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ABSTRACT

The theory of coastal trapped waves generated by remote wind forcing (Clarke) is used to calculate coastal
subsurface pressure (SSP) and longshore velocity along the Oregon and Washington coasts for three two-month
periods: summer of 1972, summer of 1978 and winter of 1977. The response in SSP and longshore velocity
is assumed to be dominated by the mode one wave. In every case, coherence squared between observed and
modeled SSP is significant at the 95% level over the entire low frequency band (<0.2 cpd) with an average
phase difference less than +30°. Greater than 80% of the variance in coastal SSP is accounted for by the mode
one coastal trapped wave (CTW). The SSP response off Washington and Oregon during summer is primarily
(~35% of the variance) a result of wind forcing between San Francisco and Cape Mendocino, California.
Wind stress in this region during summer is significantly larger than that off Oregon and Washington at low
frequencies so that the CTW generated off California propagates northward with only minimal input from the
local wind field. The local contribution to SSP off Oregon and Washington during summer is relatively small
(<15%). The response during winter, on the other hand, is dominated by local wind stress, local winds being
much more energetic than those to the south. Comparison between modeled and observed longshore velocity
shows that at low frequencies a significant portion of the variance in longshore velocity on the Pacific Northwest
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shelf is also accounted for by the mode one wind forced CTW.

1. Introduction

Observational evidence for the presence of coastal
trapped waves on the Washington and Oregon con-
tinental shelf has been presented by numerous inves-
tigators over the last few years (Cutchin and Smith,
1973); Mooers and Smith, 1968; Kundu and Allen,
1976; Huyer et al., 1975; Wang and Mooers, 1977,
Hseuh and Lee, 1978; Hsich, 1982; Hickey, 1984).
This evidence has been derived primarily through ex-
amination of the spatial coherence of the coastal sub-
surface pressure (SSP) and longshore velocity fields
using a variety of standard analysis methods on various
data sets. The general results of these studies indicate
that in the Pacific Northwest, SSP fluctuations at fre-
quencies < 0.3 cpd during summer are consistent with
some of the properties of a freely propagating mode
one coastal trapped wave; specifically, at these fre-
quencies SSP is highly coherent over large longshore
scales (>400 km), with phase lags suggestive of the
first mode coastal trapped wave. These studies con-
sistently find a longshore velocity field which is quasi-
barotropic (depth-independent) at low frequencies over
the middle and outer shelf, with an amplitude that

! Contribution No. 1380 from the School of Oceanography, Uni-
versity of Washington.

2 Department of Atmospheric Sciences.
3 School of Oceanography.

© 1984 American Meteorological Society

decays offshore. Depending on the frequency band of
interest, location of the current meter and the time
(season) of observation, the longshore current fluc-
tuations have been attributed to either freely propa-
gating coastal trapped waves (modes one, two and
three), or a local response to wind forcing over irregular
coastal topography (bathymetry or coastline shape).

If the coastal subsurface pressure fluctuations off the
Pacific Northwest are best described by freely propa-
gating coastal trapped waves, the longshore wind stress
is the most obvious generator of these waves, as first
noted by Adams and Buchwald (1969). Gill and Schu-
mann (1974) showed that for a purely barotropic ocean
these coastal trapped waves satisfy a forced, first-order
wave equation. This theory was expanded by Gill and
Clarke (1974) and Clarke (1977) to include the effects
of both topography and stratification. Clarke showed
that for a five week period in summer 1972, the ob-
served coastal subsurface pressure field at frequencies
< 0.25 cpd off central Oregon was significantly coherent
with that predicted by the mode one wind-forced
coastal trapped wave theory.

The purpose of this study is to determine quanti-
tatively to what extent the subsurface pressure and
longshore velocity fields in the Pacific Northwest can
be accounted for by a wind-forced coastal trapped wave
response. Following the theory of Clarke (1977), the
pressure and velocity fields are calculated for various
locations off Oregon and Washington for two month
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time periods in three different years (two summers and
one winter). These particular periods have been dis-
cussed in detail by Hickey (1984), who shows that in
each of these periods the fluctuating large-scale long-
shore pressure gradient makes significant contributions
to the longshore momentum balance, consistent with
wave-like dynamics. In the present paper, the contri-
bution of the mode one coastal trapped wave to the
observed variance in SSP and longshore velocity in
the most energetic frequency band resolved (0.1-0.3
cpd) is quantified by direct comparison of modeled
and observed pressure and velocity data. Additionally,
the source of significant variance in coastal SSP and
midshelf longshore velocity off the Pacific Northwest
due to coastal longshore wind stress is identified and
the spatial variation of this source is €examined on a
seasonal time scale.
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2. The coastal trapped wave model
a. Free coastal trapped wave model

The coastal trapped free wave has been discussed
by Allen (1975), Wang and Mooers (1977), Huthnance
(1978), Clarke (1977) and Brink (1982a). To calculate -
the offshore-vertical structure and dispersion relation-
ship of a free coastal trapped wave, consider a linear,
inviscid ocean under constant rotation where the den-
sity stratification is horizontally uniform and topog-
raphy varies only in the offshore direction. Under these
conditions the equations of motion are

u, — fo = —Py/po, @)

v+ fit = —P,/po, 22)
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FiG. 1. A map of the west coast of the United States. Selected depth contours have
been superimposed to indicate the location of the shelf break and the onshore—offshore
bathymetric structure. The segments used in the forced coastal trapped wave model are
marked with lines emanating from the coast. Bakun wind stress grid points are indicated

by plus signs.
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TABLE 1. Description of the data used to calculate the forced coastal trapped hybrid waves and to contrast the forced wave response
to that observed. Abbreviations UW, OSU indicate the University of Washington and Oregon State University, respectively.

Starting date and

length of
Location record used
Year Meter ID Data type (lat., long.) (days) Source
1972 —_ Wind stress 30°N to 51°N, in 3° July 21 (56) Bakun
1977 increments Jan 12 (56)
1978 Aug 15 (56)
1981 — Density Oregon, California — OSU Report Nos. 93, 96, 99
1975 —_ Density Oregon, Washington —_ UW Report No. 86
1978 ELE, 92 m Longshore 45°20.1'N, 124°08.8'W  August 15 (56)
velocity
1972 NH20, 50 m Longshore 44°38.6'N, 124°31.5W  July 21  (56) OosuU
MS, 20, 50, 66, 71 m velocity 46°25.0'N, 124°20.0W  July 21  (56)
0S, 20, 30, 55, 110, 160 m 46°50.0'N, 124°50.0W  July 21  (56)
$6, 192, 323, 585 m 46°47.5'N, 124°56.9YW  July 21  (56)
S8, 60, 247, 433, 619, 805 46°45.8'N, 125°08.9W  July 21  (56)
Sil1, 60, 265, 881, 1086 m 46°43.2’N, 125°17.3W  July 24  (14-22)
1977 80 m Longshore 46°49.5'N, 124°32.5YW  Jan 12 (56)
velocity
1972 Subsurface Hickey (1984)
1977 pressure
1978
P, = —gp, (2.3) condition (2.10) requires the response to be coastally
_ trapped.
Uy + vy + w: =0, (2.4) Assuming a response of the form
Pt = —Wpoz, (2.5) P = P(x, z) expli(ly — wt)], (2.11)

where u, v and w are the onshore-offshore, longshore
and vertical velocities in the x, y, z directions. The
coordinates x and y are chosen to be positive onshore
and northward, respectively, and z is positive upward.
The density perturbation from the rest state pg(z) is
p(y, z, t). In these equations P is the perturbation pres-
sure, f the Coriolis parameter and g the acceleration
due to gravity. Subscripts x, y, z and ¢ denote partial
differentiation. Equations (2.1)-(2.5) can be reduced
to one equation for the perturbation pressure P

Py + Pyyt + (fz + att)(Pz/Nz)zt =0, (2.6)

where N%(z) = —gpo~'po, is the square of the Brunt-
Viisild frequency. The boundary conditions are

(f?+08,)P,+ N*h(Py +fP)=0 (2.7
at z = —h(x),
P,+g'N°P,=0 at z=0, 2.8)
Py+fP,=0 at x=0, 2.9)
P—0 as x— —o0. (2.10)

Egs. (2.7) and (2.9) express the conditions of no normal
flow through the bottom [z = —A(x)] and coast (x
= 0), and (2.8) is the free surface condition. The final
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FIG. 2. Average bottom profile across the shelf and slope in segment
2, off northern Oregon (dotted line). The coordinate system super-
imposed is that used in the text, with x = 0 at the coast (x negative
offshore). The approximation to the bottom profile used in modeling
the free coastal trapped waves is indicated by the solid lines, with x
= —X, —L chosen as prescribed by Brink (1982a).



890

where [ is the longshore wavenumber and w is the
frequency, Egs. (2.6)-(2.10) reduce to a two-dimen-
sional eigenvalue problem. To solve this set of equa-
tions for a realistic stratification N(z) and topography
h(x), the authors used the numerical wave model de-
veloped and generously supplied by Dr. Kenneth Brink.
The details of this model are discussed elsewhere
(Brink, 1982a,b) and will not be repeated here. The
problem is solved on a stretched grid (17 points in the
vertical and 25 in the horizontal to enhance resolution
* in shallow areas) by resonance iteration for w at a given
wavenumber /. This model has been used extensively
off Oregon and Peru (Brink, 1982a) and in the Gulf
of Guinea (Clarke and Battisti, 1983) with good results.
In order to calculate the free wave response along
the coast, the coastal zone was divided into segments
. such that within each segment, longshore topography,
rotation and stratification were essentially uniform (Fig.
1). The density field along each transect was horizon-
tally averaged at depth increments of 10 m to a depth
of 300 m, and an exponential fit for N*(z) was assumed
from 300 m to the bottom at z = —A. Sources of the
density data are listed in Table 1. Typical bottom to-
pography and density profiles [given as N*(z)] for the
Pacific Northwest are illustrated in Figs. 2 and 3, re-
spectively.
The dispersion curves for the first three modes for
northern Oregon are shown in Fig. 4; the offshore-
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Fi1G. 3. The offshore-averaged profile of Brunt-Viisild frequency
squared for segments 1, 2 and 3 of Fig. 1.
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FIG. 4. Dispersion curves for the first three hybrid coastal trapped
wave modes for segment 2 (northern Oregon). The solid curves were
calculated using the realistic topography and stratification shown in
Figs. 2 and 3, respectively. The dashed curves were calculated using
weak near-surface stratification profiles that might result from vig-
orous storm mixing. The mode number is indicated on the right
side of each pair of curves.

vertical structure for modes one and two is depicted
in Fig. 5. The nondispersive phase speeds for modes
one and two are 3.8 m s™' and 2.3 m s™!, respectively,
off northern Oregon. Figure 5 illustrates that the re-
sponse in longshore velocity is essentially barotropic,
consistent with the results of Brink (1982a) for a high
latitude long wave.

To determine qualitatively the sensitivity of the.
model wave speed and spatial structure to stratification
changes, cases were run with both a strongly stratified
upper water column and an extremely weakly stratified
upper water column. These cases might represent the
density structure near the Columbia River and that
during an energetic storm, respectively. In the “well
mixed” case, N%(z) was decreased by a factor of 10 in
the first 100 meters of the water column. The results
demonstrated that the cross-shelf structures of modes
one and two were relatively unaffected by changes in
surface stratification (not shown). The phase speed in
the nondispersive frequency range is also essentially
unaffected by such changes in the near-surface strat-
ification (<5%) (e.g., Fig. 4). However, the phase speed
at higher frequencies is a function of stratification:
weaker upper water column stratification is associated
with slower phase speeds and more pronounced flat-
tening of the dispersion curves. Note that these curves,
calculated with realistic stratification and bottom to-
pography, do not “turn over” as do dispersion curves
calculated for the purely barotropic case (Cutchin and
Smith, 1973). Thus, free coastal trapped wave energy
can propagate only northward along the Oregon and
Washington coasts.
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FI1G. 5. Offshore-vertical structure of modeled nondimensional longshore velocity for the mode one and mode two
hybrid waves in segment 2 (northern Oregon) and for the mode one wave in segment 5 (northern California).

The density profile was assumed invariant in the
cross-shelf direction for the dispersion curve and model
structure calculations. In the upper layer (0-200 m),
isopycnals can substantially deviate from the horizontal
position. The demonstrated insensitivity of the results
to large variations in near-surface stratification suggests
that the approximation N(x, z) =~ N(z) is not a sig-

nificant source of error at low (nondispersive) fre-
quencies.

The calculations along the remaining coastal seg-
ments gave results similar to those off Oregon; spe-
cifically, a nondispersive frequency range where the
modal structure and phase speed are not significantly
affected by seasonal changes in stratification (not

TABLE 2. Properties of the first mode wave for different west coast segments: ¢; is the mode one phase speed, b, the mode one wind
coupling coefficient, T+ the frictional decay time, and Af the length of the coastal segment. W is the cumulative effect of friction given
by W = exp(f; a\df), where a,™" is the frictional decay length for mode one (a;™' = ¢, TF).

Segment

Property 1 2 3 4 5 6 7 8
¢ (ms™) 4.8 48 38 32 30 2.8 2.8 2.8
b, X 10* (cm™'7?) 0.80 0.80 0.72 0.65 0.68 0.68 0.68 0.68
Tr (days) 9.0 9.0 9.0 10.0 10.0 11.0 120 13.0
A (km) 220 220 150 300 380 450 510 150
W (Neah Bay) 0.94 0.89 0.84 0.76 0.65 0.55 0.46 0.44
W (South Beach) — — 0.96 0.86 0.74 0.63 0.51 0.49
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shown), and a response that is highly barotropic (Fig.
5). The variation of phase speed along the coast for
~mode one is illustrated in Table 2.

b. Wind-forced coastal trapped wave model

Clarke (1977) showed that it is possible to model
coastal sea level and current response to wind forcing
for the case of long (3,> < f? and 9,,> > 9,,) waves.
The long waves are nondispersive so that the model
is limited to the low-frequency band (<0.3 cpd). The
pressure field is first expanded into an infinite or-
thogonal set of free wave modes

Px, y,z,8) = 2 Fulx, 2)pa(¥, 1),
n=0
where each mode, when excited by a longshore wind
stress 7, is governed by the following equation:

Ony + cn_l¢nt + andn = byr. (2.13)

In (2.12) and (2.13) F, describes the offshore-vertical
structure of the free wave mode with phase speed c,,
ay is the friction damping coefficient, b, the wind cou-
pling coefficient, and 7 the longshore component of
wind stress, assumed constant in the x direction. For
details of the development of equations (2.12) and
(2.13) see Clarke (1977) and Brink (1982a). ‘

Brink (1982b) provides a method for estimating the
contribution of bottom friction to a,. The calculation
involves root mean square velocity averaged over the
offshore extent of the wave. A value of 20 cm s~ was
used in segments 1-4 (from data off Washington in
Smith et al., 1976); a value of 15 cm s™! was used in
segments 5-8. A lower value was used off California,
where the shelf width is less, to account for the fact
that a higher percentage of the wave occurs over a
lower velocity region.

If the frictional decay length 4,™! is much larger
than a characteristic wave length, Eq. (2.13) can be
integrated by the method of characteristics to give

$(0, 1) = ¢,.(y, t— J;y Cn—.ld&.) exp(— fo ' andé)
(s [ erar) e[} i ),

(2.14)

where £ = y (y < 0), and y is the starting point of the
calculation (on the west coast of the United States, y
is equatorward of the point y = 0). The first term in
equation (2.14) describes a coastal trapped wave prop-
agating freely along the coast (¢, > 0) modified by
friction. The second term describes the response of the
wave amplitude function ¢, to past (! < 0) forcing
along the wave’s path to (y = 0, ¢t = 0), reduced in
magnitude by friction encountered en route to y = 0.
Note that since the wave energy can propagate only
in the direction of increasing y (i.e., northward along

(2.12)
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FiG. 6. Topographic map and locations of current meter, wind
and SSP stations for the Pacific Northwest. Segments for the coastal
trapped wave model are indicated as lines emanating from the coast.

this coast), the response at a given location is only
influenced by winds south of that location.

It is assumed that the first mode dominates the re-
sponse in the pressure field and hence the infinite sum
in (2.12) is replaced by the mode one coastal trapped
wave (n = 1) (see Clarke, 1977; Brink, 1982a).

3. Comparisons between theory and observation

The integration in Eq. (2.14) was performed over
the eight segments depicted in Fig. 1. The calculated
values of ¢, by, and Tr = (c,a,)"" for each segment
are listed in Table 2. Phase speed increases significantly
toward the north, particularly off the northern Oregon
and Washington coasts, primarily due to the gradually
increasing shelf width toward the north. The northward
increase in shelf width is also responsible for the north-
ward increase in the importance of bottom friction
and for the northward increase in magnitude of the
wind coupling coefficient 5,. Note that the wave decay
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FIG. 7. Observed (OBS) and modeled (MOD) subsurface pressure (SSP) for Neah Bay, Washington
and South Beach, Oregon during 21 July-15 September 1972, 15 August-15 October 1978 and 12
January-5 March 1977. Each tick on the time axis represents one day. Vertical arrows correspond to
those in Fig. 16 (see text).
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TABLE 3. The percentage of variance in coastal subsurface pressure
at Neah Bay (NB), Washington and South Beach (SB), Oregon con-
tributed by each segment (per unit segment length) in summers 1972
and 1978 and winter 1977. Record length is 56 days in every case.
Note that the calculation for SB terminates in segment 3.

Section

1 2 3 4 5 6 7 8

NB 72 3.6 8.3 46 126 358 180 149 22
SB 72 — — 63 152 364 221 189 1.1
NB78 129 106 60 122 36.6 8.8 94 35
SB 78 — — 92 168 '466 120 134 1.9
NB77 373 277 153 102 3.8 2.1 21 15
SB 77 — — 475 280 105 6.2 60 18

from a signal originating 2400 km south of Neah Bay
(1980 km south of South Beach) is significant: only
50% of this signal reaches the point of interest. Since

OBS.
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the contribution to the variance of the total pressure
off Washington from segment 8 was <5% (see Table
3), this segment was chosen to begin the integration;
i.e., in this segment the first term in equation (2.14)
could be neglected without significant error.

Ideally, observed wind data would be used in the
integration of (2.14). However, a continuous time series
of observed winds over such an extensive area is difficult
to assemble. Therefore the wind stress coefficients pro-

-vided by A. Bakun at locations along the coast sepa-

rated by three degrees of latitude (see Fig. 1) were used
in the present calculations. These wind stress data are
calculated at 6 h intervals using synoptic surface at-
mospheric pressure maps, rotating the geostrophic wind
vector 15 deg to the left and reducing it by 30% to
include frictional effects (Bakun, 1975). A spatially
averaged wind stress for each coastal segment was ob-
tained by linearly interpolating between Bakun wind
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FI1G. 8. Coherence squared and phase estimates between observed and modeled subsurface pressure (SSP) at Neah
Bay, Washington and South Beach, Oregon in summer 1972, summer 1978 and winter 1977. Each record length is
56 days. A positive phase lag indicates that observed SSP leads modeled SSP. A coherence squared of 0.47 is significant
at the 95% level (Koopmans, 1974). Error bars on phase differences are £24° for a coherence squared estimate that
is just significant at the 95% level (Jenkins and Watts, 1968).
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stations and averaging the values so obtained within
each segment. A discussion of the accuracy of the
Bakun wind data is given in Section 4. :
The observed subsurface pressure (SSP) record
consist of the sum of tide gauge height and atmospheric
pressure (converted from mb of pressure to cm of wa-
ter). These hourly data were filtered with a symmetrical
cosine filter whose half power point is 0.6 cpd to
remove tidal and inertial frequencies. The data were
then decimated to 6 h intervals. The individual raw
data sources are described in Hickey (1984). SSP series
were generated in this manner for Neah Bay, Wash-
ington and South Beach, Oregon. The current meter
data were similarly filtered to remove the high fre-
quency signals and decimated to 6 h intervals. These
data were also rotated into a local isobath frame of
reference. The location of the current meters relative
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to local topography and relative to the SSP sta-
tions are shown in Fig. 6. Data sources are listed in
Table 1.

a. Coastal subsurface pressure

The visual similarity between modeled and observed
SSP fluctuations at both SSP stations during all three
periods is striking (Fig. 7). Coherences between the
two series at low frequencies (<0.2 cpd) are significant
at the 95% level and are relatively high (0.75-0.95)
(Fig. 8). The average phase difference between observed
and modeled fluctuations over the low frequency band
is within 30° of zero for all cases. The relative lack of
coherence at higher frequencies in several cases is
noted. However, the majority of the variance (>80%)
in the SSP signal is at the lower frequencies, which
explains the high visual coherence between the modeled
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F1G. 9. Modeled and observed coherence squared and phase estimates between SSP at Neah Bay, Washington and
that at South Beach, Oregon for summers 1972 and 1978 and winter 1977. Each record length is 56 days. A negative
phase difference indicates northward propagation. A coherence squared of 0.47 is significant at the 95% level (Koopmans,
1974). Error bars on phase differences are +24° for a coherence squared estimate that is just significant at the 95%

level (Jenkins and Watts, 1968).






