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ABSTRACT

Four years of winds from the northeastern Pacific are used to drive a reduced-gravity ocean model which
includes a high-resolution eastern coastal zone that spans 17° longitude and 30° latitude. Spectra of the
alongshore velocity and interface height, measured in the coastal zone, are red to 100-day periods. At periods
less than 50 days, 1) the circulation is strongly trapped within a radius of deformation of the coast and 2)
the alongshore current is well correlated with the alongshore wind stress. At periods longer than 50 days,
wind-stress curl becomes important. The alongshore pressure gradient becomes well correlated with the
alongshore wind stress. Much of the ocean variability is at periods longer than 10 days. At periods longer
than 100 days the alongshore currents begin to weaken and disperse away from the eastern boundary in a

series of jets alternating northward and southward.

1. Introduction

In most studies of time dependent coastal upwelling
the winds vary in an idealized manner. Charney
(1955), Yoshida (1955), Allen (1976) and Suginohara
(1982) assume that alongshore winds suddenly start
to blow at time ¢ = 0 and then remain constant.
Philander and Yoon (1982) consider periodic winds.
Carton (1984) describes the coastal response to an
isolated storm. Realistic coastal winds are an essen-
tially random succession of storms with differing
scales. It is therefore appropriate to treat coastal
upwelling as a stochastic process and to describe the
oceanic response in a statistical rather than a deter-
ministic manner. This paper provides such a descrip-
tion in terms of the mean and rms fields, spectra and
cross-spectra between atmospheric and oceanic vari-
ables.

In order to study the forced response of a coastal
ocean to realistic winds, we use actual winds from
the eastern North Pacific for the period from January
1973 to November 1976 (part of a data set discussed
by Willebrand, 1978). The statistics of the wind field
are reviewed in Section 2. The analytical reduced-
gravity model of Section 3 assumes that the winds
are periodic in the alongshore direction. The numer-
ical reduced-gravity model of Section 4 relaxes this
assumption and is forced with the realistic winds.
Time integrated statistics, spectra, and coherences are
examined. The meridional component of the wind
contains a strong seasonal cycle so the seasonal
response is also considered.
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2. Wind field

Surface pressure fields were obtained from the
National Meteorological Center for the period January
1973 to November 1976. These data are available
every 12 hours at 0000 and 1200 GMT. We analyze
these data using the procedure of Willebrand (1978).
First we compute geostrophic winds from the pressure
field on a 1° X 1° grid. We make a 15° correction
in direction and a 30% reduction in speed in order
to account for surface frictional effects (consistent
with Bakun’s 1975 analyses). Wind stress is then
computed from the geostrophic winds using a nonlin-
ear bulk stress law. Comparing his computed winds
with direct wind measurements, Willebrand found
the error of all of these approximations to be less
serious than the effects of deriving the wind field
from smoothed pressure fields. The smoothing implicit
in the pressure fields eliminates much of the wind
variability with scales less than 1000 km. The
smoothing strongly affects the wind-stress curl and
might reduce the curl by as much as 50%. The four-
year mean has been subtracted from the wind-stress
data because this study only concerns the response
to variable winds.

The rms zonal and meridional wind stress and
wind-stress curl are displayed in Fig. 1. The meridional
wind is strongest at 45°N and weakens towards the
coast. The 20-year wind data set discussed by Nelson
(1977) and Hickey (1979) shows a similar decay
nearshore. The wind-stress curl is strongly concen-
trated at high latitudes.

Figure 2 shows an alongshore-versus-time cross
section of low-pass filtered meridional wind stress
(7). The filter used here is a symmetric cosine filter
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FIG. 1. Maps of the variability of the wind stress in the eastern North Pacific. The wind stress fields were deduced from NMC pressure analyses,
using a procedure discussed in the text. (a) Root-mean-square (rms) zonal wind stress. Four years of twice-daily wind fields have been used in this
computation. The rectangle marks the numerical model domain. Data from stations marked 1-4 are used in the time series analysis. (b) rms
meridional wind stress. A nearshore maximum occurs at 45°N. The winds are generally stronger to the west. (c) rms V, X 7#V, X  increases
poleward. Contour intervals are 1.0 dyn cm~2 and 2.5 X 10~* dyn cm™2,
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with a total length of 150 days and a band width (as
defined by Bloomfield, 1976, p. 202) of 110 days.

" The winds have a strong seasonal cycle above 30°N,

northward in the winter and southward in the sum-
mer. A similar pattern was observed by Nelson (1977).
The seasonal cycle in our data is fairly steady for
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F1G. 2. Alongshore vs time cross section of low-pass filtered 7”
at 125°W. The low-pass filter has a bandwidth of 110 days. Data
have been lost from the beginning and end of the record because
of filtering. The contour interval is 0.2 dyn cm™2. Shaded regions
are negative.

1973-75, but in the winter of 1975-76 the highest
amplitude shifts northward.

Power density spectra of 77 from 30 and 45°N
(stations 3 and 4) are shown in Fig. 3. The spectra
have been computed by cutting the time series into
seven overlapping 350 day records. The mean and
trend for each record were removed and the records
were treated with a Hanning window. The resulting
spectra were combined and frequency-averaged. The
spectra are generally white for periods greater than
10 days, with stronger winds and an indication of the
seasonal cycle at 45°N. Spectra obtained by combining
the winds from three summers (1 April through 3
September), and also three winters (1 October through
31 March) are displayed in the same figure. Winter
winds are generally stronger than summer winds and
contain more energy at high frequencies, associated
with winter storms.

Alongshore coherence of the meridional stress,
shown in Fig. 4, has been computed between a point
nearshore at 45°N (station 3, Fig. 2) and a point 880
km to the south by breaking the original time series
into overlapping six month segments. The coherence
is noisy but indicates that the spatial scale of the
meridional stress increases with increasing period for
periods less than 10 days. Taking the distance over
which the wind is correlated with a coherence of 0.5
as a measure of the scale of the wind, at periods
greater than 10 days this scale is ~1000 km. There
is an indication of a small alongshore phase difference
with the wind at high latitude lagging behind the
wind at lower latitude. In general these results are
consistent with observations summarized by Hickey
(1979).
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FI1G. 3. The solid curves are spectra of 7” at 30°N and 45°N
(stations 4 and 3). The dotted curves are spectra of 7¥ at 45°N for
the winter and for the summer, each computed by averaging
spectra for three successive winters or summers. The upper 95%
confidence interval (shaded) applies to the full spectra and the
lower 95% confidence interval applies to the seasonal spectra.

3. Analytical results

The response of an inviscid ocean to winds fluc-
tuating at high frequencies depends on the passage of
coastal-trapped waves. In the absence of continental
shelf topography these waves are known as coastal
Kelvin waves. Two time-scales are important: the
time-scale of the forcing function and the time-scale
T, that characterizes the adjustment of the coastal
zone to a change in the wind conditions. Then T} is
the time it takes a coastal Kelvin wave to travel at
its free speed C across the alongshore extent of a
storm of length L so that T, = L/C. Upon the sudden
onset of a steady meridional windstress 77 parallel to
a coast, a coastal jet develops initially (¢ < T}). The
passage of a coastal Kelvin wave excited at the
boundary of the forced region establishes equilibrium
conditions by introducing an alongshore pressure
gradient that balances the wind stress (Allen, 1976).
These results suggest that in the case of winds that
fluctuate over a spectrum of frequencies, the oceanic
response may be divided into frequencies greater than
and less than 1/7.

To determine the statistical properties of the re-
sponse in these frequency ranges we turn to a model
of the ocean with one active layer overlying a deep
passive layer and a vertical coast. This is a reasonable
model of coastal circulation in the sense that coastal
currents and upwelling are observed to occur primarily
in the upper ocean. The change in density between
the layers, Ap, is assumed to be small compared to
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the mean density p. Motion of the fluid in the upper
layer is described by

AN
U-—fV= rooss* pH+F
V,+fU= —£+ +F L@
oH
C2 [005(¢)V]¢} _
Pt {U” cos(¢) 0,

Here U and V are the zonal and meridional velocity
components corresponding to east longitude and lat-
itude, 8 and ¢, H is the depth of the active layer, f(¢)
= 2Q sin(¢) is the inertial frequency for € the angular
speed of the earth, and C = (gHAp/p)'”? is the speed
of internal waves in the irrotational system (when
f = 0). The interface height, movement of which
indicates upwelling, is n = —Pp/(Apg) where P/p is
the pressure at the height of the mean surface.
Frictional terms are represented by F? and F®, and
surface stress by 7° and 7%. Charney (1955) considers
a similar model (although with motion possible in
the lower level) on a constant f~plane. Equations (3.1)
in fully spherical coordinates will be used in Section
4. Here we treat the approximate version of these
equations in Cartesian coordinates.

For forcing with periods longer than a day and
shorter than 7, the period at which Rossby waves
become available, for winds with no zonal variation
blowing along a meridional coastline, and in the
absence of friction, Gill and Clarke (1974) show that
(3.1) reduces to the following two simple equations
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FIG. 4. Alongshore coherence amplitude and phase of 7¥ at
125°W between two stations at 45 and 37°N. The phase is positive
if the northern station leads the southern station. The 95% confidence
limits are marked by vertical lines.
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for the meridional velocity and the geostrophically
related pressure near the coast:

V,+ CV, = 1(3, 1), (3.2a)
P=CVy, 1), (3.2b)

where 7 = 7y, )/(pH). Here y is the Cartesian
coordinate in the latitudinal direction, and ¥ in this
equation is the corresponding velocity component.
Equation (3.2a) may be treated as a stochastic differ-
ential equation where 7(y, 7) is a random variable
known only in terms of its statistics.

We denote Fourier transforms by a caret. Then
from (3.2a):
7(o, I)

V=ic=o’

where
1 L
=— f f e iy, 1) dt dy.
27

The spectrum of V is thus related to the power
spectrum of the meridional wind stress, denoted E.(q,
I), by

E(o,])
(CI —g)*’

where angle brackets represent averages over all re-
alizations of the spectra and the asterisk denotes
complex conjugates (Miiller and Frankignoul, 1981).
The power spectrum as a function of frequency alone
may be obtained from (3.3) by integrating over all
wavenumbers:

v _

Ev(o, D)= 5 g

(3.3)

vy = [° _Edo D)
o) = L LG (3.4)

To evaluate this integral it is necessary to know the
spectrum E, of the wind. Consider a simplified wind
field that is stationary with energy E,/2 at wavenum-
bers +/,. For simplicity the primes will be neglected.
In this case

Eyo) - 1 N 1
Ef(s) 2Cl— o) 2Cl+ o)’

This expression is singular at frequency ¢ = Cl,
where atmospheric disturbances that travel poleward
at speed C resonantly excite oceanic Kelvin waves.
In reality, friction and the finite meridional extent of
the ocean will limit the resonant amplification of the
response at this frequency, Cly, which is the inverse
of the time-scale 7.

Equation (3.5) implies a change in the oceanic
response at o = Cly. At high frequencies, ¢ > Cl,,

Ey(0) ~ g2
E(0)

(3.3)

(3.6)
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but at low frequencies, ¢ < Clp,
EV(O') 1
E(0) (" G-7

The correlation scale of the wind has been estimated
to be ~1000 km. If we assume that the wavelength
is twice the correlation scale, /, = 27/2000 km™!, and
assume that C = 2.5 m s~!, then Cl, ~ 0.1 cpd.
From results in Section 2 we know that E, ~ &%
where b has a value between 1 and 2 at high frequen-
cies, ¢ > Cly, and b has a value less than 1 at low
frequencies. It follows that at high frequencies the
spectrum of the oceanic response is red,

E v™ o —a,
where « has values between 3 and 4 at frequencies
¢ > Clp = 0.1 cpd. At frequencies much less than
0.1 cpd, the spectrum of the response is the same as
that of the forcing and is almost white.

One of the effects of friction on the spectra may
be determined by introducing a linear friction term,
—RYV, into the left-hand side of (3.2a). A similar
friction parameterization has been suggested by Brink
and Allen (1978) for barotropic coastal dynamics in
the presence of a weak bottom Ekman layer. When
R < Cly Egs. (3.6) and (3.7) are unchanged but when
R » Cl,, at low frequencies E{o)/E,(¢) ~ R2. Fric-
tion controls the strength of the current. In this paper
we are mainly interested in the circulation when the
friction is weak.

The cross-spectra between oceanic and meteorolog-
ical variables at the same location, and between
oceanic variables separated in space, also change at
the frequency Cly. The coherence between random
variables Y (s, /) and X (o, /), linearly related by Y(o,
) = Mo, )X(o, 1), when integrated over all wave-
numbers, is

Syx(0)

A B

(3.8)
where

Syx(o) = _[: T(o, I)Ex(o, 1) dl.

The function Syx(c) is the cross spectrum and 7(o,
D) is the transfer function between X(o, /) and Y(o,
D. If Mo, 1) is independent of ! the coherence
amplitude will be unity. Otherwise destructive inter-
ference will reduce the coherence. For wind stress 7
and alongshore current ¥,

S:v(0)
Coh, (o) = ——L7__
O rV(U) [EV(O')E.,(O')]”2 (39)
Efo, ) l)
svio == [ G
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If we again assume that the wind fluctuations are
stationary with energy Ey/2 at wavenumbers *+/,
then

i/(Cly — @) — i/(Cly + o)
[2/(Cly — 0)* + 2/(Cly + 6)*]'?"

Coh, (o) = (3.10)

At high frequencies ¢ > Cl, the coherence ampli-
tude is unity and the alongshore velocity lags the
wind by 90°. This reflects the unimportance of the
alongshore pressure gradient in Eq. (3.1b). At low
frequency ¢ < Cl, the coherence amplitude in (3.10)
approaches zero.

It can readily be shown that the coherence between
77 and the alongshore pressure gradient is

1/(Clo — &) + 1/(Cly + 0)
[2/(Clo — o) + 2/(Cl + o)2}2"

Coh, (o) = (3.11)

At high frequencies the coherence, 77 — P,, is small
and is 180° out of phase with the wind stress. The
pressure gradient is unimportant in the balance of
forces at these frequencies. At frequencies somewhat
greater than Cl, the coherence amplitude increases.
At frequencies less than C; the coherence amplitude
is unity and the phase lag is zero, reflecting a low-
frequency balance between 77 and P,.

The coherence for two stations separated by an
alongshore distance Ay is

e(Cly + o) + e A(Cl, — o)?
(Clo + 0')2 + (C[o - 0’)2
(3.12)

Coh Vi Vz( o ) =

The coherence amplitude is cos(/,Ay) at high and low
frequencies but approaches unity near ¢ = Cly. The
fact that the coherence does not decay for large
separation distances is a result of the artificial nature
of the forcing. The phase is small at high and low
frequencies. However, at frequencies near Cl, the
poleward station lags the equatorward station by
(360Ayly/27) degrees, since near this frequency vari-
ations in the alongshore velocity field propagate pole-
ward at speed C.

In summary these results show that at high fre-
quencies ¢ > Cly, the spectrum of the oceanic response
is quite red, the coherence between alongshore currents
and winds is high with the currents lagging by 90°,
and the coherence between the alongshore wind and
alongshore pressure gradient is low. At low frequen-
cies, ¢ < Cl, the spectrum is much less red and
becomes white at very low frequencies. Winds and
currents are uncorrelated, but the alongshore pressure
gradient is correlated with the alongshore wind.

These results depend on a number of simplifying
assumptions some of which are relaxed in the next
section.
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4. Numerical reduced-gravity model

The analysis of Section 3 assumes that the ocean
is meridionally unbounded, that the forcing is sta-
tionary in time and homogeneous in space (examine
Fig. 3), and that the Coriolis parameter fis constant.
To relax these assumptions we turn to a numerical
model forced with the realistic winds described in
Section 2. Motion is again described by (3.1), retaining
the spherical coordinates, the dependence of f on
latitude and wind curl. For the calculations to be
described next, C = 2.5 m s™! and H, the depth of
the active upper layer, is 107 m. The model domain
extends from 142 to 125°W and 23.5 to 50°N. This
area is outlined in Fig. 1a.

The model contains diffusive friction of the form
F® = AV?U, F* = AV?V, where A = 2 X 10 cm? s,
A rough estimate of the frictional damping time of
the coastal currents may be obtained by the time
scale in (3.1) for which the dissipation terms balance
the acceleration terms. Estimating the offshore scale
of the currents as the radius of deformation, C/f, the
damping time is C?/(4 f?) ~ 40 days and the along-
shore scale of the damping is C3/(4f%) ~ 8000 km,
more than twice as long as the entire eastern boundary
of the model.

The northern, southern and western boundaries
have high-friction-damping layers (4 = 2.5 X 108
cm? s7! in the south and west) to eliminate poleward
and westward waves propagating away from the east-
ern boundary. The boundary condition requires the
velocity to be zero along all four walls. The numerical
resolution near the eastern coast is 0.055° in the
zonal direction and 0.5° in the meridional direction.
The resolution decreases towards the west. More
details, including the differencing scheme used in the
model, are given by Carton (1983). The wind for
each time step (AT = 10 min) is computed by linear
interpolation between successive twelve hourly anal-
yses.

Before discussing the model statistics we consider
two 30-day time series, shown in Fig. 5, taken at
station 3 (45°N, 125.22°W) near the eastern boundary
(the position of the stations is shown in Fig. 1a). The
time series have been smoothed with a 3.3-day sym-
metric cosine filter. The first record shows two wind
events forcing offshore drift. The intensifying wind
accelerates the alongshore current southward. The
flow stops accelerating as an alongshore pressure
gradient develops. As the wind stress weakens, the
alongshore velocity and upwelling decay.

An event appears in the alongshore current which
is not correlated with the wind stress in the second
time series. The event must be a Kelvin wave since
that is the only wave available in this system at
periods of a few days. Figure 6 shows a time-latitude
plot of the meridional velocity. The solid line is the
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FIG. 5. Two thirty-day time series of meridional wind stress and ocean variables. The ocean
data were generated by a reduced-gravity numerical model in the domain marked in Fig. 1a.
All the data were collected near the eastern ocean boundary at 45°N (station 3 in Fig. 1a). The
zonal and meridional velocities are U and V. The pressure at the mean surface is P, Terms
are normalized so that V, + fU = —P, + 7*/(pH) + friction. The time axis is marked in days
since 31 December 1973. (a) The southward wind events cause offshore drift, southward events
in the meridional velocity and pressure gradient. (b) A strong event occurs in the meridional
velocity and pressure gradient which is not associated with the local wind stress.
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FIG. 6. Alongshore vs time cross section of V at 125°W. A line
of constant phase for Kelvin waves is marked with a solid line.
The contour interval is 1 cm s™'. Shaded regions are negative.

line of propagation of a free Kelvin wave. While still
growing, these waves travel somewhat faster than the
free-wave speed. This is an interference effect between
a wind-driven jet and the free wave it generates (Gill
and Schumann, 1974; Chao, 1981; Philander and
Yoon, 1982). A superposition of many such free and
forced events comprises the statistics of the ocean
response.

Figures 5 and 6 illustrate the role of coastal Kelvin
waves. In addition to these waves, Rossby waves are
possible because the latitudinal gradient of the Coriolis
parameter is taken into account. These waves come
into play after a time 7, = 47 f/(8C) when the coastal
jet starts to disperse westward into Rossby waves
(Anderson and Gill, 1975; McCreary, 1977; Philander
and Yoon, 1982). On time-scales long compared to
T, the oceanic response is a Sverdrup balance, and
the offshore scale is no longer the radius of defor-
mation but is the distance Rossby waves travel in a
given time.

Ocean statistics. The rms alongshore ocean velocity,
as high-pass (T < 33 days), low-pass (T = 33 days),
and a very-low-pass filtered (7 = 110 days), is given
in Figs. 7a, b and c. In Fig. 7a a.distinctive narrow
coastal current is evident although there is no inten-
sification in the wind near the coast. Its width is
approximately the scale of the radius of deformation,
C/f ~ 25 km. At longer periods (Figs. 7b, c) the flow
disperses westward, as predicted earlier (in midlati-
tudes 7, =~ 300 days).
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F1G. 7. Zonal-meridional plot of rms V. (a) High-pass filtered (: < 33 d), (b) low-pass filtered (¢ > 33 d), (c) very low-pass filtered

(t > 110 d). Contour intervals are 2.5 cm s™', 2.5 cm 57!

Variability of the current increases poleward both
because the wind is stronger there and because dis-
turbances in the flow propagate poleward and so have
a cumulative effect. In Fig. 7c there is an indication
of a peak at 45°N, corresponding to a peak in the
intensity of the alongshore winds. There is also a
suggestion of a larger offshore scale at lower latitudes.
This can be attributed to the higher speed of Rossby
waves in low latitudes.

Spectra. Spectra for data from the four stations
indicated in Fig. 1a have been computed in the same
way as the wind spectra. Station 1 is nearshore at
42.5°N, station 2 is 1.2° offshore at 45°N, station 3
is nearshore at 45°N, and station 4, nearshore at
30°N. Subscripts (1, 2, 3, 4) of various quantities
refer to the station at which the quantities are mea-
sured. We present the normalized spectra of V, P,
and P, in Fig. 8, all computed at station 3. The
spectra are normalized with respect to the spectrum
of the meridional wind stress at station 3. This was
done in order to emphasize the behavior of these
spectra which is due to dynamics rather than to the
shape of the forcing. The confidence intervals shown
are those estimated for the individual spectra.

At frequencies between 0.1 and 0.5 cpd, Eyps(e)/
E,;(c) behaves as ~o 3, more red than expected
from (3.6). At lower frequencies the slope is ¢~ until
0.01 cpd approximately. At still lower frequencies the
spectrum appears to decay. It is striking that whereas
analysis based on (3.3) led us to anticipate a change
in the slope of Ey/E, at a period of 10 days, no
change is evident at that period in the solid line in
Fig. 8. The value of 10 days is an estimate for 1/
(Cly), the time it takes a Kelvin wave to propagate a

,and 0.5 cm s™'. As the period decreases the current spreads westward.

distance 1/l,. In the analytical model of Section 3 we
assumed that the energy of the wind is concentrated
at meridional wavenumbers +/,. In reality, the wind
has energy over a broad band of meridional wave-
numbers and is inhomogeneous in alongshore distri-
bution. Because of these factors there is no precise
frequency Cl; at which the oceanic response changes
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F1G. 8. Normalized alongshore velocity spectrum Ey (s, y5)/E.(o,
¥s), normalized pressure spectrum Ep(o, y3)/E, (0, y3), and pressure-
gradient spectrum Epy(0,)3)/E(o, y3). The short dashed curve is
Ey(a, y3)/E(0,ys) for model run without wind stress curl (see text
for discusson). The units of the ordinate are arbitrary.
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abruptly, but rather a band of frequencies in which
the response changes gradually.

Figure 8 shows that much of the variability is at
relatively long periods—up to (approximately) 100
days. Similarly, Bryden’s (1978) calculations of vertical
velocity off Oregon showed as much variability at
monthly periods as at daily periods. Some of this
variability is associated with forcing by the curl of
the wind stress, a factor neglected in Section 4. To
quantify the effect of the curl, we reran the model
with a wind field defined by 7 = [0, ¢ (0 = 125°W,
¢)], which has no curl but retains the same alongshore
component of the wind stress as the original wind
stress field. The short dashed curve in Fig. 8 shows
the spectrum of V generated by the filtered wind.
The spectrum now has a distinctive flattening at
periods longer than 50 days or so. The difference in
the two spectra between 50- and 200-day periods
suggests that at these periods, curl in the wind stress
is important. At longer periods the alongshore velocity
spectrum decays as the offshore scale increases on
account of the B-effect.

The ratio of the spectrum of P, to the spectrum of
7%, Epy;(0)/E,5(0), is white even at high frequencies
(o < 0.33 cpd). High wavenumbers are given extra
weight in determining Epy3(¢) because P, is propor-
tional to the alongshore derivative of ¥ at high
frequency, from (3.2b). For that reason the frequency
at which the spectrum shifts from red to white is
higher for Epy;(o) than for Ey;(o). This result was not
anticipated by our example with the analytical model
because in that example we considered forcing that
is sinusoidal in distance alongshore. With that forcing,
taking alongshore derivatives does not increase the
“roughness” of the forcing.

The ratio Epy(0)/Epys(0) gives a measure of the
dominant alongshore length scale of the pressure as
a function of frequency. For frequencies less than
0.03 cpd the frequency-averaged length scale is 1230
km which is essentially that of the forcing. For
frequencies between 0.03 and 0.5 cpd the length scale
drops to 365 km, smaller than the scale of the wind
stress. This indicates that at high frequencies the scale
of the response is determined by dynamics rather
than by the scale of the forcing (short Kelvin waves
are excited at high frequencies). The difference be-
tween low and high frequencies is further confirmation
that pressure gradients balance the wind stress at low
frequencies.

Coherence. The coherence between wind stress and
model variables at 45°N, 125.22°W is shown in Fig.
9. The coherences have been computed from the
four-year record, cut into 15 overlapping 175-day
segments, but otherwise treated as when computing
the spectra. The shorter segment lengths were chosen
in order to increase the confidence of the coherence
estimates. The zonal velocity is coherent with the
wind stress with no phase lag at frequencies above
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F1G. 9. Coherence amplitude and phase between 7y — Ui, 13’
— V3, 79 — Py, and 73° — P,;. The phase is positive if the first
variable leads the second variable. The 95% confidence limits are
marked with vertical lines.

0.02 cpd. This is consistent with Ekman drift in
which a southward wind causes offshore flow in the
surface layer. At lower frequencies the coherence
decreases as the wind-stress curl becomes important.

The meridional velocity nearshore has high coher-
ence with 77 down to a frequency of 0.02 cpd
approximately. The meridional velocity lags 77 by
90° at high frequencies, consistent with the analytical
model. The coherence decays gradually as the fre-
quency decreases below 1/T}.. At these low frequencies
the 7 — P, coherence increases as the alongshore
pressure gradient comes into balance with the along-
shore wind stress.

Two-point coherences have been computed between
time series sampled at stations 1, 2, and 3 (Fig. 10).
The zonal velocity is relatively incoherent in the
alongshore direction (not shown) but is highly coher-
ent in the offshore direction. Both P and ¥V are highly
coherent alongshore. The observed phase lag of P,
between two points separated alongshore is consistent
with the alongshore speed of free Kelvin waves of 2.5
m s~'. The alongshore velocity field shows a reduced
lag at high frequencies.

Seasonal response of the reduced-gravity ocean.
Within 1000 km of the coastal upwelling zones of
Washington, Oregon, and California lies the California
Current System. This current system has both south-
ward and northward flowing branches, each with a
width ~ 200 km. Hickey (1979) shows that the mean
alongshore velocity and seasonal variation of the
alongshore velocity in these branches are each 5-10
cm s~!. Other measurements discussed by White and
Saur (1982) show westward propagation of waves
farther out in the eastern North Pacific. These waves
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have periods of one to two years and appear to
originate near the eastern boundary. How is the
coastal circulation connected to the seasonal circula-
tion in the interior ocean? In this section we address
this question by examining the seasonal response of
the reduced-gravity ocean.

50°N W

23.5°N
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At high frequencies upwelling and alongshore cur-
rents are confined near the coastline. As the frequency
decreases toward 1/T, the ocean dynamics change
and alongshore currents begin to spread westward
away from the coast. Figure 11a shows a “snapshot”
view of the meridional velocity field at day 350, after
the data have been low-pass filtered with a 110-day
bandwidth filter. Alternating alongshore currents are
visible near the coast with the offshore scale of zonally
traveling Rossby waves at annual periods. The scale
of the currents increases at low latitudes as does the
Rossby wavelength. The alongshore currents are 5
cm s~!, comparable to observed velocities. The inten-
sity of the alongshore currents, however, depends on
the parameters C and H.

At seasonal frequencies two components of the
wind field have been considered as possibly driving
the seasonal circulation of the eastern ocean. Bryan
and Ripa (1978), Hickey (1979), Chelton (1984), and
others have suggested that upwelling due to curl of
the wind stress is important in setting up pressure
gradients. In Section 4 we verified that wind stress
curl was important at periods longer than 50 days.
The work of Anderson and Gill (1975) and Philander
and Yoon (1982) suggests that the alongshore com-
ponent of the wind stress, which need not contain
any curl, can also contribute to the seasonal variability
of the California Current system because of the
presence of a strong annual signal in the alongshore
wind stress.

50°N

23.5°N

FIG. 11. Zonal-meridional plot of meridional velocity low-pass fiitered (B, = 110 d) at day
350. (a) Model with complete wind field, and (b) model run with no V, X r (see text for
discussion). The plots extend zonally from 135.6 to 125.22°W (at 45°N the plots are 815 km
wide). Contour intervals are 2.5 and 1.0 cm s~'. Shaded regions are southward flowing.
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The relative importance of these two mechanisms
can be estimated by comparing the response to the
actual winds with the response to winds without curl
(in the latter case the alongshore winds at the coast
are assumed to prevail everywhere). It is found that
the flow within 300 km of the coast is primarily
determined by the alongshore winds and has the
structure shown in Fig. 11b. Farther offshore where
the intensity of the wind increases (see Fig. 1) the
curl of the wind is probably the dominant mechanism
for driving currents.

5. Discussion

Previous studies of wind-driven coastal circulation
have shown that the strength of coastal currents and
intensity of upwelling depend not only on the strength
of the wind but also on the width of the storms, the
duration of the storms and any alongshore movement
of the storms. In particular, studies of the inviscid
ocean suggest that the oceanic response may be
characterized by three frequency ranges: ¢ < 1/T},
1/T, < ¢ < 1/Ty, and o < 1/T,. In these inviscid
studies 7} is the time a Kelvin wave takes to establish
an alongshore pressure gradient in the coastal zone
after a change in wind conditions, and 7, is the time-
scale on which Rossby wave dispersion becomes
important.

Description of the wind field in this study suggests
that 1/T, is of the order of 0.1 cpd. At higher
frequencies the spectrum of the response increases
sharply with decreasing frequency (~o¢3), the along-
shore current is highly correlated with the alongshore
wind (and lags by 90°) but the alongshore pressure
gradient is not correlated with the alongshore wind.
At low frequencies ¢ < 1/T the spectrum of current
is much less red, correlation between the alongshore
current and wind is low but it is high for the
alongshore pressure gradient and the wind.

Results from a reduced-gravity model forced with
realistic winds indicate that the transition from the
high-frequency to low-frequency response takes place
gradually over a broad band of frequencies from 0.1
to 0.02 cpd approximately. This happens because
there is no single length scale that characterizes the
surface winds which furthermore are spatially inho-
mogeneous. At frequencies below 0.02 cpd the curl
of the wind contributes significantly to the variability
near the coast, and is dominant at distances more
than 300 km from the coast. These two results
depend on the choice of the free parameter C
= (gHAp/p)'. As the stratification increases, the
frequency at which the wind stress curl becomes
important also increases.

These results are in reasonable agreement with
measurements. Cutchin and Smith (1973), Huyer et
al. (1975), and Kundu and Allen (1976) find that the
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spectra of observed alongshore currents off the coast
of Oregon are red, behaving as ¢~ at frequencies
above 0.15 cpd. At frequencies less than 0.15 cpd the
spectra appear to flatten out but the short record
lengths make this conclusion tentative.

Huyer et al. (1975) and Huyer and Smith (1978)
show correlations between the northward component
of the wind (approximately alongshore) and the
alongshore current range from 0.4 to 0.7. Smith
(personal communication, 1982) analyzed a year-long
record and found coherences of 77 — V of 0.6 at high
frequency with the velocity lagging behind the wind.
At the seasonal time-scale Hickey and Pola (1983)
find that alongshore pressure gradients and alongshore
winds are highly correlated. Chelton (1984) has argued,
based on an analysis of geostrophic wind and current
data, that the curl of the wind is an important forcing
function on these long time-scales.

The reduced-gravity model that has been used in
these studies is incapable of resolving the observed
vertical structure of the flow—there is no coastal
undercurrent for example. The reduced-gravity model
is also flawed in that it is associated with a single
gravity-wave speed C whereas a continuously stratified
ocean has a spectrum of speeds. The inclusion of
bottom topography modifies the structure of coastal
waves, introduces bottom friction and a topographic
B-effect. A multi-level numerical model will be nec-
essary to investigate how these factors affect the
statistics of the oceanic response to realistic winds.
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