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On the dynamics of wind-driven shelf currents

By J. S. ALLeN anD R. L. SmiTH
School of Oceanography, Oregon State Unwversity, Corvallis, Oregon 97331, U.S.A.

Measurements of currents, wind, and coastal sea level from off Oregon, northwest
Africa and Peru are used to examine characteristics of the depth-integrated momen-
tum balance at mid-shelf locations. Attention is focused on determining the nature of
the balance, as a function of frequency, of time-dependent terms in the alongshore
momentum equation. Decomposition of the estimated terms into empirical ortho-
gonal functions, and regression of terms on the wind stress to obtain the wind-forced
component, are methods used in an attempt to assess objectively the type of balance
present. It is found, for Oregon, that there is a relatively large amount of variance
in the depth-integrated cross-shelf velocity which is not balanced by other estimated
terms. In addition, a substantial component of the flow is wind-forced, with bottom
friction insignificant for periods less than 11 days. For northwest Africa, the motion is
strongly wind-driven, with bottom friction playing an important role for periods
greater than 6 days and with a quasi-steady response evident for periods longer than
10 days. For Peru, the motion is dominated by an inviscid, unforced balance which,
for the 5- to 11-day frequency band, is primarily between the alongshore pressure
gradient and the rate of change with time of the alongshore velocity.
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1. INTRODUCTION

Knowledge of the characteristics of current régimes on continental shelves has increased tre-
mendously over the past ten years as a result of the availability of measurements from moored
current meters. Along with the increase of information from current measurements and other
observations, many theoretical models have been developed for application to shelf flow fields.
Different analytical models have included a variety of simplifying assumptions (Allen 1980).
Currently, it is not clear under exactly what conditions, or for what shelf regions, many of these
assumptions are valid. Probably the simplest theoretical context in which assumptions on the
relative importance of various dynamical processes enter significantly is provided by the depth-

integrated momentum equations. In this paper, we use current measurements from three
different continental shelves to examine characteristics of the depth-integrated momentum
balance and to assess the relative importance of various terms, and hence of various processes,
in that balance. We concentrate on motions with time-scales of several days, i.e. with periods
greater than inertial or tidal periods, corresponding to the dominant time-scales of the atmo-
spheric forcing. )
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Theobservationsanalysed here were made as part of the Coastal Upwelling Ecosystems Analysis
(C.U.E.A.) program in field experiments off Oregon, U.S.A., in July—August 1973, off north-
west Africa in March-April 1974, and off Peru in March-May 1977. Although the existence of
wind-forced coastal upwelling is a prominent feature of the circulation on all of these shelves,
there are substantial qualitative differences in the nature of the flow fields which, as we shall
discuss, are associated with different dynamical balances.
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In each of the three regions of the C.U.E.A. field experiments, horizontal velocities were
[ 105 ]
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618 J. S.ALLEN AND R.L.SMITH

measured in the surface layer from closely spaced current meters on a mooring at a mid-shelf
location (see, for example, Halpern 19764). Simultaneously, horizontal velocities were measured
in the water column below from less densely spaced instruments on a separate mooring at essen-
tially the same position. The relative locations of these current meters and the cross-shelf
bottom topography for Oregon, northwest Africa and Peru are shown in figure 1. These current
measurements probably provide the best currently available vertical resolution of continental-
shelf velocity fields in water of depth 70-120 m. Consequently, this particular data set is
especially appropriate for, among other things, relatively accurate calculations of depth-
averaged velocity fields.

0

-1100

-200

300
0

Ficure 1. Continental shelf and slope topography off northwest Africa (A) (21° 40" N), Oregon (O) (45° 16’ N)
and Peru (P) (15° 06” S) with the locations of the moored instrument arrays shown.

The basic characteristics of the shelf flow fields off Oregon, northwest Africa and Peru during
the C.U.E.A. field experiments have been described in previous publications. A brief summary
of some of the major features, and several references are given below. An especially pertinent
reference is Smith (1981), in which the spatial structure, time variability, and mass balance of
the flow fields in the three upwelling regions are compared by using the same measurements
that are further analysed here. Some aspects of the depth-integrated momentum balances have
been examined for Oregon by Allen & Kundu (1978), for Peru by Brink & Allen (typescript in
preparation), and for northwest Africa by Badan-Dangon (1981). Those studies are extended
in this paper.

On the Oregon shelf, the stratification is strong (a difference of 2 o, units between the surface
and bottom). At mid-shelf, the mean flow is baroclinic (equatorward and offshore in a surface
layer 20 m deep, equatorward and strongly onshore at mid-depth, and poleward near the
bottom), but the subtidal fluctuations in the alongshore component of the flow are nearly
barotropic and tend to align along the local isobaths. Throughout the water column the
alongshore velocity fluctuations are significantly correlated with the local wind stress, which has
a standard deviation greater than the mean (Smith 1974; Kundu & Allen 1976; Allen & Kundu
1978).

[ 106 ]
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For northwest Africa, the stratification over the wide shallow shelf is weaker than off Oregon
(a difference of 0.3 o7, units between surface and bottom), the mean vertical shear of the along-
shore velocity is less at mid-depth but greater near the bottom, the layer of offshore flow is
deeper (35 m), and the strongest onshore flow occurs within 10 m of the bottom. The velocity
fluctuations are significantly correlated with the wind stress, which has a standard deviation
only slightly larger than it has off Oregon but a mean value three times larger (Huyer 1976;
Halpern et al. 1977).

Off Peru, the stratification is less than half that off Oregon but both the mean and fluctuat-
ing flow exhibit substantial shear associated with baroclinic effects. Except in an Ekman surface
layer of about 25 m thickness where the mean flow is equatorward and offshore, the mean
alongshore velocities are poleward and counter to the persistently equatorward trade wind.
The strongest onshore flow is above mid-depth, and weak mean offshore flow occurs within about
10 m of the bottom. The mean wind stress is greater than that off Oregon, but the standard
deviation is about half. Although the cross-shelf component of the velocity is correlated with
the wind stress, the larger alongshore component is not. The 5- 10-day-period fluctuations in
the alongshore current propagate poleward at about 200 km day~! (Smith 1978; Brink et al.
1980).

2. DEPTH-INTEGRATED EQUATIONS

A right-handed Cartesian coordinate system (x, y, z) is used with the y-axis alongshore, the
x-axis across the shelf, and the z-axis vertical; x is positive onshore. The corresponding velocity
components are (%, v, w). The surface is assumed to be a rigid lid at z = 0 while the bottom is at
z =—H(x,y).

On the subinertial time-scales of primary interest here, order-of-magnitude arguments
based on the assumption v > « indicate that the depth-integrated cross-shelf momentum equa-
tion should be dominated by the geostrophic balance of the alongshore velocity v. This is also
a common approximation in theoretical models, where other assumptions affect primarily the
balances in the y-momentum equation. All of the observations from the regions under study are
consistent with assumptions of geostrophic balance for v (as are results from analyses of terms in
the ¥-momentum equation similar to those applied to the y-momentum equation in §§3 and
4). Consequently, we focus our attention here on the alongshore momentum balance.

The depth-integrated continuity and y momentum equations are

U, +V, =0, (1)

Vi+ NU+fU = —P,+ 19 —Tp, (2)

where (U, 7V, P) = f fﬂ (1, v, $) dz, (3)
0 0

e (] o (] )

P,=P,—ppH, py=pz=-H). (5)

Here p is the pressure, 7y and 7y the wind and bottom stress components in the y-direction

(all divided by a reference density), ¢ is time and f the Coriolis parameter. Subscripts (x, y, ¢)

denote partial differentiation. Stress terms due to horizontal turbulent diffusion are neglected.
[ 107 ]
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620 J.S.ALLEN AND R.L.SMITH

Common approximate balances in the alongshore momentum equation (2), which might be
observed in the data, are as follows.

Linear. The nonlinear term NV is neglected on the argument that the Rossby number ¢ =
Vo(f6,)~1is reasonably small, where 1, is a characteristic alongshore velocity and d, a character-
istic cross-shelf scale, for example, with I; = 20 cm s, 4, = 20 km, f = 10-%s71,¢ = 0.1. The

resulting equation is
Vi+fU = =P+ 1w—13. (6)

Subsequent assumptions will be discussed within the linear approximation.
Two-dimensional. In purely two-dimensional flow, where the derivative of all variables with
respect to y equals zero, it follows that fU = 0, P, = 0 and

Vi = Tw—Ts. (7)

Quasisteady. In quasisteady, or steady, flow the time-derivative V; is neglected as being small

relative to other terms:
fU=—Py+TW—TB. (8)

For a barotropic fluid, with a linear relation between bottom stress and alongshore velocity, this

leads to the ‘arrested topographic wave’ solutions (Csanady 1978). The application of this type

of approximation in shallow shelf waters is discussed by Csanady (this symposium).
Frictionless. In this case 75 = 0 and

Vi+fU = — P, + 7. (9)

Free and frictionless. 'The wind stress 73y = 0 and 75 = 0. Because of the waveguide nature of
continental margins (see, for example, Allen 1980) the motion is usually thought of as composed
of free coastal trapped waves:

V,+fU = —P,. (10)
Ifin (10) 75 # 0, the motion is free and frictionally damped.

Two-dimensional, quasisteady, frictionless. These conditions could conceivably apply for large

alongshore scale, low frequency, stratified motion (Enfield & Allen 1980). Here fU = 0, but

P, # 0 so that
O =‘“Py+Tw. (11)

Equation (11) corresponds to a mass balance for the cross-shelf flow such that offshore (onshore)
Ekman transport is compensated by a geostrophic onshore (offshore) velocity beneath the
surface layer.

3. ALONGSHORE MOMENTUM EQUATION
3.1. Estimation of Terms

Current, coastal sea level, and buoy wind measurements are used to evaluate terms in the
depth-integrated alongshore momentum equation (2) at the mooring locations shown in figure 1.
Details of the observations and of the data processing procedures are given in the Appendix.

Depth-integrated currents were calculated by using the trapezoidal rule. Errors in that
calculation are discussed in the Appendix. The orientation of the (x, ¥) coordinate system is
chosen, after Smith (1981), to coincide with the principal axes of the depth-integrated velocity
components, i.e. of the mass transport. The resulting ‘alongshore’ direction is close to that
estimated for smoothed isobaths running through the location of the moorings (see Appendix).

[ 108 ]
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The use of the mass transport principal axes seems to be especially appropriate here since, as
will be seen from the results, off Oregon and northwest Africa fU has a larger variance than
can be accounted for by balances with other evaluated terms. In the mass transport principal
axes system, the variance of fU is minimized. Hence there is no excess variance in fU caused by
the alignment of the coordinate system.

The time-derivative V; is formed by applying a centred difference approximation to the low-
passed time series with 2A¢ = 12 h, as in Allen & Kundu (1978). Negligible differences were
found between the results of this procedure and that of time-differencing the higher frequency
hourly data (see Appendix) with 2A¢ = 2 h and then low-pass filtering.

The bottom stress was calculated with the hourly velocity data (dg, #g) from the bottom
current meters (5, 7 and 6 m above the bottom for Oregon, northwest Africa, and Peru, res-
pectively). A quadratic drag law

tg = Cp(0h+d})i g, (12)

with Cp = 1.5x 10-3 was used and then the resulting hourly time series 75 was low-pass
filtered to give 7y.

The wind stress 7y was also calculated by using a quadratic drag law from wind measure-
ments at surface buoys near the locations of the moorings (see Appendix).

The pressure gradient term P, was approximated for Oregon and Peru by differencing coastal
sea level measurements from nearby tide gauges at different alongshore locations:

Py ~ gHo(gz—gl)/Ay, (13)
where g is the acceleration due to gravity, Hj is the total water depth at the mooring, §;, {,
are sea level heights at coastal stations 1 and 2, and Ay is the alongshore distance between
stations 1 and 2 (Ay = 104, 230 km for Oregon, Peru). This approximation for P, accounts
neither for baroclinic contributions to the pressure gradient nor for a possible decay in magni-
tude of &, — ¢, across the shelf, from the coast to the mooring site.

The four terms ¥}, fU, Ty and 74 in (2) may be estimated by using direct measurements from
a single location without additional errors from approximations of spatial derivatives. The
barotropic contribution to the alongshore pressure gradient term P, is estimated from coastal
sea-level measurements and that does require an approximation for a spatial derivative. The
pressure gradient, however, is likely to play such a fundamental role in the alongshore momen-
tum balance that we felt it was desirable to include approximation (13) when the sea-level data
were available.

Estimations of the nonlinear terms N¥ (equation (4)) require spatial derivatives of depth-
integrated momentum fluxes. Since an equivalent set of current measurements generally did not
exist from adjacent moorings, difference approximations for the terms in N¥ could not be
formed from measured variables. Consequently, we did not attempt to estimate NV.

The nonlinear momentum flux terms (4) and the baroclinic contribution to the pressure
gradient are thus two possible contributors to the balance in (2) that are not represented in the
subsequent analysis.

3.2. Observations

The mean values and standard deviations of the estimated terms in (2) from Oregon, north-
west Africa, and Peru are given in table 1 and are denoted by overbars and primes, re-
spectively. Since absolute sea-level elevations are not known, the mean values of P, cannot be

[ 109 ]


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org

622 J-S.ALLEN AND R.L.SMITH

calculated. We concentrate on assessing the possible balance of the time-dependent fluctuations
of the estimated terms. The time series are plotted in figures 2, 3 and 4, and the cross-correla-

tion matrices of these terms are given in table 2.
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Ficure 3. Time series of V;, fU, 75 and 7y, (with mean

—J] for Oregon. values removed) for northwest Africa.
S

S - We are also interested in the frequency dependence of the balance in (2), which we investi-
= g gate by band-pass filtering the time series into three frequency bands corresponding to periods
O of (1) greater than 10 days, (ii) 5-11 days, and (iii) 2-6 days. Autospectra for the estimated
O terms are plotted in figure 5, and the standard deviations of the original series and of the band-
=w

passed series are plotted in figure 6.

For Oregon, the positive correlation of the pairs of variables (V, 7vw), (P, 7w), and (¥, P,)
is apparent in figure 2 (see also table 2). The fact that the correlations are positive is consistent
with wind-stress-forcing of V; and P, as in (7) and (11) for simpler cases. The positive correla-
tion between V; and P, is compatible with both these variables being forced by 7+, but not with
V;, P, balance in (10). The bottom stress 7y is also positively correlated with 7y and P,, again
consistent with a response of both 75 and P, to wind stress.

[ 110 ]
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Ficure 4. Time series of V,, fU, P,, 75 and 7y (with mean values removed) for Peru.
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— FIGURE 5. Autospectra of V;, fU, P,, 75 and Ty for (a) Oregon, (b) northwest Africa, and (¢) Peru (P, is absent
< for northwest Africa). The 959, confidence limit and the equivalent statistical bandwidth for the spectral
> 's estimates are shown in the upper right-hand corners. Frequency bands (less than 0.1, 0.09-0.2, 0.17-0.6
O = cycle per day (half power points)) corresponding to periods of greater than 10, 5-11, and 2-6 days, used
e g for the band-pass filtered series, are indicated on the frequency axis of (c).

= O

E 9) For all frequency bands, fU has the largest magnitude, but it is not significantly correlated

with any of the other variables. Smith (1981) examined the time-dependent behaviour of the
depth-integrals of the cross-shelf velocity over the surface layer Hg and over the interior. Off
Oregon (Hy = 20 m), it was found that the surface layer integral fUsis well correlated with
7y and that the sign and magnitude of the regression coefficient of fUs on 7y are in agreement
with those expected for Ekman transport. The interior depth-integral fU;, has a correlation

with 7y opposite in sign and lower in magnitude than that between fUs and 7y, while fUy,
[ 111 ]
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624 J.S.ALLEN AND R.L.SMITH

and fUg are not well correlated. Thus, the surface and interior cross-shelf transports show some
consistency with a wind-forced model, but the surface layer flow is much more tightly coupled
to Ty than is the interior flow. Similar results were found off northwest Africa and Peru (Hg =
35, 32 m, respectively). Here we find, however, that the total depth-integrated fU off Oregon
has a time-dependent behaviour and a magnitude that are not clearly related to the other
estimated terms in the alongshore momentum balance (2).

(@) (b) (c)
L
_g 66
= 19 1351
N 34%
2
3
T %
1{|3 22%
% 37
S a4 ] 13 ]
o 28%

Ficure 6. Standard deviations of V,, fU, P,, 1, and 7y, from (a) Oregon, (b) northwest Africa, and (¢) Peru for
the original and for the band-passed time series. For each case, the standard deviations are plotted from left
to right in the order V,, fU, P, (stippled), 75, and 7y, (solid black) except for northwest Africa where P, is
absent. The total variance (sum of the variances of each term) in each frequency band, expressed as a per-
centage of the total variance of the original series, is given to the right of the plots. The variance of individual
terms in each frequency band, expressed as a percentage of the variance of that term in the original series,
is indicated directly over the plotted values.

TABLE 1. MEANS AND STANDARD DEVIATIONS

Oregon northwest Africa Peru

term (e A~ B} ~ - hl s - A
(cm s71)2 mean s.d. mean s.d. mean s.d.
v, — 0.89 — 0.54 — 1.05
SU 1.34 2.18 0.48 1.17 —0.60 1.22
P, — 1.39 — — — 1.47
Tw —0.51 0.74 —1.50 0.95 0.79 0.40
Ty 0.05 0.18 —0.53 0.44 —0.05 0.12

The amplitudes of V; and P, off Oregon (figure 5) are similar for periods less than 10 days,
while 7y is slightly smaller and 7y substantially smaller. For periods greater than 10 days, the
amplitude of V; decreases with increasing period, but it still remains larger than that of the
bottom stress 7 for all the resolved frequency bands. The ratio of 73 to V{ is largest for periods
greater than 10 days and smallest for periods less than 6 days.

For northwest Africa, the positive correlations of the pairs (¥}, 7) and (7, 7yw) is clear from
figure 3, as is the weakness of the correlation of fU with the other variables. The wind stress

[ 112 ]
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7w and fU generally have the largest amplitudes, with 7 > fU’ for periods greater than 10
days and fU’ > 7 for periods less than 6 days. In contrast to Oregon, 73 is greater than V; for
periods greater than 10 days while it is comparable with V] for periods of 5-11 days and less
than V; for periods of 2-6 days.

For Peru, the negative correlation of V; and F,, obvious in figure 4, is consistent with a V, P,
balance in (10). The amplitudes of P,, fU, and ¥ (figure 5) are generally comparable except
for periods greater than 10 days where V; is smaller. Unlike both Oregon and northwest Africa,
the wind stress is substantially smaller than fU and P, for all frequency bands and is smaller
than ¥, for periods less than 10 days. The amplitude of the bottom stress 7y is less than that of
any other term.

TABLE 2. CROSS-CORRELATION COEFFICIENTS

Oregon northwest Africa Peru
r A Al r - A - A B
JU P, Ty Tw SU Ty Ty JU P, Ta Tw
V; —0.26 0.311  0.06 0.45t 0.29 —0.04 0.341 —0.10 —0.401 0.13 -—0.02
JU — 0.19 -0.05 -—0.09 — 0.06 0.20 —_ —-0.19 0.18 —-0.21
P, — — 0.57t  0.68f — — — — — —0.13  0.11
Ty — — — 057t — — 0.70t — — — —0.14

1 The probability that this correlation coefficient would be obtained from uncorrelated variables is less than
0.1,

TABLE 3. CROSS-CORRELATION COEFFICIENTS, REGRESSION COEFFICIENTS, STANDARD DEVIATIONS,
APPROXIMATE RESISTANCE COEFFICIENTS, AND SPIN-DOWN TIMES

rg * standard error vy v’ Co(@2+03)F  V'/ravy
{78, vg} 1072 cms™t cms2 10 cm?s72 1072 cm st day
Oregon 0.971 2.02+0.12 - 8.66 10.14 1.40 6.7
northwest Africa 0.961 4.45+0.40 9.46 6.58 2.79 1.8
Peru 0.941 2.04+0.14 5.51 11.49 1.25 11.8

t The probability that this correlation coefficient would be obtained from uncorrelated variables is less than
0.01.

In the above discussion, the possible balance of four or five terms is assessed by referring to
cross-correlation matrices and standard deviations. This is clearly not as systematic a procedure
as might be desired. In the following section, we propose and apply a more objective method
for the evaluation of mutual balances.

Before proceeding, we mention a secondary result of interest. Based on a comparison with the
nonlinear bottom stress computed by (12), the linear approximation commonly used in analy-
tical models, 75y, & rvg, where ris a resistance coefficient and vy is a low-passed bottom velocity,
appears to be reasonably good. The correlation coeflicients between 75 and vy denoted by
curly brackets {7y, vy}, and the regression coeflicients ri from the regression of 74 on vy are
given in table 3. The correlations are all very high. The regression coefficients r;; provide esti-
mates for 7. We note (see table 3) that these are higher by factors of 1.4 to 1.6 than approximate
values given by r & Cp(d%+ 93)%. The implied spin-down times Ty = V'(rq vy) ! are 6.7, 1.8,
and 11.8 days for Oregon, northwest Africa, and Peru, respectively. Since periods 7" = 2n/w
for which a quasisteady-state solution would exist in an equation like V; + T 1V = 7y, exp (iwt)
are T > 2nTy, these values of T} are consistent with the relative amplitudes of }; and 7y in the
autospectra (figure 5).

[ 113 ] 60-2
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4. BALANCE OF TERMS

To estimate the extent and type of mutual balance of time-dependent terms in an equation
such as (2), we propose the decomposition of those terms into empirical orthogonal functions.
In oceanography these functions have been commonly used in data analysis to represent com-
pactly a large set of observations of a particular variable that is a function of space and time
(see, for example, Kundu et al. 1975; Davis 1976).

The application here is as follows. Suppose we have N terms g;(¢), ¢ = 1, ..., N, that are
functions of time. Assume the mean values of the terms have been removed, i.e. g; = 0, where
the overbar denotes a time mean. These terms can be written (see, for example, Kundu et al.
1975 Davis 1976) as a sum of N time series

N

alt) = S E,(0) g7, (14)
where ¢7 is the ith component of the nth eigenvector of the covariance matrix g; g;. The eigen-
vectors are orthogonal; they are normalized so that Y ; ¢7¢7 = 4,,,, and are ordered so that
the eigenvalues A, > A, ;.

Results of the decomposition and properties of empirical orthogonal functions that make
them appear useful for evaluating balances of terms are

(i) the amplitudes £, (¢) represent a common time dependence for all terms;

(ii) each empirical eigenfunction, taken in order, extracts the maximum amount of total
variance possible with a representation such as (14), i.e. with §, = M E, ¢? M < N, the
mean square error 2, (g;,— &;)? is minimized (see, for example, Davis 1976);

(iii) the E,(t) are uncorrelated, i.e. E, E,, = ¢

Terms, or component parts of terms, may balance each other when they have the same time

nm A'IL'

dependence, such as represented by £, (¢) in (14). For an exact balance with a particular n, the
sum of the eigenvector components would equal zero: ¥ ; ¢? = 0. An exact balance should
not necessarily be expected here, however, since there are potentially important contributions
to (2), such as P, off northwest Africa and the baroclinic part of P, off Oregon and Peru, that
have not been included. The extraction of the maximum amount of the total variance from all
terms appears to be a reasonable condition for determining a common time variability. The
fact that the FE,(¢) are uncorrelated suggests that the different modes may be able to represent
separate physical processes in (2), such as locally forced motion and free coastal trapped waves
(see, however, §6).

By using the estimated terms V;, fU, P,, T, — 7 from each region (with signs as if all terms
were on the left-hand side of (2)), empirical orthogonal functions were calculated for the
original and for the band-passed time series. The eigenfunctions for the first two modes are
shown in figures 7, 8 and 9, where the magnitudes of the ¢7 are plotted. The sum

.
R=- 3 ¢t (15)

is also shown, since this is the relative magnitude that the sum of the unrepresented terms and
the errors would have for an exact balance. The percentage of the total variance accounted for
by each mode is listed, as is the percentage of the variance of each variable represented in that
particular mode.
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The main results are the following. Off Oregon (figure 7), the first mode for the original
series and for all three frequency bands is dominated by fU. Since the amplitude of R is rel-
atively large, fU is not balanced by other estimated terms. It is not clear exactly what other
processes balance fU, but because the fluctuating u-velocities below the surface layer have
substantial vertical shear while the fluctuating v-components do not (Kundu & Allen 1976), the
baroclinic contribution to P, is one obvious candidate.

1~ 86
47
19
oFE BE 55 2 337
30 14
-1 69
70
N N 76% 17%
A A 27 2%
98
o " 67
-c“? £ 2 leo 5 10
= < 64% [ 17%
“l‘ -
0 %
85 ) 12
98 85
2 o
I >
T g Al ls 70% [ 229%
& 3 33 2 6.

44

Ficure 7. The components ¢ of the first two (n = 1, 2) eigenfunctions for V,, fU, P,, 15, — Ty from Oregon for
the original and for the band-passed time series. The components are plotted from left to right in the order
V., fU, P, (stippled), 75, and 7, (solid black). To the right of 7y, the value of R = —Z!_, ¢7 (see equation
(15)) is plotted (diagonal shading). The first (n = 1) eigenfunctions are in the left-hand column and the
second (n = 2) eigenfunctions are in the right-hand column. The percentage of the total variance explained
by each eigenfunction is given to the right of the plots. The percentage of the variance of each term represented
in that eigenfunction is indicated directly above or below the plotted value of ¢7? for that term.

Ficure 8. The components ¢ of the first two eigenfunctions for V;, fU, Ty, — Ty from northwest Africa for the
original and for the band-passed time series. The plots and numbers are as in figure 7 except that P, is
absent, which makes the order of components from left to right V;, fU, 73, Ty (solid black), and R (diagonal
shading).

“The second mode for Oregon appears to represent the wind-driven component of the flow.
The relative signs of the ¢} are consistent with 1}, P, and 7y being forced by 7+,. The magnitude
of 7y is not large enough, however, to account for the total magnitude of the other terms. The
variability in those terms may be related to a non-local response to the wind stress where
fluctuations, forced at other locations by a large-scale, coherent wind stress, propagate along-
shore as coastal trapped waves. For periods greater than 10 days, P, is substantially larger than
V, and it appears to dominate the response to 7y as in (11), while V; and 7y are of approximately
the same magnitude. This may indicate that the apparent quasisteady response of the along-
shore velocity v to 74 on these time-scales (see, for example, Kundu et al. 1975) is the result of an
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inviscid adjustment through coastal trapped wave propagation (see, for example, Allen 1980),
rather than a result of frictional effects. In the 5-11 and 2-6 day bands, V; and F, have a similar
magnitude, with 73 much smaller than both.

Off northwest Africa (figure 8), for periods greater than 10 days, the first mode represents
most of the wind stress variance, which is balanced by 7 and R. If R corresponds to a pressure

39%
(23)
£ 73
S 1o
31
o 4331
7 28% < 57%
o (42)
b
21
34
a
5 2 34%
© (69)
[\

Ficure 9. The components ¢7 of the first two eigenfunctions for V;, fU, P,, Ty, — T from Peru for the original
and for the band-passed time series. The plots and numbers are as in figure 7.

Ficure 10. The regression coeflicients b; from the regression of Vi, fU, P,, 73 on Ty for the original and for the
band-passed time series from (2) Oregon and () northwest Africa. The coeflicients are plotted from left to
right in the order V, fU, P, (stippled, absent for northwest Africa), 7y, followed by the relative amplitude
(—1) of — 1y (solid black) and by R, = 1—Z¥ , b, (see equation (16)). The percentage of the total variance
explained by 7y (102F) is given to the right of the plots. The percentage of the variance of the sum of terms
accounted for by Ty is given in parentheses below 102F. For each term, the percentage of the variance
explained by 7y, is given directly above or below the plotted value of b, for that term. The standard errors
of the regression coeflicients are given in table 4.

gradient, its sign is consistent with (11). The magnitude of V; is negligible and this clearly
signifies a quasisteady balance as in (8). In the 5- to 11-day band, the first mode again carries
most of the wind stress variance. In it, V, fU, and 7 all have signs consistent with a response
to forcing by 7y but, as found off Oregon, the magnitude of 7 is not large enough to account
for all of the variability in these terms. Since V; is about twice as large as 74, the motion is
basically time-dependent, but with bottom friction playing an appreciable role. The sign of the
cross-shelf transport fU is the same as that expected for the surface Ekman layer flux and hence
the cross-shelf flow might be termed upper-layer dominated. In the 2- to 6-day band, the wind
stress variance is present in both the first and second modes. The first mode appears to represent
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an upper-layer-dominated response of fU to 7y, but where again 7 is not large enough to
account for all of fU. The second mode, on the other hand, indicates a forcing of ¥V by 7.

Off Peru (figure 9), the first mode represents a balance of Vy, fU, and F,, as in example (10),
for all frequency bands. The wind stress and bottom stress do not enter appreciably and R is
very small. For periods greater than 10 days, ¥} is small and fU balances P,. In the 5- to 11-day
band, V; essentially balances P,. This is the frequency band in which the fluctuations in » and
sea level have been found to propagate poleward (Smith 1978). The momentum balance
indicated here is consistent with free coastal trapped waves where, based on the dominance of
V; and P, over fU, dynamics similar to that of internal Kelvin waves are indicated. In the
2- to 6-day band, fU plays a relatively larger role with its sign opposite to that of V;. The second
mode also indicates an inviscid motion, but with different combinations of ¥}, fU, and F,.

5. WIND-FORCED COMPONENT

Another method for examining the momentum balance (2) is to treat the wind stress 7y as a
forcing function and to determine the response of the other variables to 7. This procedure may
be contrasted with that in §4, where all estimated terms in (2) are considered equally. Here the
response to 7Ty is called the wind-forced component of the flow. We define the wind-forced
component to be the part of each term correlated at zero lag with the wind stress, which is found
by linear regression of that term on 7. The regression coefficients then provide relative magni-
tudes of the terms with a common time dependence given by 7.

The regression coefficient of a term g; on 7w, with g; = Ty = 0, 18 §; = M/E and the
wind-forced component of g, is §; = b; 7. The regression coefficient b, of the sum of N terms,
G = XN, g, is the sum of the individual coefficients, i.e. b, = I, b,. The fraction of the
variance of g; explained by 7y is given by {g;, 7w}? and likewise the fraction of the variance of
G explained by 7y is {G, Tw}? where {...} denotes correlation coefficient. The fraction of the
total variance accounted for by regression on 7y is F = (ZN; 83+ 71%) /(X1 g5+ 73%), where
102F is analogous to the percentage variance explained by a single empirical orthogonal mode
in §4.

The coefficients 4, from the regression of each estimated term V;, fU, P,, T4 on 7y, were calcu-
lated for the original and for the band-passed time series. The regression coefficients for Oregon
and northwest Africa are given in table 4 and plotted in figure 10. For comparison with the
results of §4, the relative amplitude of 7y, as if it were on the left-hand side of (2), i.e. —1, and
the additional amplitude required for an exact balance

N
R,=1— 3 b, (16)
i=1

are also plotted in figure 10. In addition, the percentage of the variance explained by the wind
stress for the sum of terms G and for each individual term is listed as is the percentage of the
total variance explained (102F). The results for Peru are not shown since there the wind stress
does not account for an appreciable amount of the total variance (for example, F = 0.05 for
the original time series).

For Oregon, the distribution of regression coefficients is similar to the relative magnitudes
obtained for the second mode from the empirical orthogonal function (e.o.f.) analysis (figure 7).
In both, the signs of V,, P,, and 7y relative to — 7y are the same for all frequency bands, and the
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relative magnitudes are qualitatively similar, except in the 5- to 11-day band. The sign of R, is
the same as that of — 7, except again in the 5- to 11-day band, indicating that the magnitude
of 7y is not large enough to balance the other terms, as was found from the second mode of the
e.o.f. analysis. The terms in the regression analysis are evidently closer to a balance, however,
since R, is smaller than R. Only a small amount of the variance of fU is found to be associated
with 7 in either analysis, with the largest amount (26 9,) found from regression in the 5- to 11-
day band. The sign of fU in that band indicates lower-layer domination. The wind stress
accounts for the greatest percentage of the total variance in the 5- to 11-day band (34 9%,).

TaBLE 4. COEFFICIENTS b, WITH STANDARD ERROR ¢;, FROM THE LINEAR REGRESSION OF Vi, fU,
P,, AND Ty ON Ty FOR THE ORIGINAL AND THE BAND-PASSED TIME SERIES FROM OREGON
AND NORTHWEST AFRICA

original time

dependent series > 10 days 5-11 days 2-6 days
variable b;te; bite; b;+e; b;te;

Oregon V, 0.55+0.18 0.17+0.23 0.80+0.48 0.96 £ 0.20
SU —0.27+0.55 —0.60+0.94 —1.85+0.84 —0.31+0.44

P, 1.28 +£0.28 1.32+0.57 1.55+0.31 0.76 +0.19

T 0.14+0.04 0.27 +0.06 0.18 £ 0.07 0.02 +0.03

northwest Africa v, 0.20+ 0.10 0.02 +0.11 0.50+0.21 0.61+0.18
SU 0.25+0.27 —0.22+0.20 0.56 +0.28 0.97 £ 0.45

Ta 0.32 +0.09 0.35+0.08 0.34+0.18 0.06 +0.10

For northwest Africa, the relative sizes of the regression coefficients in figure 10 are similar to
the eigenvector components from the first mode of the e.o.f. analysis (figure 8). The corres-
pondence (including a comparison of R, and R) is very close for periods greater than 10 days
and in the 5- to 11-day band. In particular, conclusions on the relative roles of ¥; and 74, and
on R, or R, are identical. In the 2- to 6-day band, the wind-forced component from the regres-
sion analysis includes both ¥, and an upper-layer-dominated fU whereas, as mentioned in §4,
in the e.o.f. analysis the wind stress variance is carried in both the first and second modes where
it is associated, respectively, with fU and V. The fact that the wind stress explains a large per-
centage of the variance of the sum of terms G in the 2- to 6-day band (69 %,) indicates that the
non-wind-forced components of those terms (g; — ;) tend to balance mutually such that

N 2 R
[z <gi—gz~>] < BT

=1

6. DiscussioN

The decomposition of a set of estimated time-dependent terms into empirical orthogonal
functions, as in §4, appears to offer a systematic approach to the problem of evaluating the
mutual balance of those terms. The method seems to be promising, but the extent of its effec-
tiveness has not been completely evaluated in this application. We mention that the primary
principle that defines empirical orthogonal functions is that each mode, in succession, extract
the maximum amount of variance. This feature dictates the structure of the decomposition
more strongly than the constraint that the amplitudes be uncorrelated and that should be kept
in mind when the results are interpreted. An idealized example, which illustrates possible
problems in drawing conclusions from this type of analysis, is given below.
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Assume that there are three terms V;, P, 7\ and that the wind stress is composed of two
uncorrelated components with equal variance, i.e. that 7w = 7,475, 737, = 0, 72 = 12
Suppose also, perhaps because of a difference in the alongshore scales of 7, and 7,, that ¥, = 7,
and P, = 7,, where for simplicity noise is omitted. The empirical orthogonal function decom-
position for this situation is

E, = ¢y +7y), Ep = b(1y—75), E3=0,

): =
/\1=3T%’ Azz;z A3=0, azﬁ_%, b=2_~%s c:()%_

Vi = aE, +bE,, P, = aE,-bE, 71w = cE,,
} (17)

The time variability of the first mode is the same as the wind stress, the sum of 7, and 7,. The
e.o.fs do not separate the two original uncorrelated modes of variability and, in fact, they cannot
do so because of the orthogonality constraint. An examination of the above results might lead
to the conclusion that the motion is composed of a wind-forced component, which is true, and
a free wave component involving only ¥; and P,, which is not true. In the wind-forced com-
ponent, 7y is perfectly represented, but ¥; and P, only partially so. It is interesting that the
determination here of a wind-forced component by regression analysis, as in §5, gives a result
identical to the e.o.f. analysis.

The above example indicates that results from an e.o.f. decomposition of estimated terms
should be interpreted with caution. Further study may show that there is a decomposition
based on a different extremization principle, involving another set of uncorrelated (but not
necessarily orthogonal) modes, that is more appropriate for evaluating a balance of terms.

In the application of the empirical orthogonal functions to study balances as a function of
frequency, we initially considered the use of the frequency-domain e.o.fs developed by Wallace
& Dickinson (1972). A straightforward application of that technique does not appear suitable,
however, because terms that are highly coherent but out of phase, as ¥; and 75 frequently are,
do not balance each other, but would show up in the same eigenfunction. Although a method
similar to that of Wallace & Dickinson (1972) might be used to extract in-phase components,
we decided to simply band-pass filter the time series and apply time domain e.o.f. analysis to
the band-passed series.

A determination of the wind-forced component of the flow by regression analysis provides
an objective method for evaluating the characteristics of the response to 7. The results from
the regression analysis for Oregon and northwest Africa are qualitatively similar to those
from the e.o.f. analysis when one empirical mode carries most of the wind stress variance. If the
flow is not strongly wind-driven, as off Peru, then of course regression on 7y is not very useful.

7. SUMMARY

The salient results from the analyses in this paper may be summarized as follows. For Oregon,
there is a relatively large amount of variance associated with fU which is not balanced by other
estimated terms. This variability in fU might be associated with baroclinic alongshore pressure
gradients or with nonlinear advection of momentum, neither of which are represented in the
analysis. Otherwise, there is a substantial wind-driven component of the flow involving ¥, and
P,. Bottom friction does not seem to play an important role even for periods greater than 10
days, where the balance appears to be primarily between P, and 7.y, and where V; has a magni-
tude comparable with 7.
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Off northwest Africa, a large part of the variance of ¥, and 7 can be associated with a wind-
forced component. For periods greater than 10 days, the response to 7y appears to be quasi-
steady, and bottom friction 7 plays a dominant role. In the 5- to 11-day band, the magnitudes
of V; and 7y in the wind-forced component are similar, which indicates comparable importance
for time-dependence and frictional damping. In contrast, the response in the 2-6 day band
primarily involves ¥; and fU with bottom friction 75 evidently not important.

For Peru, the motion in all the frequency bands is dominated by an inviscid, unforced
balance between P, and different combinations of ¥; and fU. For periods greater than 10 days,
V; is small and fU balances P,. In the 5- to 11-day band, where a large fraction of the variance
in the alongshore velocity field is involved with poleward-propagating disturbances (Smith
1978), the balance is primarily between V; and FP,, which is indicative of dynamics similar to
that of internal Kelvin waves.

This research was supported by the National Science Foundation: for J. S. Allen by grants
OCE-7826820 and OCE-8014939 and for R. L. Smith by grants OCE-7925019 and OCE-
8024116. We thank Dr D. Halpern for providing wind and surface layer current measure-
ments, G. Halliwell and W. E. Gilbert for assistance with the computations, and Dr R. E.
Davis for helpful discussion.

APPENDIX

The wind and current data were originally sampled at intervals of 20 min or less; these data
were averaged to provide hourly data sets. Hourly sea level (from tide gauges) and atmospheric
pressure data were obtained from coastal stations. Hourly wind stress was computed from the
hourly wind velocity, extrapolated to the 10 m level by assuming a logarithmic wind profile,
by using the aerodynamic square law with a constant drag coefficient of 1.3 x 10-3 (Halpern
1976b). The hourly data sets were then filtered to eliminate tidal and higher frequencies
by means of a symmetrical low-pass filter (half power at period of 40 h) spanning 121 h. The
low-pass filtered series, resampled at 6 h intervals, were used as the basic data sets for this
paper.

Not all the instruments deployed during an experiment provided identical record lengths;
the sets of current meter data and the time intervals used in this paper were the largest possible
within the constraints that wind velocity data were available from a nearby buoy and that a
sufficiently dense vertical array of current meters was available to estimate the vertically inte-
grated velocity.

Off Oregon, data from current meters, at 3, 8, 10, 14, 16, 18, 20, 40, 60, 80 and 95 m in 100
m of water, were used for the period 12h00 G.M.T., 6 July — 18h00 G.M.T., 26 August 1973.
Wind velocity was measured from a buoy directly over the current meter moorings. Sea-level
data were obtained from coastal tide stations at Newport (44° 37" N) and the Umpqua River
(43° 40" N), both south of the current meter moorings at 45° 16’ N (f = 1.03 x 10~%s71),

Off northwest Africa, data from current meters, at 1, 10, 12, 16, 25, 45, and 66 m in 73 m of
water, were used for the period 00h00 G.M.T., 11 March-18h00 G.M.T., 16 April 1974. The
wind velocity record was a composite of data from meteorological buoys within 16 km of the
current meters which were at 21° 40' N (f = 0.54 x 10—4s-1),

Off Peru, data from current meters, at 2, 5, 8, 12, 16, 20, 24, 39, 59, 80, 100 and 115 m in
121 m of water, were used for the period 18h00 G.M.T., 7 March — 06h00 G.M.T., 13 May
1977. Wind velocity was obtained from a meteorological buoy moored 8.5 km shoreward of the
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current meters. Sea level was obtained at coastal tide stations at San Martin (13° 50’ S) and
San Juan (15° 21" S); the current meters were at 15° 06" S (f = —0.38 x 104 s~1).

The principal axes coordinate system (see, for example, Kundu & Allen 1976) for the depth-
integrated velocity and, for comparison, the ‘visual’ best fit to the isobaths on bathymetric
charts are specified in order by the angle of rotation, measured counterclockwise, from the
geographic (east-north) coordinate system: Oregon (—1.1° 2°), northwest Africa (3.0°, 3°),
Peru (43.8°, 49°).

The statistical significance of the correlation coeflicients in tables 1 and 3 is found by using
integral time-scales calculated from (A 1) in Allen & Kundu (1978), which follows Davis
(1976). Similarly, the standard errors of the regression coefficients in tables 3 and 4 are calcu-
lated from (A 4) in Allen & Kundu (1978).

The depth integration of the velocity components is accomplished by using the trapezoidal
rule. The integral of u over an interior interval Az, = z,,,—z,, where z, are the current
meter locations, is approximated by

Zn+1
Ty = [ 71udz % g = Bz [u(zan) +u(z)], (A1)

Contributions from the two boundary intervals are calculated simply by [y = u(z,) |[H—z|
and Iy} = u(zy) |zy|, where N is the total number of current meters and z,,,; > z,.

For an exponentially varying function u = u,exp (kz), the relative error E, 3 = [1—
(jn+§/1n+§)| of the approximation (A 1) is
Eny = |1—[3kAz,,/tanh (3kAz, 1. (A 2)

We estimate the error in the depth integrals by using (A 2) and an approximation for the
value of the inverse scale length £ characterizing local vertical variations. Since the vertical
structure of the cross-shelf velocity u is generally more complex than that of the alongshore
velocity v, we concentrate on estimating errors for the depth integration of u. With ¥ = y, e*?
and u(z,) = u,, it follows that (u,,,—u,)/(4, 1+u,) = tanh (}kAz, ;). Guided by this
expression, we obtain estimates of }kAz, 1 from

tanh (%kAZn+%) = (un+1_un)’/(un+l +un)’: (A 3)

where, as before, primes indicate standard deviations. Since all nearest-neighbour correlations
of u, are positive, i.e. {u, ., 4,} > 0, the right-hand side of (A 3) is less than one for all esti-
mates, and the assumption of an exponential variation is not inconsistent. Note, for uncorrelated
components, {#,,,, 4,} = 0, (A 3) implies £

The maximum and the average values of £, ,; found from the low-passed data for Oregon,
northwest Africa, and Peru are (0.17, 0.06), (0.56, 0.13), and (0.14, 0.06), respectively. The
maximum value of £, ;3 was found for Oregon between 20 and 40 m, for northwest Africa
between 25 and 45 m, and for Peru between 24 and 39 m depths. Not surprisingly, it is within
these depth intervals that the mean cross-shelf flow changes sign (Smith 1981).

We assume that an estimate of the relative error for the total depth integral is

nt+d —> 00.

N-1 N1 -1
Er =% Wy ot Buy | 3 1200 G +w) | (A 4)
n= n=
where contributions from the two boundary intervals are omitted. For Oregon, northwest
Africa, and Peru, the values of E are 0.09, 0.19, and 0.09, respectively.
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