow the direc-
tion of the local isobaths. The Reynolds stresses in an east-north coordinate system therefore change sign
because of the change of direction of the isobaths in the region. The v fluctuations seem to be mutually better
correlated than the # fluctuations throughout the region, suggesting that the % components may be affected
by “turbulence.”” By finding the time lag corresponding to maximum correlation between stations
separated alongshore, the velocity fluctuations have been found to propagate northward approximately
nondispersively at a mean velocity of about 500 km day~! during 1972 and 120 km day™ during 1973.
A method for performing the empirical orthogonal decomposition for two-dimensional vector time series

181

has been formulated and applied to the velocity field over the continental shelf.

1. Introduction

The phenomenon of coastal upwelling off the Oregon
coast in the summer months due to a predominantly
southward wind has been studied extensively in recent
years {Smith, 1974; Kundu et al., 1975; Halpern, 1975).
There have been two Coastal Upwelling Experiments off
the Oregon coast, CUE-1 during the summer of 1972
and CUE-2 during the summer of 1973. Based on the
1972 measurements at one station (DB7), Smith (1974)
noted the dominance of depth-independent current
fluctuations, the strong correlation of the sea level de-
pression at the coast with the southward current fluctu-
ations, and the correlation of the north-south compo-
nents of the wind and the current fluctuations. Based
on the DB7 observations of 1972 and those of the station
Carnation in 1973, Kundu et al. (1975) performed a
modal decomposition to formally separate the baro-
tropic and baroclinic components. They found a corre-
lation of the baroclinic component of the current
fluctuation at DB7 and the temperature fluctuation
at a depth of 40 m at the same station. Halpern (1975)
concentrated on the structure of a coastal upwelling
event and, based on measurements at Carnation, in-
cluding those from several current meters near the
surface, concluded that during the event the onshore
and offshore transports were approximately balanced.

Utilizing hydrographic observations, he also found an
approximate exponential decrease of vertical velocity
with offshore distance. All the above work concerning
horizontal currents was based primarily on observations
at a single station. Huyer ef al. (1975) have examined
the correlation of the current, wind, and the sea level
fluctuations off the coast of Oregon and Washington
during the upwelling season. They found that during
1972 the north-south fluctuations at a depth of about
60 m off the coasts of Oregon and Washington, sepa-
rated by an alongshore distance of about 200 km, had
a correlation coefficient as high as 0.86.

We have undertaken a study of the three-dimensional
characteristics of the upwelling flow field, with an em-
phasis on the relationship of the current fluctuations at
various stations. An analysis of the measurements made
during CUE-1 and CUE-2 at all stations and depths
will be presented here in order to describe the three-
dimensional behavior of the low-frequency [w<0.6 cycle
per day (cpd)] current fluctuations in the upwelling
region.

2. Observations

The locations of the current meters for the CUE-1
and CUE-2 experiments are shown in Fig. 1. The
CUE-1 moorings consist of the Newport hydrographic
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FiG. 1. Locations of current meters during CUE-1 and CUE-2.
The CUE-1 array is composed of the NH, POL and DB stations.
The CUE-2 is composed of the stations named after flowers.
The bathymetric contours are in meters. In 1972, the data from
an additional current meter station UWIN in 73 m of water was
available. It was located at 46°50’N, 124°50’W, about 200 km N
of the NH line (see Fig. 1 of Huyer ef al., 1975). The locations of
POL during CUE-1 and Poinseitia during CUE-2 were identical.

(NH) stations, the Depoe Bay (DB) stations, and POL,
with the number attached therewith denoting the dis-
tance from the coast in nautical miles. For example,
NH1S5 is at a distance of 15 n mi from the coast. The
CUE-2 moorings are denoted by names of flowers, and
are generally placed northward of the CUE-1 array.
Currents and temperatures were measured with
Aanderaa current meters suspended beneath subsurface
floats. In 1972, the wind and atmospheric pressure were
measured at Newport, whereas the sea level was mea-
sured by a tide gage at Depoe Bay. In 1973, the wind,
atmospheric pressure, and sea level were all measured
at Newport. The acquisition and processing of the time
series data are described by Pillsbury et al. (1974). In
addition to the CUE-1 and CUE-2 data, current meter
measurements from another station in 73 m of water,
called UWIN, located about 200 km northward of the
NH line at (46°50’'N, 124°50’'W), and wind measure-
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ments near this station at Westport, Wash., are used.
These measurements were taken by the University of
Washington and reported by Huyer e al. (1975).

The lengths of the time series for velocity and tem-
perature records at various stations are indicated in
Fig. 2. The data processing, described in more detail
in Smith (1974) and Kundu et al. (1975), included
filtering of the 5-10 min observations to obtain hourly
time series, and refiltering these to eliminate the tidal
and inertial frequencies by means of a filter having
121 weights with a half-power point of 40 h (0.6 cpd).
We shall, therefore, be concerned here with frequencies
<0.6 cpd.

Since there was a gap (4-11 August) in the Poinseltic
records, all the calculations involving that station were
performed for the two segments separately, and a
weighted average of the results was taken.

3. Mean and standard deviation

All quantities will be referred to a Cartesian coordi-
nate system (x,y,2) with x positive eastward, y positive
northward, and 2 positive upward, with the origin
placed at the coast. The time mean of a variable will
be indicated by an overbar, and its time fluctuation
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FiG. 2. The lengths of time series at different stations.
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TaBLE 1. Mean, standard deviation, Reynolds stress and principal axis for CUE-1 stations.
. — Major Mean flow
Depth i 9 %D 98D u'v uv principal  orientation®

Station (m) (cms™) (cms™) (cms™?) (cms™) (cmifs™?) USDYSD axis® (deg) (deg)

NH3 30 —0.2 1.4 2.6 14.3 20.9 0.57 -6 8

20 -1.7 1.3 6.7 15.5 90.2 0.87 -21 53

25 —0.6 3.2 6.7 15.6 64.0 0.61 —16 11

NH6 40 0.7 2.8 5.6 13.5 51.6 0.68 —17 —14

(40)» —-1.7 5.3 5.5 12.7 62.4 0.89 —22 18

60 —-0.7 2.2 24 9.0 11.6 0.54 -9 18

(60) —-2.3 29 2.5 9.7 194 0.80 —12 38

20 —6.4 —14.3 5.8 10.6 32.7 0.53 —20 156

NH10 { 40 -3.5 -5.1 6.8 12.8 63.0 0.73 —23 146

60 —2.7 —0.2 49 10.7 41.2 0.79 —-21 94

20 -75 —-9.0 7.4 9.1 24.3 0.36 -30 140

40 —2.6 —4.7 6.7 8.8 38.3 0.65 —33 151

(40) —-21 —3.8 6.5 8.2 33.1 0.63 -35 151

NH15 60 0.3 0.3 6.9 8.1 29.3 0.52 —36 —45

(60) 0.6 0.7 7.9 6.5 29.4 0.57 —54 —41

80 1.0 3.7 6.1 5.2 13.1 0.41 —56 —~15

(80) 23 4.2 7.3 5.6 20.2 0.50 —59 —-29

20 —48 —4.6 7.4 7.6 22.0 0.39 —43 134

NH20 40 -3.0 —1.8 6.8 8.9 31.9 0.53 —-32 121

70 1.2 7.3 4.1 7.0 17.4 0.61 —24 -9

120 0.1 9.0 2.4 9.4 9.2 0.41 —6 -1

20 —34 —-18.1 5.2 12.0 229 0.37 —10 169

DRY 40 0.4 —-7.9 6.0 134 33.1 0.46 —14 —-177

60 2.6 1.6 4.9 14.5 50.7 0.71 —14 ~58

80 3.1 6.1 4.1 13.8 423 0.75 —13 27

UWIN 66 —-1.5 6.5 2.5 9.0 -12.2 —0.55 9 13

POL 40 0.7 —5.9 6.0 9.8 48.1 0.82 —29 —173

» Measured counterclockwise from north. One can, of course, add 2=180° to these values.
b Parentheses indicate that the months of September and October have been omitted.
¢ Direction fo which the current flows, measured counterclockwise from north.

will be indicated by a prime. The eastward, northward
and upward velocities will be denoted by %, v and w
respectively, so that at point x the eastward velocity is

u(x,)=u(x)+u'(x,t), #'=0. (3.1)

The standard deviation of a quantity will be denoted
by a suffix SD, so that

UsD = [u_’zj‘f (32)

The means and standard deviations of the eastward
and northward components of the currents at various
stations are given in Tables 1 and 2 for CUE-1 and
CUE-2, respectively.! They are computed for the entire
lengths of the respective records as shown in Fig. 2.
Sometimes these included the months of September and
October, which are not considered very typical of the
upwelling season off Oregon. In such cases (e.g., the
40 and 60 m currents at NH6) the means and standard
deviations are also computed by deleting these two

1 An earlier version of this paper contained results from the
40 m depth at Edelweiss. However, it now appears that the direc-
tion sensor of this current meter was probably faulty. We have,
therefore, omitted here the results relating to this current meter.

months from the records; the resulting values are re-
corded in parentheses in these tables.

An examination of the % values shows that during
the CUE-2 experiment most of the currents below 10 m
were eastward, except at stations Edelweiss and
Poinsettia. With some exceptions, the CUE-1 and
Poinsettia records showed a general trend of eastward
velocity below mid-depth and westward velocity
above mid-depth.

Fig. 3 shows the variation of 7 at various depths as a
function of distance from shore. The mean current
seems to be in the form of a baroclinic coastal jet,
whose maximum speed occurs near the surface at a
distance of about 15-20 km from the shore. There is a
vertical shear in the mean velocity, so that the surface
layers are moving southward relative to the deeper
layers, consistent with the upward-toward-the-coast
slope of the mean isopycnals throughout the upwelling
season (see, e.g., Fig. 2 of Kundu et al., 1975). Adjacent
to the coast the mean flow at all depths seems to be
northward for the CUE-1 line. This may be due to the
backflow accompanying a separation of the jet at Cape
Foulweather. However, the mean values near the coast
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TaBLE 2. Mean, standard deviation, Reynolds stress and principal axis for CUE-2 stations,
. — Major Mean flow
Depth i ? Uugp UgD w'y uv principal  orientationP

Station (m) (cm s™1) (cm s™) (cms™) (cms™) (cm™2s2)  wugpusp axis* (deg) (deg)

* A ster : { 8 —23 —2.6 5.2 16.5 17.8 0.21 —4 139

40 0.8 -3.6 2.1 13.9 -0.0 —0.00 0 167

Aster 20 6.0 —11.3 4.0 12.5 —1.8 —0.04 1 —152

40 —0.6 —0.9 1.6 9.4 —-4.1 ~0.27 3 146

20 3.2 —239 4.7 10.0 —1.0 —0.02 1 —172

40 4.3 —10.9 3.0 10.5 —3.6 —0.11 2 —158

Carnation 60 2.7 —-2.0 2.9 11.7 —1.6 —0.05 1 —127

80 1.1 2.9 2.0 10.7 —6.8 —0.32 -4 -21

95 0.6 2.5 1.7 8.4 —~6.4 —0.46 6 -13

20 2.4 —21.7 4.3 6.1 -~-19.5 -0.75 32 —174

80 2.6 —4.6 2.3 5.5 —5.0 —0.40 11 —151

FEdelweiss 120 2.0 2.5 1.9 5.4 -0.7 —0.07 2 —-37

180 —1.8 7.3 1.7 5.4 —5.9 —0.64 12 14

195 -1.7 5.5 2.4 4.9 —8.7 -0.76 22 17

20 —0.3 —18.2 2.9 10.4 9.1 0.31 -5 179

Iris 40 1.9 —8.0 2.9 12.2 21.0 0.59 —8 —167

60 0.2 —-0.3 1.9 11.2 14.9 0.71 -7 —146

40 1.1 —12.6 2.4 4.0 —5.2 —-0.54 24 —175

. 80 0.2 —8.0 1.5 3.5 —1.6 —0.30 9 —179

Forsythia 120 0.2 —43 13 3.3 —05  —0.12 3 —177

180 0.7 —-1.5 1.2 3.1 —-0.3 —0.08 2 —155

20 2.7 —18.3 4.0 5.3 —-0.1 —0.00 0 —172

40 29 —11.4 3.2 4.5 —6.1 —0.43 25 —166

Forget-me-not 60 15 —3.8 2.8 7.0 -1.5  —0.08 2 —158

80 0.1 0.5 1.7 6.4 0.2 0.02 0 -11

20 —8.4 —23.0 5.4 8.3 24.4 0.55 —26 160

, . 40 —3.2 —13.3 4.9 9.2 26.5 0.59 —20 166

Poinsettia 60 0.3 73 5.1 8.6 233 0.55 —24 —178

80 2.3 0.3 3.0 6.2 7.7 0.42 —14 —83

sMeasured counterclockwise from north.

b Direction o which the current flows, measured counterclockwise from north.

are statistically unreliable because the standard devi-
ation in this region is much larger than the mean and the
records are relatively short.

The root-mean-square error in the estimation of the
mean of a stationary series is given by (see, e.g., Lumley
and Panofsky, 1964, p. 37)

e=o(T/27), (3.3)

where e is the rms error of the mean estimate, ¢ the
standard deviation of the signal, T the length of the
time series, and 7 is the integral scale defined as half
the area under the autocorrelation function. The
quantity 7/27 in (3.3) is the number of independent
measurements, since the measurement at intervals
greater than 27" can be considered independent. The
error bars (==¢) for the northward mean at 20 m during
CUE-1 are shown in Fig. 3. In these estimates the inte-
gral scale was taken to be about 2.5 days, which was
arrived at from the extrapolated intercept at zero fre-
quency of a number of spectra throughout the region.
The uncertainty of the mean estimate near the shore is
evident in this figure. The uncertainty, in fact, is even
greater because of the nonstationarity of the series.

From Tables 1 and 2, it is apparent that usp con-
sistently decreases with depth at all stations, whereas
vgp remains more or Jess constant with depth, although
near the coast vgp shows a small decrease with depth.
The small decrease of vsp at 5 m from the ocean bottom
at Edelweiss (water depth 200 m) and Carnation (water
depth 100 m) is accompanied by Ekman veering
(Kundu, 1976). Fig. 4 shows a plot of usp and vsp at
40 m depth as a function of the distance from the shore.
The 40 m depth is chosen because it is an intermediate
depth and because there is more complete data at this
depth. It is evident that the fluctuation field is not far
from being isotropic (#sp=vsp) at distances larger than
30 km, within which »gp rises steeply whereas #gp de-
creases as the coast is approached, as one should expect
due to the boundary constraint. The alongshore excur-
sion of the fluid particles is not so hampered until the
effect of friction is felt, which apparently occurs in a
layer whose width is less than 5 km. The results in
Fig. 4 are qualitatively similar to the solutions from the
numerical computation of shelf wave modes near the
Oregon coast (Fig. 2 of Cutchin and Smith, 1973). For
the first mode these solutions show a slow increase and



MARCH 1976

—i0
CUE-2 -

20m
40m
60m
80m
120m —-30
180m
30m
70m

PomOPDOO
Northward Mean , cm sec™!

20 i0 0

Distance From Shore, km

F1c. 3. The mean northward velocity # across an east-west
cross section. The hatched lines denote the location of the inter-
section of the depth of measurement with the ocean bottom
where the velocity is taken to be zero to satisfy the no-slip condi-
tion. The error bars are twice the standard deviations of the mean
estimate of the 20 m current.

a subsequent decrease of the east-west amplitude, and
a steep monotonic rise of the north-south amplitude as
one approaches the coast. It may also be mentioned
that an almost identical behavior is also obtained in a
turbulent boundary layer parallel to a plate (Fig. 10.8
of Townsend, 1956), although the coastal dynamics are
different from the dynamics of a turbulent boundary
layer.

In Section 4 it will be demonstrated that the fluctua-
tions seem to follow the direction of the local isobaths.
It may, therefore, be more appropriate to look at the
variation of the standard deviations in the so-called
“principal” coordinate system, defined (see Section 4)
by the directions along which the standard deviations
are extremum, or alternatively, the directions along
which the shear Reynolds stresses vanish. The standard
deviations along the major (maximum standard devia-
tion) and minor (minimum standard deviation) princi-
pal directions are also indicated in Fig. 4, where it is
apparent that their nature of variation is similar to
that in the east-north coordinate system.

It is of interest to determine the rate at which vgp
decreases offshore, and to examine the relation of vsp
with the local water depth. It follows from the theory
of barotropic continental shelf waves (e.g., Buchwald
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and Adams, 1968) that, for the nth shelf wave mode,
v=H [ ¢not5(Ho/H)pn ], (3.9

where H (x) is the depth of water, the subscript «
denotes the x derivative, ¢, is the solution to a Sturm-
Liouville problem, and ¢,(x=0)=0. These free wave
modes, moreover, may be superimposed and used for
the description of forced motion on the shelf (Gill and
Schumann, 1974). Consequently, we might expect the
magnitude of the alongshore velocity to decrease in the
offshore direction at a rate which is not far from H—%.
By plotting the data for vsp from CUE-1 and CUE-2
on a graph of log vsp vs log H, we found that the slope
of the mean line through these points gives vsp~ H~"-55,
which is in qualitative agreement with the theoretical
prediction,

4. Scatter plot and Reynolds stress

A ‘number of features can be simply displayed by
plotting so-called ‘“‘scatter diagrams,” in which the ve-
locity vector (u,v) is plotted as a point in a hodograph
plane at various times. Fig. 5 shows the scatter diagrams
of the velocity fluctuations at the various CUE-1 and
CUE-2 stations at a depth of 40 m (except for NH3
which is at the depth of 30 m), superimposed on a
bathymetric map of the region. The mean was removed
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>N el J
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Standard Deviation, cm sec™!

L 1 | |
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Distance From Shore, km

F16. 4. The standard deviations at 40 m as a function of the
distance from shore. The solid curves are drawn to pass through
ugp and vgp. The values along the principal coordinates are indi-
cated, but not joined. The half-solid symbols signify that © and @
(A and A) are nearly superimposed, which will be the case if the
principal axes are close to the east-north axes.
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F16. 5. Scatter diagrams of the 40 m velocity fluctuations at different stations during CUE-1 and CUE-2,
superimposed on a bathymetric contour map.
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from the data in these scatter plots; with the mean in,
the center of gravity of the clusters will simply be shifted
to the point (#,7). The extent of one of these clusters
in the x direction is a measure of #gp, whereas the extent

in the y direction is a measure of vgp. The increase of
vgp and the decrease of #sp as one approaches the coast
is evident from these scatter plots.

Also evident is the ‘“‘topographic steering’ of the
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fluctuations, that is, on the average the fluctuations
roughly follow the direction of the local isobath. The
isobaths seem to change direction across an east-west

line off Cape Kiwanda, and the Reynolds stresses #'v/
in the east-north coordinate system also change sign
across the same line, being positive southward of it and
negative northward (see also Table 2).

The direction of the polarization of the scatter plots
is given by the eigenvectors (principal directions) of the
Reynolds stress tensor Ry;= qiq;, (i=1, 2), where q1=1'
and ¢g»=7". It is easy to show that the principal direc-
tions 6, are those along which the sum of the squares
of the normal distances from the data points («',?’) is
extremum, and are given by the two roots of

tan26,=2u'v' /(4’2 —1'?). (4.1)
A simple graphical construction called the Mohr’s circle,
widely used in the theory of elasticity, can be used to
find the principal axes and the maximum and minimum
Reynolds stresses.

The dimensional and nondimensional Reynolds
stresses and the direction of the principal axes at various
stations are listed in Tables 1 and 2. The vertical dis-
tribution of the principal axis direction does not seem
to follow any pattern, but the intutitive expectation
that the bottom currents may be more topographically
steered than the upper currents does not seem to be
correct.

The fact that the Reynolds stresses in the region are
influenced by the bottom topography raises the question
of whether this has any relevance on the exchange of
energy between the fluctuations and the mean flow. It
is well known that the mean local transfer of energy
from the mean flow to the fluctuation is given by
—u'u'; (84:/9x;) in Cartesian tensor notation. This
term can be active even in two-dimensional flows where
the mechanism of vortex stretching is absent, and under
special circumstances can cause transfer of energy from
the fluctuations to the mean flow, for example in the
phenomenon of frictionally induced streaming near the
boundary over which a wave motion propagates
(Phillips, 1969, p. 38). A careful analysis of the effect
of bottom topography on the direction of energy trans-
fer, including frequencies other than those reported
here, is not pursued here. However, note that in the
present region the horizontal eddy coefficient of vis-
cosity obtained by dividing the mean velocity gradient
by the Reynolds stress has different signs at different
locations, and it is not possible to cite an approximate
value to be used in (laminar-type) theories.

5. Spatial correlations

To determine how the currents in the region are spa-
tially related, the correlation coefficients of # and v as
a function of the distance of separation were calculated

PIJUSH K. KUNDU AND J. S.

ALLEN 187

at different depths. The correlation coefficient, say for
the # component, between two stations x; and x, is
defined as

Tu (XI,XZ) =y (xlvt)ul (Xg,t)/[ﬁ (xlxt)ﬁ(x%t)]%- (5 '1)

The correlation coefficients at 40 m are shown in
Fig. 6. In computing these coefficients, the largest
common length of record was taken, but the months
of September and October were ignored. The correlation
coefficient as a function of the east-west separation is
shown in Fig. 6a, in which the CUE-1 result is centered
at NH20 and the CUE-2 result at Forsythia. Fig. 6b
shows the correlation coefficients as a function of the
alongshore separation, where the stations are approxi-
mately on the 100 m isobath line and roughly north-
south; the CUE-1 results are centered at DB7 while
the CUE-2 results are centered at Forget-me-not. A
typical standard error of these correlation coefficients
was estimated, by an expression similar to (3.3), to be
about +0.3. Note that, for both CUE-1 and CUE-2,
the correlation coefficients for » are much higher than
those for #, both for approximately alongshore as well
as east-west separations. In fact, they seem to define
different space scales for the # and v components. [ This
is contrary to a turbulent boundary layer where the
so-called lateral and longitudinal correlation functions,
although somewhat different, show correlation scales of
the same order of magnitude ; see Comte-Bellot (1965).]
The reason may be the following: It is probably a rea-
sonable assumption that the coastal region under con-
sideration has a great deal of forced or free shelf wave
activity, and some “turbulence” superimposed on it.
The shelf waves generate a much larger v than « [see,
for example, the numerical computations in Cutchin
and Smith (1973)7]. Therefore, these organized, wave-
induced v components are able to rise above the back-
ground turbulence level and show a larger correlation
scale, whereas the wave-induced # components get
somewhat mixed with the background turbulence and
display a smaller correlation length.

Note that the correlation of the # components as a
function of the alongshore separation goes to negative
values in CUE-2. This is evidently due to topographic
steering, which causes the u fluctuations at Forget-me-
not to be opposite in sign to that at Iris and Poinseitia.
To demonstrate this, we computed the correlation co-
efficients of the fluctuations along the major and minor
principle axes. The results are also indicated in Fig. 6,
where it is seen that the correlation coefficients of the
fluctuations along the minor axes, for stations separated
alongshore, do not go to significant negative values. A
comparison of the two sets of correlations, i.e., along
either the east-north or the minor-major axes, in Fig. 6
reveals the following facts: 1) 7, is generally of the same
order of magnitude as the correlation of the fluctuations
along the major axes, and 2) 7, is generally larger in
absolute value than the correlations along the minor

1
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axes. The latter is due to the fact that the  fluctuations
carry a part of the major axis fluctuations.
The correlation functions were also computed for the
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Fi1c. 7. Correlation coefficients at Carnation and
DB7 as a function of vertical separation.

CUE-2 data at 20, 60 and 80 m depths, those for the
CUE-1 measurements not being computed for lack of
sufficient data. The behavior at these depths is similar
to that at 40 m, and therefore is not shown. In general,
however, the velocities at the upper depths showed a
somewhat smaller correlation than those at the lower
depths, presumably due to decrease of “turbulence’ and
baroclinic effects (Kundu et al., 1975) with depth.
Note from Fig. 6b that for the CUE-1 data 7, essen-
tially levels out at about 0.9 within the Oregon coast
region. This is consistent with the finding of Huyer
et al. (1975) that ,=0.86 between the 60 m current at
NH10 and the 66 m current at a similar station,
UWIN, off the coast of Washington with an alongshore
separation of 200 km. This high r,, however, is not
evident for the CUE-2 measurements. In the next
section we shall also see that the mean alongshore
propagation speed of the current fluctuations during
CUE-2 was much smaller than that during CUE-1,
although both were northward. This smaller propaga-
tion speed might be responsible for an increased dissi-
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F1c. 8. Time series and cross spectra of v at NH10 (60 m) and UWIN (66 m).
Negative phase angle corresponds to NH10 leading UWIN.

pation of the signal as it propagates alongshore, resulting
in a smaller alongshore correlation during 1973.

The correlation coefficient as a function of vertical
separation is displayed in Fig. 7 for DB7 and Carnation,
where again the high correlation of the v fluctuations
can be seen.

6. Alongshore propagation speed

A plot of the time series of the northward component
of the currents at two 1972 stations separated by an
alongshore distance of 200 km is shown in the upper
panel of Fig. 8; those for some 1973 stations also
separated alongshore are shown in Fig. 9. A careful
comparison of the peaks and valleys in these series
clearly reveals the northward propagation of the signals
along the coast.

Based on cross-spectral analyses, quite a few compu-
tations have been reported (Mooers and Smith, 1968;
Cutchin and Smith, 1973; Huyer e al., 1975) on the
propagation speed of the currents near the Oregon-
Washington coast. They have been reported as north-
ward as well as southward, identified with different
frequencies (between 0.15 and 0.45 cpd), and accorded

different propagation speeds (between 200 and 2000
km day~!). The most recent study is that of Huyer
et al. (1975) who examined the alongshore coherence of
low-frequency currents over the continental shelf off
Oregon and Washington in the summer of 1972. We
utilize here some of the same measurements reported
in Huyer ef al. (1975), but because of the uncertainties
involved in the spectral calculations of these short time
series, especially the error bounds on the phase angle
calculations, it was decided to attempt a similar compu-
tation in the time domain, where the confidence inter-
vals are much smaller because no frequency resolution
is sought.
We define the “lagged” correlation function as

7 (8,%2,7) =0 (0,80 (%o, 17/ [ (R0 (0, ) (6.1)

The v component of the velocity is used here, because
it shows higher correlation and therefore less contamina-
tion due to “noise.” If 7, is the lag which gives the
maximum correlation, then the propagation speed in
the direction of d=x;—x, is |d|/7m, the sense being
determined from the sign of 7.
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Fi16. 9. Time series of v at various CUE-2 stations separated alongshore.

For this particular computation, the time series were
not decimated to 6 h values after low-passing through
the 40 h filter. Instead, they were filtered in the same
manner but the hourly values were saved so as to ob-
tain a time resolution of 1 h.

For the 1972 measurements, the propagation speed
was estimated from the time lag for maximum correla-
tion between the 60 m current at NH10 and the 66 m
current at UWIN, which were separated by a large
distance of 200 km. A time lag of 7.,=9 h was found,
with NH10 leading (Fig. 10a), so that the mean propa-
gation is northward with speed ¢~500 km day™!
(~5.8 m s7!) for 1972. Although no other station was
used for this computation because the alongshore separ-
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ation within the CUE-1 array was small (<23 km), a
plot of r, versus the alongshore separation d for the
CUE-1 stations is also indicated in Fig. 10a, where
again the southern stations lead the northern stations.
Note that the time lag within the CUE-1 array came
out to be about an hour greater than those expected
from ¢= 500 km day~. However, keeping in mind the
fact that we only retained a time resolution of 1 h,
and the various other uncertainties involved, we do not
think that this one hour difference is significant enough
to imply that the signals are propagating slower off the
coast of Oregon, and accelerating on the way up the
coast.

Without the spectral decomposition, no particular
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F16. 10. The lag time of maximum correlation versus the alongshore distance of separation for 1972 (a) and 1973 (b).
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frequency can be singled out, and one can only say
that the ‘“‘energetic”’ signals propagate at the mean
phase speeds quoted, whatever their frequency. How-
ever, more can be inferred about the propagation from
an examination of the time series of the north-south
fluctuations at NH10 and UWIN (Fig. 8). The southern
station (NH10) shows a good deal of high-frequency
(w=0.5 cpd), 2-day period motion, whose amplitude is
much smaller at the northern station (UWIN). Other-
wise, in the range 0<w< 0.4 cpd, the signals are roughly
identical in form, simply phase shifted by a few hours.
This means that these frequencies traveled with roughly
the same speed, that is, the propagation is approxi-
mately nondispersive. It is easy to see that in such a
case the magnitude of the phase angle should increase
linearly with frequency if a cross-spectral analysis were
carried out. To show this, suppose that the phase differ-
ence between two stations separated by a distance L at
frequency w is ¢(w) [deg]. Then the wavelength is
AMw)=360L/¢, so that the propagation speed is ¢(w)
= wh=360Lw/¢. Therefore, for ¢ to be independent of
w, we must have ¢ proportional to w.

A cross-spectral analysis of the ¥ components of the
fluctuations of the 60 m current at NH10 and the 66 m
current at UWIN was also performed, the results of
which are displayed in the lower panel of Fig. 8. The
two autospectra show energy throughout the 0-0.4 cpd
range. In addition, the NH10 autospectrum show a
large peak at 0.46 cpd (~2 day period), which was
virtually absent from the autospectrum of UWIN, a
feature already noted from the visual inspection of the
time series. The signals were also coherent throughout
almost the entire range of 0 to 0.5 cpd (with a low only
at about 0.35 cpd); the phase angle ¢ was very nearly
linear throughout the same range also, signifying a
roughly nondispersive propagation. From the phase
spectrum, the speed of propagation comes out to be
about 500 km day™' (¢=~40° at w=0.3 cpd; with
L=1200 km, this gives ¢=540 km day~), agreeing with
the time-lagged correlation computation. Huyer ef al.
(1975) also estimated a similar phase speed of 575 km
day~! at 0.16 cpd from the same data.

For the CUE-2 data, the time lag for maximum cor-
relation is plotted against the distance of separation in
Fig. 10b, where all the stations were at a depth of 60 m
and were separated in the alongshore direction. Again
it was found that 7., always came out to be positive if
Station 2 was northward of Station 1 [see (6.1)], sig-
nifying a northward propagation. The mean speed of
propagation, given by the slope of the straight line
passing through the points in Fig. 10b, is ¢=120 km
day™! (~1.4ms™) for 1973. From the size of the scatter
in Fig. 10b the accuracy of the above estimate seems
to be about 3-309,. No cross-spectral calculations could
be performed because of the small common length of
the series.

It may be noted that the mean velocities of 500 and
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120 km day~! are close to those calculated by Cutchin
and Smith (1973) for the first and second mode free
barotropic continental shelf waves in the low-frequency
or nondispersive range. From the dispersion curves in
Cutchin and Smith (1973), the first mode appears to be
nearly nondispersive for »<0.35 cpd (wavelength
A> 1000 km), whereas the second mode has a nondis-
persive behavior for w<0.28 cpd (A>400 km).

The results from 1972 appear to indicate that all the
low-frequency current fluctuations for w<0.3 cpd prop-
agate northward nondispersively at a mean velocity of
500 km day~'. This is consistent with the current
fluctuations at the relevant frequencies existing in the
form of first mode continental shelf waves. These modes
might be propagating northward, at the first mode wave
speed, as free waves. The idea of free waves, however,
does not fit well with the reasonably high correlation
of the alongshore current velocities with the local along-
shore component of the wind stress 7,. In addition, in
Kundu ef al. (see their Table 7) it was shown that in
1972 the barotropic component of the alongshore cur-
rent at DB7 was very highly coherent with 7, at
0.14 cpd and that the corresponding value of the phase
differences (between 7, and #, 7, and v, and # and v)
at this frequency were consistent with resonant forcing
by the winds. A resonant condition may exist if a
component of the wind stress travels northward as a
wave with the phase velocity and wavelength of a free
continental shelf wave mode. Moreover, accompanying
this high coherence and phase relation at 0.14 cpd is a
peak in the autospectrum of », evident in Fig. 8, which
also supports the idea that energy is somehow more
efficiently transferred to the currents at this frequency.

To investigate further the concept of resonant forcing,
we have analyzed the data on coastal winds from New-
port, Ore., near the NH line, and from Westport,
Wash., near UWIN (see also Huyer ef al.,, 1975). A
correlation of the northward component of these winds
showed a time lag for maximum correlation of 2.5 h,
the southern station leading. The maximum correlation
coefficient between the two winds was quite high (0.83),
but the amplitude of the fluctuation at the northern
station was nearly half that at the southern station.
This time lag (2.5 h) is much shorter than that for the
currents (9 h). A cross-spectral analysis of the north-
ward component of these winds showed a high (>0.9)
coherence for 0<w<0.16 cpd with an accompanying
phase difference which was nearly zero for w<0.12 cpd
but which had a value of 20° (Newport leading) at
w=0.14 cpd. This implies a phase velocity of ~ 500 km
day—! for the wind at 0.14 cpd. A similar result was
found at 0.16 cpd by Huyer et al. (1975).

It appears, therefore, that although most of the
fluctuations at the energetic frequencies in the along-
shore component of the wind were about simultaneous
at the two stations, the w=0.14 cpd component of the
wind propagated at a mean speed of about 500 km day—,
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which is close to the speed of propagation of all the
low-frequency fluctuations in the currents and is close
to the nondispersive phase velocity of a first mode
continental shelf wave. This gives further support to
the concept of resonant forcing of a first mode shelf
wave at w=0.14 cpd. It does not, however, explain the
propagation of the current fluctuations at the other
frequencies at approximately the same mean velocity,
and the possible existence of these fluctuations in the
form of a first mode shelf wave. Several explanations
for the latter behavior are possible. For example, the
response to an impulsive (strong and short-lived, wind
event type) forcing will be composed, after the forcing
has abated, of a set of free wave modes. The lowest
mode should be expected to have the largest amplitude
(Gill and Schumann, 1974) and also, perhaps, to persist
longer than the higher modes. The first mode, therefore,
could dominate the alongshore current structure. Al-
ternatively, it is still possible for a resonance mechanism
to exist at frequencies other than about 0.14 cpd, and
to produce a forced response with the free wave propa-
gation velocity, if the wind stress is in a standing wave
configuration and has an appropriate traveling wave
component of 7, {see, e.g., Kundu e? al., 1975). These
possibilities, however, cannot be resolved here.

The reason for the occurrence of the smaller mean
propagation speed of 120 km day— during CUE-2 in
1973 is not understood. Although this speed is similar
to that of the second mode free shelf wave, the second
mode has a zero crossing for v in the offshore direction,
which for the case studied by Cutchin and Smith (1973)
was found to be at about 40 km from the coast. If the
currents are primarily in the form of a second mode
then measurements from either side of the zero crossing
should be negatively correlated. However, we find only
positive correlation of the v components in an offshore
direction, up to a separation of about 52 km (Fig. 6),
which does not seem to indicate the presence of a second
mode. On the other hand, the location of the zero
crossing is not exactly known, because the computations
in Cutchin and Smith (1973) were made on the basis of
the bathymetry across DB7, and it is not certain to
what extent the alongshore variations in bathymetry
influence the mode shapes.

In any case, the alongshore propagation problem de-
serves further study with more alongshore measure-
ments and with measurements at greater alongshore
separation distances. The high correlation of the along-
shore currents over the shelf with sea level at the coast
(Section 7) indicates that sea level measurements along
.the coast might provide an accurate and accessible tool
to pursue these questions.

7. Empirical orthogonal decomposition

A decomposition of the velocity fields at Carnation
and DBY, into the dynamic modes and into the “em-
pirical orthogonal functions,” was performed by Kundu
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et al. (1975). Tt was found that the vertical empirical
mode shapes were very similar to the dynamic mode
shapes and, among other things, that the amplitude of
the first baroclinic mode at DB7 was correlated with
the temperature fluctuations at 40 m at the same sta-
tion. It is important to determine whether this kind of
correlation between the baroclinic velocities and tem-
perature is observed at other stations, and whether
these baroclinic fluctuations propagate along the coast.
Such a modal decomposition of the velocity field at
other stations has therefore been carried out. A brief
outline of the method is given first [for more details -
see Kundu et al. (1975)].

Let v(x;,lx) denote the value of a scalar variable at
time ¢, (k=1, 2...K) and location x; (i=1, 2, ...N).
One can define a real, symmetric and positive definite
matrix of correlation coefficients as

1 ¥
R(Xz',xz)=} 2 v(Xati)v (Xj50k), (7.1)

k=1

and find its real eigenvectors ¢, (x;) and positive eigen-
values A,

2 R(xiX)pn(x:) =hapn(x;), n=1, .. (7.2)

=1

L.

The eigenvectors, which satisfy the orthogonality
condition

N
Z bn (Xi)¢m (xi) = anm, (7 3)

=1

are called “empirical orthogonal functions” (mode
shapes). The eigenvalues A, are the time average energy
(variance) in the various modes, and the sum of the
eigenvalues add up to the total energy. The set {¢.)}
forms a new basis in the vector space in which the data
points can be assumed to be situated, so that

v(x,-,tk) = g:l E,.(tk)cbn(xi), (74)
where
N
E (t) =2 v(Xil)da(Xs)- (7.5)

=1

It can be shown that the modal amplitudes E.(#) are
uncorrelated in time.

The results of the empirical orthogonal decomposition
by stations, where x; in (7.1)-(7.5) stand for various
depths z; at one geographic location, are shown in
Table 3. In this table, the normalized correlation co-
efficients are denoted by the angle brackets. For
example,

<E1u7w> =Elu7'w/E1uSDTwSDy
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TasLE 3. Empirical orthogonal decomposition at various stations.
U component V component
Depth Alu Per- Aew Per- A Per- Aeo Per-

Station (m) $1= (em2?s72) cent (Eturw) $au  (cm2s2?) cent (Esurw) ¢10 (cm?s72) cent (Ewrw) ¢ (cm2s72) cent (Ezrw)

{20 © 099 163 879 —0.14 0.15 2.3 121 033 081 2320 951 055 059 120 49 ~-0.31
Aster 40 0.15 ~0.99 0.59 —0.81
20 0.79 0.61 0.43 0.81

Cornati 40 0.42 293 688 —0.15 —048 89 201 036 050 4202 91.1 0.54 0.14 300 6.4 —0.35
arnation 60 0.37 —0.54 0.56 —0.34
30 024 —0.32 0.50 —0.45
20 0.92 0.29 0.32 0.81
80  0.25 ~0.20 0.44 0.23

Edelweiss 120 025 153 519 —024 -—030 9.0 30.3 0.17 051 99.6 735 0.42 0.01 300 221 0.39
180 0.12 —0.51 0.50 —0.40
195 0.10 ~0.73 0.44 —0.37
40 0.86 0.27 0.57 0.76

Forsvihi 80  0.39 7.5 669 ~0.16 0.19 1.6 147 -0.12 051 407 851 0.47 —003 41 87 030
orsyinsa 120 022 —0.76 0.49 —0.38
180  0.24 -0.56 0.43 —0.53
20 0.71 0.68 0.36 0.84

Forget-me-nat 40 052 263 719 005 —0.33 56 152 0.17 0.39 1146 83.0 0.52 024 17.8 129 017
orget-me 60  0.43 —0.51 0.62 —0.39
80  0.21 —0.41 0.57 —0.28
20 054 0.66 0.46 0.83

Poinseltia 40 061 555 805  0.32 008 7.5 11.0 026 049 1456 915 0.69 —020 7.7 49  0.07
60  0.49 —0.45 0.55 —0.05
80  0.32 —0.59 0.49 —0.52
20 0.56 0.83 0.52 0.74

Iris {40 075 11.5 568 014 —05t 6.7 332 036 0.64 3608 945 0.32 0.00 154 40 —0.38
60  0.36 —0.24 0.57 —0.68
20 0.52 0.23 0.43 0.67

DB7 40 0.63 79.7 73.8 027 052 196 181 —0.35 051 6848 920 0.8 037 511 69 0.8
60 0.8 —0.48 0.54 —0.39
80  0.32 —0.67 0.51 —0.52
20 0.75 0.66 0.70 0.70

NH6 {40 0.60 746 90.0 059 —0.72 7.2 87 —0.03 057 477.1 957 0.68 —0.45 187 3.8 —001
60  0.28 -0.22 0.43 —0.55
20 0.60 0.65 0.55 0.79

NH10 {40 065 107.2 932 034 —006 52 45 —037 063 4044 928 042 —0.19 251 58 ~026
60  0.47 —0.76 0.55 —~0.58
40  0.63 0.74 0.71 0.60

NH15 {60 0.62 122.3 90.2 031 —0.28 10.1 7.5 —0.07 0.2 1781 922 051 —0.31 123 6.4 —0.10
80 0.7 —0.62 0.32 —0.74
20 o071 0.47 0.48 0.52

40 0.60 1026 918 0.08 —0.01 42 3.7 -047 051 1855 81.0 0.50 0.40 368 161 —0.51

NH20

70 0.36 —0.88 0.50 —0.12
120  0.10 —0.08 0.52 —0.75

where 7, is the northward component of the wind stress
and Ei, the amplitude of the first empirical mode for
the # component. The eigenfunctions are computed for
the largest common time period for the group of records
at each station (Fig. 2). The time mean was removed
from the data series in each case. First note that ¢1,,
the first mode for the » component, is fairly depth-
independent at many stations. However, at stations
near the coast (4ster, NH6), and also at NH1S5, this
mode shape corresponds to stronger fluctuations near
the surface, whereas at Forget-me-not it reveals stronger
fluctuations near the bottom. This mode accounts for
nearly 909, of the energy at most stations, and is fairly
well correlated with the wind stress. The second mode

¢, resembles a dynamic baroclinic mode, with a zero
crossing somewhere in depth, and accounts for roughly
5-109, of the energy. Except for a few stations, its
amplitude E,, has a poor correlation with the wind
stress in general.

The first mode shape for the east-west fluctuations,
¢1., always has larger values near the surface, and
accounts for typically 60-809, of the energy. The sec-
ond mode ¢z, has a zero crossing and accounts for about
10-159, of the energy. Both modes have poor correla-
tion with the wind stress.

To find out whether these modal amplitudes are
spatially coherent, the correlation coefficients of E, and
E; were computed between the different stations for
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TABLE 4. Correlation coefficients of the modal
amplitude between stations

Correlations of

Station pair Ey Ey, By, Bay,
Carnation & Aster 0.88 020 —-0.03 —-0.12
Edelweiss & Aster 0.73 0.21 —0.08 0.15
Forsythia & Aster 0.72 —0.15 032 -0.29
Forget-me-not & Carnation  0.81 0.13 0.09 0.30
Forget-me-not & Iris 0.87 —042 —0.26 0.14
Carnation & Iris 096 —-054 —014 —0.12
Aster & Iris 092 —0.25 009 —0.16

the CUE-2 data (Table 4). It is seen that the first modal
amplitudes for the v component are well correlated
within the region. Since this mode accounts for most of
the energy in the data, a propagation speed of this
mode was not computed because it would be roughly
the same as that of the signal at 60 m, already computed
in Section 6. Time-lagged correlation coefficients were
computed between the E,, at the various CUE-2 sta-
tions separated alongshore. However, no consistent re-
sult was found and no evidence of alongshore propaga-
tion of the second empirical mode was detected.

The second modal amplitude E,, at DB7 was found
to have a good correlation with the local temperature
at 40 m in Kundu et al. (1975), whereas no such correla-
tion at Carnation was found in that work. In the present
study, we have tried to detect this kind of correlation
at several other stations, but found none. An examina-
tion of the hydrographic data of Halpern and Holbrook
(1972) and Holbrook and Halpern (1974), taken during
the CUE-1 and CUE-2 respectively, shows that DB7
was one of a very few stations where there was a mid-
depth vertical temperature gradient of the same sign
throughout the upwelling season. This could explain
the presence of correlation at DB7 and its absence at
other stations.
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An empirical orthogonal decomposition of the velocity
field on a two-dimensional east-west plane was also
performed. The results are shown in Table 5. Fifteen
current meter records were used, so that the total
number of modes was 15. However, a single mode ex-
plains about 749, of the energy for the » component.
The first modal structure ¢;, shown in Table 5 demon-
strates the fact that the simultaneous current fluctua-
tions decrease in magnitude away from the coast but
are roughly depth-independent at one station, i.e., the
fluctuations are roughly in the form of a barotropic
coastal jet. The time series for the wind stress, sea
level, and Ej, of this decomposition are displayed in
Fig. 11, where the strong correlation of E;, with the
sea level (0.82) and the somewhat weaker correlation
of E,, with the wind stress are evident.

8. Complex empirical orthogonal decomposition

Because of the geophysical importance, it is of interest
to extend the empirical orthogonal decomposition tech-
nique to a group of two-dimensional vector time series.?
The formulation is identical to that for scalar series
outlined in Section 7, only minor modifications being
necessary to generalize it for vectors. Let

w (Xi,tn) = (X, t0)+ 20 (X:,81) 8.1)
denote the two-dimensional velocity vector at time
ty (k=1, ...K) and location x; (=1, ...N). We define
a complex matrix of correlation coefficients

1 &
R(X,;,Xj)='— Z W*(Xhtk)w(x]')lk)) (82)
K &=1

and find its eigenvectors ¢,(x;), and eigenvalues A,,
defined by

ﬁ{, R(x:,X))0n (X)) =haopn(x;), n=1,...N. (8.3)

=1

2 The idea was given to us in a private communication by Dr.
C N. K. Mooers who has evidently developed a similar extension.

TaBLE 5. Empirical orthogonal decomposition on an east-west plane during CUE-2.

U component

V component

Atu Per- Azu Per- A Per- A2y Per-

$1u  (cm?s™2) cent (Eiurw) Pou (cm?s72?) cent (Eourw) $1v (cm2s72) cent (Eiwrw) P2 (em?s?) cent (Earw)
Aster 20 0.15 0.09 0.47 —0.42
Aster 40 0.12 0.16 0.37 —0.22
Carn 20 0.44 0.15 0.31 0.65
Carn 40 0.50 —0.15 0.33 0.38
Carn 60 0.53 -0.29 0.43 0.07
Carn 80 0.27 0.21 0.39 —0.03
Edel 20 0.20 0.82 0.13 —0.35

Edel 80 0.23 25 32  —0.46 0.10 18 23 —0.37 0.15 598 74 0.39 —0.12 85 11 —0.57
"Edel 120 0.16 0.13 0.14 —0.01
Edel 180 0.10 0.01 0.10 0.10
Edel 195 0.17 —0.06 0.09 0.08
Forsyth 40 0.00 0.23 0.11 —0.15
Forsyth 80 —0.07 0.15 0.07 —0.11
Forsyth 120 0.00 —0.07 0.07 —0.01
Forsyth 180 0.02 —0.06 0.07 0.08
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Because the correlation matrix is Hermitian, that is
R(x;,x;)= R*(x;,x;), the complex eigenvectors satisfy the
orthogonality condition

% ¢: (xi)d)m (xi) = 6nm,

t=1

(8.4)

and the eigenvalues \, are real. Moreover, because of
the Schwartz inequality

R(x;,x;) R(x;,X;) 2 R*(x:,%;) R (x:,%;),

the eigenvalues are also positive.

These eigenvectors ¢, may be called the ‘“complex
empirical orthogonal modes.” If the data are expanded
in terms of them,

‘w(X«;,tk) = % En (tk)d’n (X,’),

n=1

(8.5)

(8.6)

then the complex amplitudes E,(#) are given by

En(t) =3 o1 (xJ0(xot).

i=1

8.7)

It follows that

K
Z E: (tk)Em (tk) = )\nanm,

k=1

(8.8)

so that the amplitudes of two different modes are un-
correlated in time, and that the eigenvalues are the
time mean energy in the various modes. The sum of
the eigenvalues equals the total energy:

1 ¥ N 1 ¢~
— 2 2 wr(Xqte)w (Xt =E > ¥ Ea(te)

K k=1i=1 k=1 n=1

xEn(lk)=§ Ao (8.9)

n=l1

This method was applied to the CUE-1 and CUE-2
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0.5~ Wind Stress (north comp.)
b )
§ -05H
® -1oF

-1.5%

Adjusted Sea Level at Newport

-30L

Fic. 11. Time series of wind stress, Ei, and Ej, of the two-dimen-
sional section, and sea level at Newport, 1973.

data with the mean removed, some of the results of
which are displayed in Table 6. The eigenfunctions
were computed using the largest common record length
(Fig. 2) in each experiment. It must be kept in mind
that the eigenfunctions can all be multiplied by an
arbitrary complex number, because if ¢.(x;) is an eigen-
function, so is exp(%a)¢,(x;) where e is an arbitrary
constant. In other words, the vectors (complex num-
bers) defining an eigenfunction can all be rotated by
an arbitrary angle. We have arbitrarily chosen the first
element of the eigenvector to have a zero phase angle.

TaBLE 6. Some experiments with complex empirical eigenfunction decomposition.

First mode Second mode
Experi- Stations A Per- Az Per-
ment involved P1 (cm?s~%?) cent (E¥(0+1rw)) ¢2 (cm?2s8~?) cent (E’;= (O+1rw))
NH3, 30 m 0.59 exp (i0°) 0.69 exp (10°)
1 NH10, 40 m 0.61 exp(—314°) 485.3 78.5 0.56 exp( —30.2°) 0.32 exp( -%142°) 91.6 14.8 0.25 exp(118.4°)
NH1S, 40 m 0.39 exp( —124°) 0.31 exp(4150°)
NH20, 40 m 0.40 exp( ~314°) 0.58 exp ($126°)
Aster, 20m 0.43 exp(i0°) 0.58 exp (30°)
Aster, 40 m 0.33 exp (4°) 0.23 exp(i7°)
Carnation, 20 m 0.32 exp(—13°) 0.69 exp(3170°)
Carnation, 40 m 0.38 exp(#5°) ) 0.30 exp(—~%178°)
2 Carnation, 60 m 0.43 exp(13°) 728.9 81.1 0.59 exp(i1.2°) 0.08 exp(—~2176°) 75.2 8.4 0.22 exp (—174.0°)

Carnation, 80 m
Carnation, 95 m

0.39 exp(i5°)
0.31 exp(#6°)

0.11 exp(i9°)

0.09 exp(—19°)
0.08 exp( —%4°)
0.08 exp(—17°)

Forsythia, 40 m
Forsythia, 80 m
Forsythia, 120 m
Forsythia, 180 m

0.05 exp( ~%48°)
0.03 exp(—~17°)

0.14 exp(—~#45°)
0.08 exp( ~#26°)
0.06 exp(—~163°)
0.03 exp(~%103°)




196

£, IMAG., cm sec™!

20
£, REAL, cm sec™!

Start on
7/3/73

70+

(a)

JOURNAL OF PHYSICAL OCEANOGRAPHY

—
-10 /

VOLUME 6

V,cm sec!
20+
e

—

10
U, em sec™!

Start on
T/3/73
12 Noon

(b)

F1G. 12. Hodograph plots of (a) E; in Experiment 2 and (b) the 80 m current
at Carnation. In both (a) and (b), only the early part of the total time series has
been drawn for clarity. The zero hour on each day has been indicated by open circles
and labeled. Six-hourly values have been indicated by dots.

In Experiment 1 in Table 6, we find the complex
empirical eigenfunctions on an east-west line at 40 m
depth during CUE-1. The shape of the first eigenfunc-
tion shows the counterclockwise rotation of the current
fluctuations as one goes offshore, a manifestation of the
‘“‘topographic steering” mentioned in Section 4.

Experiment 2 in Table 6 is the decomposition on a
two-dimensional east-west cross section. The shape of
the first mode, which accounts for 8197, of the variance,
shows that the simultaneous current fluctuations are
roughly in the same direction and decrease offshore. A
hodograph plot of E;(¢) is shown in Fig. 12a. Since this
mode accounts for such a high fraction of the energy,
the hodograph may be interpreted as a vector repre-
sentation of most of the currents on the shelf. For
comparison, the hodograph of the 80 m current at
Carnation is shown in Fig. 12b. The consistent clockwise
rotation in both of these plots is in agreement with
the behavior expected of continental shelf waves.

The plot of E,(f) in Fig. 12 shows in particular the
strong response of the current over the shelf to the wind
event of 11~-16 July (Kundu ef al., 1975 ; Halpern, 1975).
At the beginning of this event the alongshore component

of the wind, which was weak and toward the north
during 6-9 July, changes direction and blows toward
the south. It increases in magnitude from 11 July to
a maximum (low-pass filtered) value of 11 m s™ on
13 July, after which it decreases. The response of the
currents on the shelf as represented by Ey(f) is charac-
terized by an increase in magnitude southward and
onshore, which is in qualitative agreement with the
expected behavior during an upwelling-favorable wind
event. The overall behavior of the currents from 11-16
July describes a large clockwise ellipse in the hodograph.

Note that there are also some smaller clockwise
ellipses in Fig. 12 (e.g., 16-18 July) with period of
about 2 days. An examination of the wind data (Fig. 3
of Kundu ef al., 1975) shows that these current fluctu-
ations were generally not accompanied by corresponding
alongshore wind fluctuations. The coherence between
the currents and the wind was also found to be low at
these frequencies (Kundu ef al., 1975). It therefore
seems that these relatively weak current fluctuations
could be due to free continental shelf waves. The dis-
persion diagram in Cutchin and Smith (1973) indicates
that at these relatively short periods it is only possible
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to have free waves belonging to the first mode, which
propagate at about 250 km day—!. These weaker fluctu-
ations do not, however, greatly affect the correlation
calculations of Section 6, which showed that the ener-
getic signals in 1973 propagates at about 120 km day—.

9. Nearshore behavior

Theoretical results from idealized, inviscid, time-de-
pendent models for the response of stratified coastal
regions to meteorological forcing [summarized as they
might apply here, e.g., by Kundu et al. (1975) and Allen
(1976)] indicate that the largest amplitude baroclinic
motion should occur in a region close to the coast with
an offshore scale of the order of the Rossby radius of
deformation §z. Off the Oregon coast in this region,
during the upwelling season, we find 6z~ 16 km (Kundu
et al., 1975). Since this is a fundamental implication of
idealized, theoretical upwelling models, it is important
to ask to what extent the measurements confirm this
result. It has been mentioned in previous studies (e.g.,
Smith, 1974; Kundu et al., 1975), that the hydrographic
data show the major motion of density surfaces in the
upwelling regime off Oregon, outside of the surface
layer and on time scales of several days, to be within
10 km of the coast, thus supporting qualitatively the
theoretical result. Here the low-frequency current fluc-
tuations near the coast are examined in light of the
theoretical prediction.

In Kundu et gl. (1975) the behavior of the barotropic
and baroclinic components of the currents at DB7
during 1972 and at Carnation during 1973 was studied.
Both of these stations were at a distance of ~13 km
from the coast, i.e., they were within the theoretical
estimate for 8z, but they were seaward of the region
(<10 km) where the relatively large motion of density
surfaces was observed. It was possible in that study to
offer an explanation, based on results from the idealized
theoretical model, for the time-dependent behavior and
relation to the wind stress, of the barotropic part of
the alongshore current ». The time-dependent behavior
of the baroclinic component of v, however, was not as
easy to understand and no satisfactory explanation was
achieved. To investigate further the baroclinic behav-
ior, we make here a corresponding examination of the
current measurements at a station which is closer to
the coast than either DB7 or Carnation. Specifically,
we examine the currents at Asfer, which was inshore
of Carnation on the same onshore-offshore line, and was
approximately 5 km from the coast, i.e., well within
both 8z and the region of observed large-amplitude
motion of the density field. :

Since, in general, the behavior of the alongshore com-
ponent of the current v appears to be easier to under-
stand than that of %, probably because of superposition
of “turbulence,” we concentrate on the » component at
Aster and on its relation with the wind stress and with
the currents at Carnation.
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TABLE 7. Some properties of the dynamic and empirical
modes at Aster and Carnation.

1. Structure of dynamic mode at Aster:

VA 1 VA 2
20m 1.0 0.63
40m 1.0 —0.38
2. Mean and SD:
Mean SD
(cm s™Y) (cm s™)
Dy — 49 10.3
Aster Do —103 5.8
. Dy, —15.1 9.9
Carnation Da, —207 5.8

3. Correlation coefficients at Aster:

(Dl'pElv) =099
(D1o7w)=0.58

(DaoE20)=0.82
(D7) =0.06

4. Correlation coefficients between Aster and Carnation:
(DI”ADI’(,') =0.82 <D2”AD2”C’> = —007

We note that at Aster the structure of ¢1,, the first
empirical orthogonal function for v (Table 3), contains
some vertical shear, with the larger value of ¢, near
the surface. Since the first mode carries a very large
percent (95%) of the energy, this implies that the major
part of the motion of the fluctuating v components at
Aster involves a vertical shear. In addition, the magni-
tude of the shear increases in absolute value as the
amplitude of the mode increases in absolute value. This
is in contrast to the behavior at Carnation where the
fluctuating v components are much more nearly depth-
independent and consequently so is ¢1,. This type of
behavior is also present in the 1972 measurements along
the NH line, where there is a vertical shear in ¢, at
NH6 and a more nearly depth-independent structure
at NH10 and NH20. There is, however, considerable
shear in ¢, at NH15 also, which spoils the simple
picture. The reason is not clear, but it may be due to the
fact that NH15 is directly north of Stonewell Bank
(see, e.g., Huyer et al., 1974), by about 15 km which
may well affect the motion at NH15, where a northward
mean flow was observed near the bottom.

To investigate further the question of baroclinic mo-
tion at Aster, the » components were decomposed into
dynamic modes in the same manner as used for the
currents at Carnation and DB7 in Kundu et al. (1975).
A smoothed average density structure was calculated
from eight profiles of o, taken near Aster during the
upwelling season (Holbrook and Halpern, 1974). The
continuous structures of the barotropic mode Z; and
the first barclinic mode Z, are not shown, but their
values at 20 and 40 m are given in Table 7. The velocity
components were decomposed such that

(3i,8) = D1o () Z1(3:)+ D2s () Z5(25).- (9.1)
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The mean values and standard deviations of D,, and
D,, for both Aster and Carnation are given in Table 7.
It may be seen that the standard deviations of D,, are
of a stmilar magnitude for Aster and Carnation, as are
the standard deviations of Dj,. There is no evidence on
this basis, therefore, that the magnitude of the baroclinic
fluctuations represented by Ds.sp increase, either in
absolute magnitude or relative to Dj.sp, on going in-
shore from Carnation to Aster.

It is interesting to compare the modal structure of

the empirical orthogonal functions and the dynamic
modes. As mentioned, ¢y, includes a vertical shear,
whereas Z, is depth-independent. If ¢y, is written as a
combination of Z; and Z, ¢1,=aZ1+bZ,, we obtain
a/b= (0.67/0.22)=3.12 which indicates that Z; is the
major component of ¢1,. In fact, in spite of the struc-
tural differences between ¢;, and Z;, we find an ex-
tremely high value for the correlation coefficient be-
tween Dy, and E;, and a high value for that between
D;, and E,, (Table 7).
- If we examine the correlation between the barotropic
and baroclinic components at 4 ster and the correspond-
ing components at Carnation, we find that the Dy,’s are
highly correlated, but that the D,,’s are essentially
uncorrelated (Table 7). The same trend is indicated by
the values of the corresponding E,,’s and Es,’s (Table
4). Evidently, the baroclinic component at Aster is not
strongly related to that at Carnation. We also find
(Table 7) that Ds, at Aster has about the same correla-
tion with the wind stress 7, as does Ey,, and that Ds,
is essentially uncorrelated with 7.

With the exception of the vertical shear that appears
in ¢, at Aster and at NH6, there is little direct support
for the predictions of the previously mentioned the-
oretical models from the above results concerning the

velocity fluctuations. A reason may be provided by the

distortion of the basic state. The density field within
dr of the coast varies substantially during the upwelling
season in response to the events caused by strong up-
welling-favorable winds (Smith, 1974; Kundu et al.,
1975 ; Halpern, 1975). Also, since 3z is a relatively small
scale of the same order as that of alongshore variations
in the bottom topography, it might be expected that
appreciable alongshore variations in the basic density
field develop within éz. These factors, along with the
presence of a mean current, may cause the basic state
of the density field to be too complex to be modeled
properly with the approximations of the idealized
theories.

10. Summary

Two distinct types of coastal jets have been found
in this region, a mean jet which is baroclinic and a
fluctuating jet which is largely barotropic. The mean
jet &, which has a considerable vertical shear with the
surface currents flowing southward relative to the bot-
tom currents, has a maximum speed near the surface at
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a distance of approximately 15-20 km from the coast,
inshore of which it appears to approach zero at the
coastal boundary. The fluctuating part of the alongshore
velocity, on the other hand, has the structure of a
roughly barotropic jet, where the maximum value seems
to be obtained very close to the shore, in a distance less
than 5 km from the coast. (This behavior is similar to
that in a turbulent boundary layer where the mean
velocity feels retarding effects much further away from
the wall than is felt by the fluctuations themselves.)
This is not unexpected, since the mean speed is retarded
through frictional effects generated by the Reynolds
stresses of the fluctuations, which are large where the
fluctuations are large, whereas the fluctuations them-
selves are retarded due to still smaller scale motions. A
mechanism for the production of a steady-state baro-
clinic coastal jet was found theoretically by Allen (1973)
in a two-dimensional model and was based on the effects
of upwelling and diffusion. The same mechanism is also
operative’ in three-dimensional models (Pedlosky,
1974a,b). The fluctuating barotropic jet may be pro-
duced by free continental shelf wave modes, which may
be superimposed and used in the description of forced
motion (Gill and Schuman, 1974).

There does not appear to be a great deal of direct
support in these velocity measurements for the results
of idealized, stratified, inviscid flat bottom models of
the coastal response problem. These models predict a
large baroclinic response within a distance of the order
of the Rossby radius of deformation 8 (~15 km) from
the coast. Although the density field seems to respond
with the largest fluctuations within 6g, the fluctuating
alongshore velocity field does not show a large baro-
clinic component which behaves in obvious accordance
with the qualitive features of the theory. This may be
due to the presense of distortions of the density field
near the coast, both in time and in alongshore direc-
tion, which are large enough that the idealized basic
state of the theoretical models is not an adequate
approximation. The fluctuating velocity does, however,
seem to have an increased vertical shear at the inshore
stations, but the depth-independent mode is still the
major component.

The onshore-offshore fluctuations #, which are of the
same order as the alongshore fluctuations at a large
(~40 km) distance from the coast, appear to decrease
as the coastal boundary is approached. The u com-
ponents also show a smaller correlation length than is
shown by the v components, presumably because the
wave-induced #’s, which are smaller than the wave
induced ’s, get submerged in the background
“turbulence.”

A scatter diagram of the velocity fluctuations at
different stations demonstrates that the fluctuations
are clearly topographically steered. The sign of the
Reynolds stresses in this region, therefore, is controlled
mainly by the bathymetry. A continuous trace of these
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scatter plots also revealed the consistent clockwise rota-
tion of the current fluctuations in the hodograph plane,
.adding more support to the suggestion that the major
portion of the current fluctuations is composed of
(forced or free) continental shelf waves.

Since the energetic components are of major interest,
the alongshore propagation speed of these wave motions
was found from the time lag corresponding to maximum
correlation between alongshore stations. The fluctua-
tions in the alongshore velocity were found to propagate
northward approximately nondispersively in the range
0<w<0.4 cpd at a mean speed of 500 km day~! during
1972 and at 120 km day~! during 1973.
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