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ABSTRACT

The majority of papers on Pacific Northwest shelf dynamics have emphasized the relationship between
longshore wind stress 7, and longshore velocity v. However, attempts to illustrate a balance of momentum in
the longshore direction have not been encouraging: r,/H (where H is water depth) has insufficient magnitude
to balance the vertically averaged longshore acceleration V,, at least during summer. In this paper it is demonstrated
that the missing momentum is provided by the longshore pressure gradient force —p,. The pressure gradient
was estimated using tide gauge and atmospheric pressure data at stations separated by roughly 400 km, Seasonal
and long-term means from Hickey and Pola and, in some cases, nonseasonal monthly anomalies from Enfield
and Allen were added to the sum of the tide gauge and atmospheric pressure data to form time series of total
subsurface pressure. The pressure data were multiplied by an offshore decay factor to simulate coastal trapping.

The analysis was performed during four separate two-month periods, spanning four years and two seasons.
In each case, inclusion of p, in the vertically averaged longshore momentum equation improved the balance
with computed acceleration. Some events were forced primarily by 7,/H, others by —p,. However, during some
extended periods, one or the other force dominated; for example, during summer 1978, —p, provided almost
all the force to balance the acceleration. During every period, ¥, and —p, were significantly coherent at the
95% level and the phase difference between the time series was close to zero at most frequencies, as expected
for a barotropic wave-like disturbance such as a first mode hybrid coastal trapped wave in this region. The
pressure field at frequencies < 0.3 cpd was consistent during all periods with northward propagation at speeds
on the order of the free first mode coastal trapped wave or 50-200% faster. However, individual events during
periods of weak local winds were observed to propagate through the region at the free first mode wave speed;
also, p, was only weakly correlated to local r,. Thus it appears that whereas the local pressure field is significantly
affected by local wind forcing, the pressure gradient field is generated primarily nonlocally. At the extremely
energetic higher frequencies (0.35-0.50 cycles per day) during winter, first mode freely propagating coastal
trapped waves do not appear to be as important to the dynamics,

VOLUME 14

The Fluctuating Longshore Pressure Gradient on the Pacific Northwest Shelf:

1. Introduction

A strong relationship between the longshore com-
ponent of current (v) and the longshore component
of local wind stress (7,) in the Pacific Northwest on
event (<1 cycle per day) scales is widely acknowledged
(Smith, 1974; Kundu et al. 1975; Huyer et al., 1975;
Hickey, 1981). The observed relationship is generally
based on correlation or coherence and phase analyses
between v and 7,. In a recent attempt to demonstrate
a balance between vertically integrated longshore ac-
celeration and longshore wind stress, the conclusion
is that the amplitude of fluctuations in longshore wind
stress is too small to balance vertically integrated long-
shore acceleration fluctuations (Allen and Smith, 1981).
An obvious candidate for providing the additional re-

quired momentum is the longshore pressure gradient
force.

! Contribution No. 1364 from the School of Oceanography, Uni-
versity of Washington, Seattle, WA 98195,
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When this study began, no one had yet attempted
to calculate explicitly the contributions to the mean
or fluctuating current by the longshore pressure gra-
dient. The reasons for this were twofold: first, although
a relative subsurface pressure gradient could be readily
calculated from differences between tide gauge plus

"atmospheric pressure data at two stations, the mean

gradient over any record length was unknown. Second,
investigators believed that the signal-to-noise ratio
would be small. Hence, the longshore pressure gradient
term in the equation of motion was never prescribed,
preventing unequivocable determination of the wave-
like nature of the coastal response. Allen and Smith
(1981) subsequently attempted to estimate this term,
but their results were not encouraging (see Section 6).
Specifically, the longshore pressure gradient was pos-
itively, rather than negatively correlated with accel-
eration, the opposite of what would be expected for
the low frequency free waves suggested by Wang and
Mooers (1977) for the period investigated.

The present study demonstrates that the contribution
to the longshore acceleration by the large-scale long-
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FIG. 1. Locations of current meter moorings and sea level, wind
and atmospheric pressure stations and their physical setting.

shore pressure gradient can be adequately determined
from tide gauge and atmospheric pressure data. The
working hypothesis is that longshore wind stress and
longshore pressure gradient force together are the prin-
cipal forces accelerating the water column. This hy-
pothesis is tested during four separate two-month pe-
riods, spanning four years and two seasons: winter of
1973 and 1977 and summer of 1972 and 1978.

The philosophy of the study is to determine the
extent to which the various measurable forces and sums
of forces contribute to the observed longshore accel-
eration time series. Goodness of fit is tested by time
series inspection, energy level comparisons and co-
herence and phase estimates. Results of these analyses
are then examined in the context of wave dynamics.
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2. The dataset

The dataset includes current observations at mid-
shelf locations, wind speed and direction measured at
the coast and sea level height and atmospheric pressure
at stations along the Oregon-Washington coast (Fig.
1). Mooring parameters are given in Table 1. All cur-
rent data were obtained with Aanderaa RCM-4 or
RCM-5 current meters sampling at 10 or 20 minute
intervals. The data were filtered to obtain hourly values
of current speed and direction. Since the flow generally
follows the local isobaths (Huyer et al., 1978; Kundu
and Allen, 1976), a local Cartesian reference frame,
with y positive northward along the isobaths, x positive
onshore and z positive downward, is used.

Hourly sea level data were obtained for Neah Bay,
Washington and South Beach, Oregon. Atmospheric
pressure data were obtained for Quillayute, Washington
(all years); South Beach, Oregon (1972, 1973), New-
port, Oregon (1977) and North Bend, Oregon (1978).
The South Beach station (both sea level and atmo-
spheric pressure) is maintained by Oregon State Uni-
versity. The Neah Bay sea level station and the Quil-
layute, North Bend and Newport atmospheric pressure
stations are maintained by the National Ocean Survey
(sea level) and the National Climatic Center (atmo-
spheric pressure). The wind data were obtained as
hourly speed and direction from the Newport wind
station operated by Oregon State University.

The hourly sea level and current data were low-pass
filtered with a symmetrical cosine filter with a half-
power point of 0.6 cycles per day (cpd). These time
series were then decimated to six-hourly values. Surface
and bottom stress were calculated from hourly data,
then filtered and decimated to six-hourly values in the
same manner as the other data sets.

3. Methods and assumptions

The homogenous, linear, vertically averaged long-
shore momentum equation is

V1=Ts-py_Tb_st (€))

where ¢ is time, fis the Coriolis parameter, V and U
are the along- and cross-isobath vertically averaged
components of velocity (referred to as longshore and
cross-shore components respectively), p, is the long-
shore pressure gradient divided by water density, p,,
(=1.0) and T, and T} are the longshore components

TABLE 1. Mooring parameters.

Bottom depth Meter depth Record length
Year Period Latitude Longitude (m) (m) (days)
1972 July 21-Sept 15 46°24.8'N 124°20.0W 78 50, 71 56
1973 Jan 9-March 5 46°24 8'N 124°20.0W 78 50, 71 56
1977 Jan 12-March 8 46°49.5'N 124°32.5W 100 25, 80 56
1978 Aug 15-Oct 10 45°20.1'N 124°08.8'W 110 92 56
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of surface and bottom stress divided by p,, H, where -

H is water depth. An in situ test of this equation requires
many assumptions with respect to both applicability
of particular datasets and the parameterization of spe-
cific terms. The specific assumptions and parameter-
izations used in this analysis are detailed below.
Bottom stress was calculated using a quadratic stress

law ‘
C,
Ty = (ﬁ)mlvb

where v, = (43, V) is the near-bottom current vector
and Cy is a drag coefficient. The near-bottom current
meter was located 7, 7, 20 and 18 m off the bottom
in 1972, 1973, 1977 and 1978 respectively. The drag
coeflicient used is a speed variable quadratic function
[C; = (2.33 — 0.053|v,] + 0.00036]v,/%) X 1073] (v in
cm s~') determined for Pacific Northwest shelf sedi-
ment and bottom roughness conditions (see Kachel,
1980). Differences between drag coefficients calculated
for distances 7 and 20 m above the bottom were neg-
ligible. The Kachel drag coefficient includes the effects
of near-bottom stratification caused by sediment re-
suspension. The constant drag coefficient of 1.3 X 1073
that has been used by many investigators (e.g., Allen
and Smith, 1981) is attained at a speed of 19 cm s™'.
Under winter storm conditions when speeds in excess
of 40 cm s™! are common, the variable drag coefficient
reduces the observed stress by a factor of 2 or more
over that obtained with a constant drag coefficient of
1.3 X 1073, Effects of surface waves on C,, which are
probably important during winter, are not included in
the formulation since specific wave conditions during
individual events are unknown.
Surface siress was calculated using

’ 0aCs
T, =|—— R
) (PWH)|WIwy

where w = (w,, w,) is the wind vector, p, the density
of air and C; the surface drag coefficient calculated
according to Large and Pond (1981). For wind speeds
less than 11 m s!, C; = 1.2 X 1073; for wind speeds
greater than or equal to I1lm s, C;=(0.49
+ 0.065|wql) X 1073, where |wyo| is the wind speed
(in m s7') at a height of 10 m. This drag coefficient
was applied directly to Newport wind data, which is
obtained at a height of 9 m above the Newport jetty
(Pittock et al., 1982). To obtain a correction factor for
the land-to-ocean gradient in wind speed, mid-shelf
buoy wind stress data off Oregon given by Halpern
(1976) were compared by linear regression with si-
multaneous Newport wind stress data given by Kundu
and Allen (1976). The data, which were taken during
summer, suggest that the offshore wind exceeds that
measured at the shore by a factor of ~1.3. No similar
data are available for the winter season when the wind

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 14

generally comes from the south rather than from the
north. However, field experience suggests that a coast-
to-ocean wind gradient does exist. The Newport wind
magnitude was therefore increased by a factor of 1.3
in both seasons. Note that the gradient in stress will
be larger in winter than in summer, a result of the
variable drag coefficient. Wind amplification was not
included in summer 1972, when current meter data
were obtained off Washington rather than Oregon (see
Section 6). ;

The longshore acceleration ¥V, was calculated with
a central difference scheme:

. Vi+l — Vi—l

T —
Vi 20t
where At = 6 h. Velocity data are not available in the
surface Ekman layer for any of the periods investigated;
nor are they available at regularly spaced intervals
throughout the interior water column; during some
periods data are available only at a.single depth. There-
fore, the vertical average of velocity was estimated from
single depth mid-water column data. The data are ei-
ther well outside (3 cases) or at the outer edge of (1977
only) the expected frictional bottom boundary layer
(Kundu, 1977; Huyer et al., 1978). The error associated
with using single depth mid-water column data to rep-
resent the vertical average is small (<20%) since the
fluctuating longshore velocity in the Pacific Northwest
is primarily barotropic at mid-shelf locations (Smith
et al., 1976, for the Washington shelf, Huyer ef al.,
1978, for the Oregon shelif).

The subsurface longshore pressure gradient (p,) was
obtained by forming the gradient in de-meaned tide
gauge data between two stations roughly 400 km apart
and adding this to the gradient in de-meaned atmo-
spheric pressure data (converted from mb to cm of
water). The 400 km spacing limits the scale of features
that can be resolved. In particular, wave-like distur-
bances with scales much smaller than 1600 km will
not be adequately sampled. Seasonal monthly mean
subsurface pressure (Hickey and Pola, 1983) and non-
seasonal monthly subsurface pressure anomalies (En-
field and Allen, 1980; for 1972 and 1973 only) were
added to the data. The seasonal means of Hickey and
Pola include long-term mean 0/500 db steric height
data that Reid and Mantyla (1976) extrapolated to the -
coast. The magnitude of the long-term mean pressure
gradient term is on the order of 0.5 X 107 ¢m s72,
whereas event-scale fluctuations are on the order of
1.5 X 107 c¢m s2. Finally, a linear offshore decay of
the longshore pressure gradient was applied, consistent
with results of coastal trapped wave models for the
Oregon shelf (Brink, 1982) (a factor of 0.7-0.8 at mid-
shelf’).

The remaining term in (1), fU was an enigma in
Allen and Smith (1981), which is the only study in
which it has actually been computed. The expectation
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FIG. 2a. Principal terms in the large-scale vertically averaged longshore momentum equation asa function
of time during summer 1972. A mirror image between a pair of plots indicates a perfect balance of
momentum. Vertical arrows are used to indicate periods when p, is particularly significant to the balance.
Units are 107 c¢m s~2. The mean of each series is given on the right.

would be for fU to approach zero if two-dimensional  the largest magnitude of all of the terms in the linearized
mass balance holds. However, Allen and Smith found longshore momentum equation (see Fig. 8, discussed
that off Oregon during summer 1973, this term had more fully in Section 6). Furthermore, it was not sig-
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" FIG. 2b. As in Fig. 2a but for summer 1978.

nificantly correlated with any of the other variables. is 15% (D. Battisti, personal communication, 1983
The maximum ratio of fU to V, for a free first-mode from calculations using the Brink, 1982, model). The
hybrid coastal trapped wave in the Pacific Northwest present dataset is insufficient to allow calculation of
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FIG. 2¢. As in Fig. 2a but for winter 1973.

4. The balance of momentum

fU. However, the remarkable degree of balance ob-
tained between V, and those momentum terms that

Line plots of individual and combined terms in Eq.

(1) (Figs. 2a—d) illustrate the most important result;

can be calculated suggests that the coastal trapped wave

estimate is not unreasonable.
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FIG. 2d. As in Fig. 2a but for winter 1977.

i.e., the time series obtained by combining 7 and —p,
balances the observed acceleration V, better than either

Tsor —p,

smaller than the other terms in the equation of motion.
lationship between V, and the sum of the forcing func-

individually. Events or periods during which However T}, when significant, improves the phase re-

D, appears to be essential to the momentum balance

are indicated in the figures. Bottom stress is much
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tions. The line plots illustrate that not only the fluc-
tuations, but also the means of the V, and p, — T
+ T time series are relatively well balanced (compare
zero crossings of the two series). The mean of V, is
much less than the mean of both 7, and p,. Bottom
stress provides some fraction of the momentum nec-
essary to balance mean 7, in summer 1978 and in
winter 1973. In three of the four records, the principal
balance for mean T is provided by mean p,.

Both T and —p, appear to accelerate or decelerate
the flow independently. During some extended periods,
T; dominates, e.g., winter 1977, last third of the record.
During other periods —p, dominates, e.g., summer
1978 and winter 1973, for the last third of the record.
In a given month, several events may be primarily 7,
driven and several others, —p, driven so that the best
balance to V, during the entire month is obtained by
adding T, and —p, together.

(a) , SUMMER
1978 1978
108
o
o
o
~
.
% Vt
€ T5-PTo
L 8
TsTb
0.0 0.2 0.4 0.6
56 1972 1972
107
Q
a,
R
~_ 1078
Nm
")
€
L
10°°
y
=\ T
) SN N N
10 o o o 0.0 0.2z 04 06

FREQUENCY (CPD) FREQUENCY (CPD)

BARBARA M. HICKEY

283

These results are confirmed by the relative magni-
tudes of the spectra of individual and combined terms
in Eq. (1) (Figs. 3a and b). Surface stress and T, — T}
have insufficient energy to balance V, at all but the
lowest frequencies (<0.15 cpd). On the other hand, T,
— Dy is closer to the energy of V; in most frequency
bands in all four cases. '

Coherence spectra confirm that V is generally more
coherent with T, — p, than with T (Figs. 4a and b).
The greatest improvement in coherence occurs during
summer when V, is more coherent with —p, than with
T, at most frequencies. Coherence between all mo-
mentum terms in 1973 is significantly lower than that
in the other years. The low coherence values are prob-
ably due to the first six days and the middle portion
of the record; i.e., the end portion looks remarkably
like the records in the other years in which —p, con-
tributes substantially to the acceleration (Fig. 2c). The
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FIG. 3. A comparison for the (a) summer season and (b) winter season of the spectra of individual and combined terms in the vertically
averaged longshore momentum equation with the spectrum of acceleration ¥,. Record length is 56 days. Each spectral estimate has 14

degrees of freedom.
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FIG. 4. Coherence squared and phase estimates between acceleration ¥, and individual or combined terms in the large-scale vertically
averaged longshore momentum equation during (a) summer and (b) winter. A positive phase difference indicates that V; leads the other
series. An estimate of 0.47 is significant at the 95% level (Koopmans, 1974).

line plots suggest that during the first six days, —p,
alone would balance V,.

Comparison of the phase relationship between V,
and individual and combined forcing functions also
suggests that T; — p, provides a better balance to the
observed acceleration than T (Figs. 4a and 4b); the
phase difference is closer to zero when —p, is included.
The only exception to this observation occurs in 1977
at frequencies between 0.3 and 0.5 cpd. This deviation
from the overall pattern will be discussed further in
the next section. Addition of bottom stress to the total
forcing function generally results in phase differences
even closer to zero. :

5. The nature of the forcing and response

The importance of —p, to the longshore momentum
balance suggests that coastal trapped waves may make
important contributions to the Pacific Northwest fluc-
tuating velocity field (Allen, 1980). The first mode
hybrid coastal trapped wave in the Pacific Northwest

is essentially barotropic (Brink, 1982) and has a rel-
atively large longshore scale (A > 1200 km for fre-
quencies < 0.3 cpd) so that its associated pressure field
should be adequately resolved by the subsurface pres-
sure (i.e., tide gage height plus atmospheric pressure)
time series presented herein over most of the event
frequency range. In this section the propagation char-
acteristics and scales of the wind, pressure and pressure
gradient fields and their relationship to each other and
to V, are examined in the context of wave models,
utilizing the present dataset. A complete examination
of the forced wave response in the Pacific Northwest
to coastal wind forcing along the entire west coast
during these time periods has been submitted as a
separate paper (with D. Battisti).

Wave models suggest that the longshore component
of wind stress all along the west coast contributes to
the longshore coastal pressure field (Clarke, 1977). In
a region where local wind forcing is not significant,
the pressure signal propagates northward through that
region at the free wave speed (for a given mode). In
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FIG. 5a. Time series of SSP (means removed) at locations separated alongshore by 420
km during summer 1972. N represents Neah Bay, Washington and S represents South
Beach, Oregon, the tide gauge stations; T, p, and the pressure difference, ASSP (north
minus south), are also shown. The top panel illustrates the northward propagation of SSP
signals and the similarity (or lack of similarity) of the signals alongshore. The middle two
panels illustrate the relationship between ASSP and SSP at the north and south stations.
The bottom panel illustrates the relationship between T, and p,.

general, a sum of modes, each of which has a char-
acteristic phase speed, could be present. If local forcing
is significant in a region, the longshore phase char-
acteristics of the pressure field are a function of the
propagation characteristics of the local wind field as
well as a function of the freely propagating wave field.
In the Pacific Northwest, the wind field appears to
travel northward during summer and to travel at least

as rapidly as a free first mode shelf wave (Huyer et al.,
1975, for summer 1972; Wang and Mooers, 1977, for
summer 1973). During winter, the one available study
that uses measured winds suggests that wind forcing
is essentially simultaneous over the Pacific Northwest
(Hickey, 1981). This result is confirmed by large-scale
(3° grid) wind stress data computed from widely spaced
atmospheric pressure data for 1967-73 (Bakun, 1975).
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FIG. 5b. As in Fig. 5a but for summer 1978.

Superposition of subsurface pressure (SSP) time se-
ries from the northern and southern stations illustrates
dramatically the northward propagation of the majority
of the signals (Figs. 5a—d). The northward propagation
. is most apparent whenever local wind stress is weak,
for example, most of summer 1978; winter 1977, for
the first two-thirds of the record. During such periods,
south to north lags on the order of a day, consistent
with the propagation of a free first mode wave for this
region (490 cm s™!, Brink, 1982), are plainly evident
in the records. Conversely during strong local wind
events, such as occur during winter 1973 in the first
third of the record and winter 1977 in the last third,
the apparent south to north phase lag is often reduced,
as expected.

The impact of local forcing on the statistics of phase
characteristics calculated over any two month period
is significant. Lower frequency (~0.1 cpd) signals,
which are significantly coherent alongshore in all four
records, appear to travel slightly faster during summer
(560 and 710 cm s~! for 1972 and 1978) than a free
first mode shelf wave and more than twice the free
wave speed during winter (1090 and 1350 cm s™! for
1973 and 1977) (Fig. 6). Phase differences for fre-
quencies in the range 0.20-0.35 cpd are also consistent
with propagation at speeds faster than that of a free
first-mode shelf wave in this region, and the apparent
propagation (for coherence squared significant at the
95% level) is also faster during winter than during
summer. :
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FIG. 5c. As in Fig. 5a but for winter 1973,

Comparison of the SSP signals with the longshore
pressure difference, ASSP, demonstrates that Dy, has
the characteristics expected for a traveling wave: it is
not simply the image or mirror image of one signal
at one or the other location (Figs. 5a-d). The difference
in phase information of p, relative to SSP is illustrated
in Fig. 7. The phase difference between ¥, and —py at
frequencies for which coherence squared was significant
at the 50% level is close to zero, as might be expected
for a free coastal trapped wave response for which JU
is relatively small (Allen, 1980; Mysak, 1980). The
average phase difference between V, and SSP at the
northern and southern stations, on the other hand,

generally approaches 90° as expected for cross-stream
geostrophic balance.

An exception to the above conclusion occurs in 1977
at frequencies between 0.3 and 0.5 cpd. In this band
the alongshore coherence of the pressure signals drops
to zero (Fig. 6) and the phase relationship between V,
and SSP at the southern station is identical to that
between ¥V, and —p,. This may explain why the phase
difference between V, and T, — p, in this band has a
significantly different pattern from the other cases con-
sidered, as previously mentioned. It appears that at
the higher frequencies during at least this one winter,
Dy has not been adequately resolved.
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F1G. 5d. As in Fig. 5a but for winter 1977.

The large wavelengths defined by the SSP field for
the lower frequency bands explain why the pressure
differences are adequately resolved by the 420 km sea
level station spacing. Acceleration and currents esti-
mated midway between SSP stations, as in 1972, 1973
and 1977, should have roughly the correct phase to
match p, (for small T and 7). In 1978, when accel-
eration was almost entirely driven by p,, the mea-
surements of V, were located near the southern SSP
station. However, the low frequency (<0.2 cpd) fluc-
tuations had a very large wavelength (5590 km) so
that the relative locations of the velocity and pressure
stations did not result in a significant phase difference
" between V; and p,. In the band 0.25-0.35 cpd, for

which the computed wavelength of the signal was 2070
km, V, leads —p, slightly, as would be expected.
Although 7, and —p, can independently accelerate
the water column [via Eq. (1)], 75 and p, are not, in
general, independent functions. For example, if the
pressure field is primarily a response to coastal trapped
waves, p, would be determined by 7, all along the coast
as previously mentioned. Contributions to the gradient
at a specific location from other locations would be
primarily a function of longshore variations in 7y,
longshore variations in topography and the degree of
frictional damping. Coherence of the local value of p,
with local 7, would be a function of the longshore scale
of the wind disturbances. The observations suggest that
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FI1G. 6. Coherence squared and phase estimates between time series

of SSP separated alongshore by 420 km. A negative phase difference

indicates northward propagation. A coherence squared of 0.47 is

significant at the 95% level (Koopmans, 1974). Phase estimates are

shown only for coherence squared values that exceed the 50% sig-
nificance level (0.23).

local 7;and the local value of p, are only weakly related
(Fig. 8). In cases where the coherence is significant at
the 95% level, the phase difference generally approaches
closer to zero than to the 180° expected for a setup
type of response as suggested by Allen and Smith (1981)
for summer 1973 (see also the line plots in Figs. 5a—
d, bottom panel). These relationships suggest that con-
tributions to the Pacific Northwest pressure field from
locations south of the Pacific Northwest (i.e., remotely
forced contributions) must be significant.

6. Discussion

These results when presented at the Fall 1982 AGU
Meeting in San Francisco, and at the joint United
States—Australian 1982 workshop in Asilomar gener-
ated considerable debate. The principal question cen-
tered on the disagreement with the Allen and Smith
(1981) results that are shown in Fig. 9. They found a
positive correlation between p, and T; also, V; and p,
were positively correlated rather than negatively cor-
related as demonstrated herein. Moreover, T, which
was obtained from in situ wind measurements, was
too small to balance V,. Their tide gauge stations were
~ 100 km apart whereas those in this study were ~420
km apart, suggesting that local topography and/or
smaller scale processes may have significant effects on
the response of individual tide gauge stations. Results
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shown herein suggest that the 420 km station spacing
used and the particular stations selected are generally
adequate to define longshore pressure gradient per-
turbations in this region at frequencies at least as high
as 0.3 cpd.

The general results obtained in this study are rel-
atively insensitive to the amplitudes of both wind stress
and pressure gradient data. Attempts to improve the
“fit” produced some changes in the appearance of the
line plots (Figs. 2a-d), but had relatively minor effect
on coherences and phases. Fig. 10 illustrates the effect
of including a land-to-ocean wind gradient for one
winter and one summer case. The correlation between
V, and T — p, is essentially the same whether or not
the gradient is included, but the amplitudes are some-
what better matched during winter with the larger wind
stress. However, the energy levels during summer 1972
are mismatched with the larger wind stress. This ap-
parent discrepancy is explained by the fact that the
seasonal mean longshore wind stress decreases by a
factor of 2 between Oregon and Washington during
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FIG. 7. Phase estimates between V, and —p,, V, and SSP at South
Beach (S) and ¥, and SSP at Neah Bay (N). A positive phase difference
indicates that V, leads the other parameters. Phases are given only
for coherence squared values that are significant at the 50% level.
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summer (Nelson, 1977), roughly balancing the land-
to-ocean increase off Newport.

The general results are sensitive to the depth selected
to represent the vertical average of the water column;
namely, tests indicate that near-surface data are con-
taminated by eddy activity (Fig. 11). The midshelf
longshore pressure gradient -associated with the gen-
erally small-scale (~40 km) eddies that are common
on this coast cannot be resolved by a sea level network
that consists of coastal tide gauges separated by at least
400 km. The results suggest that single depth data
below the depth of near-surface eddies may provide a
better estimate of the large-scale acceleration than a
vertical average of the entire water column.

The results of this study are also sensitive to the
contribution of the monthly mean pressure gradient
to the momentum balance. During winter, the mean
pressure gradient is on the order of 50% of the am-
plitude of the fluctuating pressure gradient. While this
contribution does not affect energy levels and coher-
ences, it does affect the instantaneous balance of mo-
mentum; the zero crossings in the line plots in Figs.
2a-d would not match without inclusion of the mean
pressure gradient. In all cases except 1978 (for which
both mean 7 and mean p, were relatively small), the
mean pressure gradient is necessary to balance the
mean wind stress.
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7. Conceptual framework for Pacific Northwest coastal
dynamics

The momentum balance results for summers 1972
and 1978 and winters 1973 and 1977 exhibit significant
seasonal and interannual variability. Monthly mean
wind stress anomalies (seasonal cycle removed) indicate
that summer 1978 was a case of anomalously strong
stress; both winters were examples of anomalously
weak wind stress and 1977 had weaker stress than
1973 (Pittock et al, 1982). Wind and V, data from
1975, a case of slightly stronger than average winter
stress, are included in the interannual comparison of
acceleration and forcing functions given in Figs. 12a-
¢. Examination of the seasonal and interannual vari-
ability of the results of the present analysis in con-
Jjunction with results reported in the literature for other

1973

DAYS

FI1G. 9. Principal terms in the vertically averaged longshore mo-
mentum equation (with means removed) for Oregon in summer
1973 (taken from Allen and Smith, 1981). Units are 107 cm 572
A mirror image between a pair of plots indicates a perfect balance
of momentum. Note the difference in sign between the P,, V; re-
lationship in this figure and that in Fig. 2b for summer 1978.

‘
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DAYS

FIG. 10. Comparison of time series of ¥, and forcing functions
with and without the coast-to-ocean gradient in wind speed. The
cases with amplified wind data are indicated in the figure as
Py — AT,. Units are 107 cm 572,

time periods, allows the beginnings of the development
of a conceptual framework for understanding the rel-
ative importance of various large-scale processes in the
Pacific Northwest during any particular period. The
following framework is presented as a summary of the
most significant dynamical results of this paper.

1) At low frequencies (0.1-0.3 cpd), remotely gen-
erated freely propagating first mode coastal trapped
waves appear to make important contributions to Pa-
cific Northwest longshore current fluctuations during
all periods. This resuit is based on statistical demon-
stration of a wave-like momentum balance (V, = —p,)
consistent with the essentially barotropic nature of the
free first mode coastal trapped wave in this region,
apparent alongshore propagation speeds of 100-300%
of the first mode free wave speed and last, a weak
relationship between local 7, and p,.

2) The relative contribution of local wind stress (7’
= 71,/H) and the propagating wave field (p,) to the
local acceleration appears to be dominated by the con-
tribution of local T; i.e., T, exhibits much more in-
terannual variability than p, (Figs. 12b,c and Fig. 12d)
which gives the ratio of T} to p,). One possible expla-
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nation for this result is that if the pressure gradient
field in the Pacific Northwest is the cumulative response
to wind driving all along the coast, the effect of in-
terannual longshore variations in locations of the at-
mospheric high or low pressure (which determines the
longshore coastal wind field) will be smoothed to some
degree by the integration. Thus, the local momentum
balance appears more free-wave-like in the weak local
wind summer 1978 case (T,/p, ~ 0.5 in the band 0.1-
0.4 cpd) than in the strong local wind summer 1972
case (T/p, ~ 1.7 in the band 0.1-0.4 cpd), which has
been described as a case of resonant wave forcing
(Kundu and Allen, 1976). Similarly, during winter the
most significant wave-like contributions (7,/p, < 1.5
over most of the low frequency band) are observed
during the weakest local wind case (1977). The closer
to average (slightly strong) local wind case (1975) has
been described as one of purely local wind forcing
(Hickey, 1981).

3) At high frequencies (0.35-0.50 cpd) during win-
ter, first mode freely propagating coastal trapped waves
do not appear to be as important to the fluctuating
current field. This result is based on the extremely
rapid (cf. the first mode free wave) alongshore prop-
agation of the SSP signal in one case and the occurrence
in this band of near-zero alongshore coherence of the
SSP signals over the 420 km station spacing for both
cases. However, the largest acceleration fluctuations
are usually excited in this band during winter; winter
and summer acceleration spectra are strikingly different
in this respect (Fig. 12c). The interannual variability
of T in this band is at least a factor of 5 (amplitude?)
greater than that of V, during both summer and winter;
also, in two out of three winters and both summers
T as estimated herein has insufficient energy to balance

1977
3.0 MID WA"TER TR
0 Joeeth N ' t

-

DAYS

FIG. 11. Principal terms in the vertically averaged longshore mo-
mentum equation as a function of time during winter 1977. Units
are 107* cm 572, Longshore acceleration V; has been computed from
both near-surface (25 m) and mid-water column (80 m) data. A
mirror image between a pair of plots indicates a perfect balance of
momentum. Numbers indicate possible near-surface eddy activity.
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FI1G. 12. Spectra of (a) V,, (b) p, and (c) T in various years. Data from winter 1975 begin on 11 January. These
data are at a depth of 47 m from the surface near the winter 1977 location (bottom depth 7 m shallower, 3 km
south of 1977 location). Each record length is 56 days. Spectral estimates have 14 degrees of freedom. The square
root of the ratio of the spectral amplitudes of T, and p, is given in (d). Newport wind data were used for all stress
computations and in every case, the wind was multiplied by a factor of 1.3 to simulate the coast-to-ocean gradient
in wind speed. Estimates of p, were multiplied in each case by an offshore decay factor of 0.7.

V, in this band. Although p, may be important, at
least one p, record estimated from the tide gauges at
420 km longshore spacing appears to contain noise at
these frequencies. The forcing of the most energetic
winter fluctuations remain at this time an unresolved
and intriguing problem.
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