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ABSTRACT

Subtidal current dynamics at a northern California inner-shelf site are analyzed using moored current ob-
servations in 30 m of water, in conjunction with wind and bottom pressure measurements acquired during the
summer of 1981 as part of the first Coastal Ocean Dynamics Experiment. The subtidal flow is driven locally
by both an alongshelf wind stress and an alongshelf pressure gradient, which tend to be similar in magnitude
but opposite in direction. Model depth-average alongshelf currents are about twice as large as observed. Analyses
suggest that this discrepancy is due to a larger drag on the inner-shelf currents than suggested by bottom tripod
measurements at the site, due to the presence of large rock outcrops over the inner shelf in this region. A notable
characteristic of the observations is the weakness of the alongshelf flow over the inner shelf; alongshelf current
standard deviations are a factor of 4 smaller than at midshelf. Analyses suggest this is due to a decrease in the
wind stress toward the coast, shallower water resulting in a weaker body force due to the alongshelf pressure
gradient and the increased drag on the flow over the inner shelf noted above.

The moored current observations reveal a simple cross-shelf circulation pattern, The near-surface flow was
typically offshore in response to equatorward winds with an onshore flow in the lower water column driven by
the opposing alongshelf pressure gradient. The depth-average cross-shelf velocity was consistently zero to the
accuracy of the observations, suggesting a two-dimensional circulation. A simple two-dimensional eddy viscosity
model reproduced the basic features of the observed flow, including the vertical structure, orientation, and
temporal variability. The model results showed persistent, substantial vertical stress divergence throughout the
water column supporting the notion that the moored observations were at an inner-shelf site where the surface
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and bottom boundary layers merge.

1. Introduction

The term ““inner shelf” has been used in a variety
of contexts to refer to the portion of the continental
shelf near the coast (Allen et al. 1983). On wind-driven
shelves the inner shelf has been defined more explicitly
as the region offshore of the surf zone, where the surface
and bottom boundary layers interact (Lentz 1993).
The direct coupling of the surface and bottom bound-
ary layers results in a cross-shelf divergence of the Ek-
man transport (Ekman 1905), which can cause coastal
upwelling or downwelling (e.g., Smith 1981) and pro-
vides the most common forcing mechanism for coastal-
trapped waves (e.g., Mitchum and Clarke 1986).
Hence, the inner shelf plays a key role in the wind-
driven shelf circulation.

The dynamics of inner-shelf currents remain poorly
understood, despite its importance to the wind-driven
shelf circulation. This is due in part to the lack of ob-
servations in this region. The few observational studies
of the subtidal (timescales longer than a day) dynamics
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for this region have tended to focus on the depth-av-
erage flow that is principally alongshelf (Pettigrew 1981;
Lentz and Winant 1986; Mitchum and Clarke 1986;
Masse 1988; and Lee et al. 1989). These studies have
generally found that the depth-average alongshelf flow
is driven locally by the wind stress and alongshelf pres-
sure gradients and that these two forcing terms are bal-
anced by bottom friction and to a lesser extent accel-
erations of the alongshelf flow ( Pettigrew 1981; Lentz
and Winant 1986; and Lee et al. 1989).

Subtidal cross-shelf velocities over the inner shelf
are generally weak, a few cm s™!, relative to the ac-
curacy of standard current meters. This problem is ag-
gravated by the need to accurately average the strong
surface gravity wave motions, which may extend over
the entire water column in this region. Furthermore,
the vertical structure of the inner-shelf circulation has
generally not been well resolved since most moored
observations have consisted of only a few current me-
ters spanning the vertical. Previous studies have found
that, while the depth-averaged cross-shelf velocity {u)
is usually small relative to the accuracy of the estimate,
the associated Coriolis force (f{u), where fis the Co-
riolis frequency) is often relatively large but uncorre-
lated with other terms in the alongshelf momentum
balance (Pettigrew 1981; Lentz and Winant 1986; and
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Lee et al. 1989). This has led to speculation that either
there were unresolved alongshelf pressure gradients
(Pettigrew 1981) or estimates of {u) were unreliable
due to the problems cited above (Lentz and Winant
1986). This is an important issue since it bears on
whether the inner-shelf circulation is essentially two-
dimensional (variations in the vertical and cross-shelf
directions), a fundamental assumption in many mod-
els of the inner-shelf circulation (e.g., Mitchum and
Clarke 1986; Lentz 1993).

To gain insight into the characteristics and dynamics
of subtidal currents over the inner shelf, observations
from a single mooring site located in 30 m of water
are analyzed. The mooring site (designated C1) was
part of the first Coastal Ocean Dynamics Experiment
(CODE-1) moored-array deployed over the northern
California shelf during the summer of 1981. The Cl
observations provide several elements lacking in most
previous inner-shelf observations. There were five vec-
tor-measuring current meters (VMCM ) spanning the
water column providing relatively good vertical cov-
erage with instruments designed to make accurate cur-
rent measurements in the presence of waves (Weller
and Davis 1980). CODE-1 also included an array of
bottom pressure sensors for estimating the pressure
gradient field (Brown et al. 1987). While there has
been considerable analysis of the CODE current ob-
servations (Lentz 1990), the observations from the C1
mooring have received little attention.

A brief overview of the CODE-1 field program fo-
cusing on the C1 mooring site and a discussion of the
estimation of the local forcing, wind stress, and along-
shelf pressure gradient are given in section 2. A simple
eddy viscosity model used to aid in interpreting the
observations is also described in section 2 and in the
appendix. The basic characteristics of the subtidal cur-
rent and temperature observations from the C1 moor-
ing site are presented in section 3. The dynamics of
the depth-average and depth-dependent components
of the flow are examired in sections 4 and 5, respec-
tively. Results are summarized in section 6.

2. Background
a. Study site and methods
The CODE-1 field program took place on the north-

ern California shelf from April through July 1981. The

central line of the CODE-1 moored array, which in-
cluded the C1 mooring site, was located between Point
Reyes and Point Arena (Fig. 1). The shelf at this lo-
cation is about 15 km wide with a relatively steep bot-
tom slope (3.5 X 107?) from the coast to the 70-m
isobath and a more gradual bottom slope (0.5 X 1072)
from the 70-m isobath to the shelf break. The Cl1 site
was located on the 30-m isobath approximately 0.7 km
offshore in the region of steep bottom slope. The local
isobath orientation at the C1 mooring site is ~335° T
over scales of a few kilometers (Fig. 1). Consequently,
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a right-handed coordinate system is adopted with
alongshelf positive toward 335° T and cross-shelf pos-
itive toward 65° T. This is different from the standard
CODE coordinate system in which alongshelf is defined
as 317° T (Winant et al. 1987).

Two moorings were deployed at the C1 site. A sur-
face mooring with VMCMs at depths 4, 7, 11, and 14
m and a subsurface mooring supporting VMCMs at
depths 23 and 27 m. The VMCM at 14-m depth re-
turned no data. The other five VMCMs returned com-
plete records with a common time period for this study
of 4 April-21 July 1981. The VMCMs are believed to
measure currents with an accuracy of 1-2 cm s~} in
the presence of surface gravity waves (Weller and Davis
1980).

This study will focus on subtidal variability having
timescales longer than a day. Consequently, the time
series presented have been low-pass filtered to suppress
tidal and higher frequency motions using PL64 (Ro-
senfeld 1983). Because of the large tidal peaks in the
bottom pressure data (discussed below), the major tidal
components were removed using a least-squares anal-
ysis prior to low-pass filtering.

b. Local forcing

The relationships between the C1 current obser-
vations and the local wind stress and alongshelf pres-
sure gradient are discussed in sections 4 and 5. The
procedures used to estimate time series of the wind
stress and alongshelf pressure gradient are presented
below.

1) WIND STRESS

An anemometer mounted on the C1 surface buoy
failed. Consequently, no wind data were acquired at
the C1 mooring site. The closest two wind stations
to the C1 site were a coastal station at Sea Ranch,
about 2 km north of the C1 mooring, and the C3
meteorological buoy, approximately 7 km offshore
from the C1 mooring (Fig. 1). The C3 observations
are used to represent the wind at the C1 mooring,
because the coastal topography strongly influenced
the characteristics of the winds at Sea Ranch (Fig.
2). In general, wind stress (estimated following Large
and Pond 1981) is well correlated over the CODE
region (Lentz and Chapman 1989). However, ob-
servations from both CODE-1 and CODE-2 indicate
there were large gradients.in the wind stress magni-
tude near the coast (Fig. 3). Over the middle and
outer shelf the major-axes standard deviations of
wind stress tend to be relatively uniform, typically
about 1 dyn cm™2. The major-axes standard devia-
tions of coastal wind stresses are about 0.5 dyn cm ™2
or less. Mean wind stresses exhibit a similar pattern.
Consequently, the magnitude of the wind stress at
C1 is uncertain. The C1 wind stress was estimated
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F1G. 1. Map of the northern California shelf showing the locations of the CODE-1 instrument
sites discussed in this study, including a blowup of the area around the C1 site. GEOPROBE is

a bottom tripod discussed in section 4.

by multiplying the C3 wind stress by one third. This
choice is based on the simplest possible cross-shelf
structure to the wind stress variability that is consis-
tent with the observations presented in Fig. 3: the
wind stress standard deviations decrease linearly be-
tween C3 and Sea Ranch. Because of the uncertainty
in the correct magnitude of the C1 wind stress other
choices are considered in section 4. Analyses pre-
sented in section 4 suggest the choice of one-third is
most consistent with the current observations at C1.
The major axis of the wind stress is also assumed to
be aligned with the coastline near C1. This assump-
tion is based on the proximity of C1 to the coast and

the presence of the coastal mountains (Fig. 2). In
general, results presented are not very sensitive to
the precise orientation of the wind stress. A decrease
in the wind stress magnitude near the coast and an
orientation parallel to the coast are qualitatively
consistent with recent modeling studies of the marine
boundary layer for this region (Samelson 1992).
However, while such modeling efforts have provided
considerable insight into the marine boundary layer
dynamics (see also Winant et al. 1988), the models
are too idealized to provide more guidance into the
detailed cross-shelf structure of the wind stress over
the inner shelf.



2464

& %
(%4
S 3 %
2 9

Sea Ranch

FIG. 2. Scatterplots of the winds at Sea Ranch and C3 showing
the topographic influence on the winds at Sea Ranch.

2) ALONGSHELF PRESSURE GRADIENT

CODE-1 included an array of bottom pressure sen-
sors for estimating the pressure gradient field (Brown
et al. 1987). As part of this array, six bottom pressure
sensors were deployed over the inner portion of the
shelf (Fig. 1): three along the 60-m isobath (N2, C2,
and S2); two on the 30-m isobath (N1 and Cl); and
one in 4 m of water inside Bodega Bay Harbor (S0).
Estimates of the alongshelf pressure gradient from in-
dividual sensor pairs may be inaccurate due to instru-
ment noise and unresolved spatial variability. Addi-
tionally, slight variations in the relative cross-shelf lo-
cation of the sensors may result in the much larger
cross-shelf pressure gradient contaminating estimates
of the alongshelf pressure gradient. To reduce these
problems, an empirical orthogonal function (EOF)
analysis of the six inner-shelf bottom pressure records
was used to determine the coherent spatial structures
of the bottom pressure field resolved by the observa-
tions. [ The EOFs presented in this study are the eigen-
functions of the covariance matrix of observations or
model results, e.g., Davis (1976).] The largest EOF
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FIG. 3. Major-axis standard deviations of wind stress for CODE-
1 and CODE-2 wind stations vs offshore distance. The C1 wind stress
was estimated from the C3 wind stress by assuming the wind stress
magnitude decreased linearly to the value at the coast (Sea Ranch).

accounted for 96.4% of the variance, while the second
EOF accounted for 2% of the variance. However, al-
most all of the alongshelf pressure gradient variance
was contained in the second EOF (Fig. 4). Conse-
quently, the alongshelf pressure gradient was estimated
by multiplying the second EOF time series by a least-
squares estimate of the slope of the second EOF am-
plitudes as a function of alongshelf distance. The re-
sulting estimate of the alongshelf pressure gradient is
consistent with estimates based on individual bottom
pressure sensor pairs. The alongshelf pressure gradient
is assumed to be vertically uniform. Estimates based
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FIG. 4. Structure of the largest two EOFs of bottom pressure from
six CODE-1 inner-shelf stations as a function of alongshelf position.
A time series of the alongshelf pressure gradient was estimated by
multiplying the time series for the second EOF by the slope of the
line labeled 8P/3y.
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TABLE 1. Statistics of the subtidal cross-shelf and alongshelf currents
for the period 0000 UTC 4 April-0000 UTC 21 July 1981. Units
are centimeters per second.

Cross-shelf current Alongshelf current

Depth (m) Mean Std dev Mean Std dev
4 -1.5 1.7 -3.6 5.9
7 0.1 0.8 -0.2 5.3
11 1.2 0.9 14 5.1
23 1.0 0.9 0.6 5.4
27 03 1.0 0.8 4.3
Depth average 0.4 0.5 0.0 5.0

on temperature observations during CODE-1 and dur-
ing the 1982 CODE-2 field program indicate that this
is a good assumption for the inner shelf.

The absolute bottom pressures are not known well
enough to estimate the time-averaged alongshelf pres-
sure gradient. Drift of the bottom pressure sensors also
makes trends in the estimated alongshelf pressure gra-
dient unreliable (Brown et al. 1987). While the focus
of this study is on the subtidal variability, the absolute
alongshelf pressure gradient, including the mean, is
needed for the model runs discussed below. Conse-
quently, the alongshelf pressure gradient time series is
detrended, and the mean alongshelf pressure gradient
is estimated by assuming it balances the mean along-
shelf wind stress in the depth-average alongshelf mo-
mentum balance. The justification for this assumption
is discussed in detail in section 4. The subtidal vari-
ability of the model results is not very sensitive to the
exact choice of the mean alongshelf pressure gradient.

c. Model

A simple two-dimensional, eddy viscosity model is
used to aid in interpreting the C1 current observations.
The model is similar to the one used by Lentz (1993).
The momentum balance, neglecting the nonlinear ad-
vective terms, is

av VP 9 ov
—+fkXv=——"—+—[d4,—], 1
ot / v Po +62(A 62) (D

where v is the velocity vector, fis the Coriolis param-
eter, V is the horizontal gradient operator, P is pressure,
po 1s a reference density, and 4,(z) is the eddy viscosity.
A coordinate system is adopted in which x is the cross-
shelf coordinate (positive onshore), y is the alongshelf
coordinate (positive poleward), and z is the vertical
coordinate ( positive upward). Boundary conditions for
(1)are
S
Av _v = T— at z = Z0s
9z po

(2)

and
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v=0 at z=-—D+ zy, (3)
where 75 is the wind stress vector, zosand zop are surface
and bottom roughness, and D is the water depth. The
flow is assumed to be two-dimensional (i.e., dv/dy
= (). This assumption combined with the constraint
of no flow through the coast and continuity requires
that

0
U=J:Dudz=0 4)

everywhere. With the assumption that the flow is two-
dimensional, ( 1) is forced locally by the wind stress 75
and the alongshelf pressure gradient dP/dy.

Given time series of the forcing terms, 75 and 8P/
dy and a prescription for the eddy viscosity profile 4(z),
Eq. (1) subject to (2)-(4) is solved for the velocity
profile v(z) and the cross-shelf pressure gradient 0P/
dx using a numerical procedure outlined in Patankar
(1980). The model implementation is described in the
appendix. Note that the model is essentially one-di-
mensional except for the constraint that there is no net
cross-shelf transport (4). The cross-shelf pressure gra-
dient dP/0dx is found that satisfies this constraint. The
model estimates of dP/dx are in geostrophic balance
with the midwater column alongshelf current estimates,
as expected from midshelf observations (Brown et al.
1987). Consequently, comparisons between the model
and observations in the following section will focus on
the currents.

Four different forms for the eddy viscosity profile
A(z) are examined because Lentz (1993) has shown
that for the inner-shelf region some results from this
model are sensitive to the form of the eddy viscosity.
The eddy viscosity profiles chosen depend only on the
surface and bottom stresses and distance from the
boundaries. In particular, it is assumed that stratifi-
cation does not influence variability in the eddy vis-
cosity profile. This assumption is based on the obser-
vation that the vertical temperature gradient was usu-
ally weak at the C1 mooring (Fig. 5) and is motivated
by a desire to find the simplest model that represents
the basic characteristics of the observations. Descrip-
tions of the different eddy viscosity profiles considered
are included in the appendix.

Besides the forcing terms and the form of the eddy
viscosity profile, the standard model inputs were the
water depth (D = 30 m), Coriolis frequency f'= 0.909
X 107 57!, and effective bottom roughness zoz = 1
cm. The choice for the effective bottom roughness was
based on results from a bottom tripod deployed less
than | km from the C1 mooring (Fig. 1) from 3 to 15
June 1981 (Drake et al. 1992) and included the influ-
ence of surface gravity waves on the bottom stress. Re-
sults are not sensitive to the choice of zys (Lentz 1993),
which was also set equal to 1 cm.
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3. Current observations

The subtidal C1 currents are polarized, with along-
shelf current standard deviations 3.5-6.5 times larger
than cross-shelf current standard deviations (Table 1).
Alongshelf currents are characterized by events lasting
days to weeks with current magnitudes of 5-10 cm s
(Fig. 5). Alongshelf currents at 4-m depth are generally
equatorward, consistent with the wind stress. Along-
shelf currents at 7'm and below are fairly uniform with
depth and are more often poleward. Consequently,
currents at 4-m depth were often in the opposite di-
rection to the currents at 7-m depth and below, most
notably in late May to early June and mid-July.

A striking characteristic of the C1 observations is
how weak the subtidal currents are relative to midshelf
currents (Fig. 6). There is a factor of 4 decrease in the
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depth-average alongshelf-current standard deviations
from the midshelf C3 site to C1, with much of the
decrease occurring close to the coast between C2 and
C1. This decrease toward the coast in subtidal current
standard deviations over the inner half of the shelf was
a general feature of the CODE current observations
(Winant et al. 1987; Kosro 1987) and has also been
observed on other shelves (e.g., Lentz and Winant
1986; Lee et al. 1989).

Water temperatures are typically between 7° and
9°C with a temperature difference of only a few tenths
of a degree across the water column (Fig. 5). The one
notable exception to this is a weeklong period in early
July when the winds are weak, water temperatures ex-
ceed 11°C, and the temperature difference across the
water column is over 1°C. This response to periods of
weak winds (wind relaxations) during CODE was ex-
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the top of the figure are oriented alongshelf, toward 335° T, with onshore toward the right.
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amined by Send et al. (1987). From mid-April to late
June there is a fairly constant temperature difference
of ~0.3°C at depths between 4 and 7 m with relatively
uniform temperatures between 7 and 27 m.

The cross-shelf current observations reveal a simple
circulation pattern (Fig. 7). At 4-m depth there is an
offshore current of 2-4 cm s~} during equatorward
winds with short bursts of onshore flow during periods
of weak winds. At 7-m depth, only 3 m deeper, the
cross-shelf current is very weak, typically less than 1
cm s™!, with no preferred on/offshore direction. At
11, 23, and 27 m the cross-shelf current is generally
onshore at 1-2 cm s~'. The mean cross-shelf current
is 1.5 cm s~! offshore at 4-m depth and ~1.0 cm s™!
onshore over the lower water column (Table 1 ). These
cross-shelf flows are at the accuracy limits of the
VMCMs (Weller and Davis 1980); however, the con-
sistency of the circulation pattern, the tendency of the
depth-average cross-shelf flow to be nearly zero (dis-
cussed below), and the model results (section 5) all
suggest that the observed cross-shelf flow is not simply
instrument noise. While this cross-shelf circulation is
relatively weak, it is still a very effective mechanism
for cross-shelf exchange, because the volume of water
between the coast and the 30-m isobath is small. The
mean cross-shelf circulation (Table 1) can replace the
water inshore of the 30-m isobath in about a day.

The cross-shelf currents in Fig. 7 suggest a tendency
for the near-surface offshore transport to be balanced
by an onshore transport in the lower water column,
To quantify this tendency the vertically averaged cross-
shelf current was estimated by taking the sum of the
five current measurements each weighted by the frac-
tion of the water column associated with each current
meter. The resulting depth-average cross-shelf current
magnitudes rarely exceed 1 cm s™! (bottom of Fig. 7)
and the mean and standard deviation are generally
smaller than at individual current meters (Table 1).
This is well within the measurement accuracy of the
VMCMs (Weller and Davis 1980) and the uncertain-
ties in the vertical average due to the coarse vertical
resolution. Thus, to the accuracy of the measurements,
the transport at C1 during CODE-1 was alongshelf on
timescales from days to months, consistent with a two-
dimensional subtidal circulation.

The vertical structure of the currents at C1 may be
summarized by two EOFs, which account for 97% of
the total current variance (Fig. 8). In the EOF analysis
the cross-shelf and alongshelf currents are input sep-
arately as scalars. An EOF analysis of the current vec-
tors as complex variables yields the same results because
the largest two EOFs tend to be rectilinear.

The largest EOF accounts for 89.2% of the total cur-
rent variance and is oriented roughly alongshelf. Vari-
ations from an alongshelf orientation are 5° or less for
the individual current meters. The time series asso-
ciated with this EOF is essentially identical to the depth-
average alongshelf current; the correlation is 0.998, and
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F1G. 6. The standard deviation of the depth-average alongshelf
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locity standard deviations due to the decrease in wind stress and
water depth toward the coast estimated by integrating (5) is also shown
(solid and dashed lines). The procedure for making these estimates
and the results are discussed in section 4c.

the regression coefficient is 1.00. The largest EOF ac-
counts for 12% of the total subtidal cross-shelf current
variance and 92% of the alongshelf current variance.
It is uncertain whether cross-shelf currents in this EOF
represent a real signal or are associated with orientation
uncertainties in the current observations. This question
is discussed in section 5.

The second EOF accounts for 7.7% of the total vari-
ance and is oriented approximately 30° clockwise rel-
ative to the local isobaths, with flow in opposite direc-
tions in the upper and lower portions of the water col-
umn. The change in orientation of the flow occurs at
about 11-m depth. The second EOF accounts for 47%
of the total subtidal cross-shelf variance and 6% of the
alongshelf current variance.

The C1 current observations suggest that the flow
may be decomposed into two components, a depth-
averaged alongshelf current and a depth-dependent
current. The dynamics of these two components are
examined in the following sections. Of particular in-
terest are two questions: Why is the depth-average
alongshelf flow at C1 so much weaker than the midshelf
flow and what determines the vertical structure and
orientation of the depth-dependent flow?

4. Depth-average flow
a. Dynamics

The linear, depth-average, alongshelf momentum
balance is
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where () and {(v) are the depth-average cross-shelf
and alongshelf velocities, and 7% and 7% are the
alongshelf components of wind stress and bottom
stress. As discussed in section 2b, the alongshelf pres-
sure gradient is assumed to be independent of depth.
All terms in (5) may be estimated from the available
observations given a drag coefficient Cp relating the
bottom stress to the flow at some depth. Observations
from a bottom tripod deployed less than 1 km from
the C1 mooring (Fig. 1) from 3 to 15 June 1981 (Drake
et al. 1992) yielded estimates of the effective bottom
roughness z of about 1 ¢cm, including the influence of
surface gravity waves. These estimates were made by
fitting the observed current speeds to a logarithmic
profile and estimating z, from the intercept. The cor-
responding Cp 3 m above the bottom is about 5
X 1073, The bottom stress is estimated using the cur-
rent observations from the 27-m VMCM as

(6)

78 = poCpv|v].

Means and standard deviations of the estimated
terms in (5) are listed in Table 2. The time-average
alongshelf pressure gradient cannot be determined from
the pressure observations. However, the mean along-
shelf wind stress is nearly an order of magnitude larger
than the other three terms in (5), suggesting that it is
balanced by a mean alongshelf pressure gradient. This
result is robust to the details of the bottom stress for-
mulation, since the mean wind stress is two orders of
magnitude larger than the estimated bottom stress.
Even a factor of 10 change in C), would not make the
bottom stress large enough to substantially change the
presumed mean balance between the wind stress and
an alongshelf pressure gradient. The estimated mean
alongshelf pressure gradient has the same sign (sea level
rising to the south), but is a factor of 2 or more larger
than large-scale estimates of the average alongshelf
pressure gradient during spring and summer in this
region based on historical data (e.g., Hickey and Pola
1983). The discrepancy in magnitude is not surprising
given that the historical data is typically based on sta-
tion separations of several hundred kilometers and
represent a long-term average.
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FiG. 8. Plan view of the largest two EOFs for the observed Cl
currents. Each vector corresponds to a particular current meter, the
depth of which is noted at the end of the vector. Vectors oriented
vertically correspond to alongshelf current variability.

Subtidal fluctuations in 75'/D and dP/dy have
roughly the same magnitude but opposite signs at C1
(Fig. 9) and are larger than the other terms in (5)
(Table 2). During the latter half of the CODE-1 de-
ployment (June-early July) there is a clear correspon-
dence between fluctuations of the alongshelf wind stress
and the alongshelf pressure gradient with the wind stress
leading by about half a day. This indicates that an
alongshelf pressure gradient is set up that opposes the
wind stress. In contrast, during the first half of the de-
ployment (late April-May ) there is not such an obvious
correspondence between the alongshelf wind stress and
the alongshelf pressure gradient. It is unclear what
causes this change in the relationship between the
alongshelf wind stress and the alongshelf pressure gra-
dient. Examination of coastal wind observations to the
south (the direction from which coastal-trapped waves
may propagate into the region) does not reveal any
obvious change in the wind stress pattern between the
first and second halves of the C1 deployment. Obser-
vations from other inner shelves suggest that in some
cases dP/Qdy tends to oppose 7 (Pettigrew 1981; Masse
1988), while in other cases they are uncorrelated (Lentz
and Winant 1986; Lee et al. 1989).

The combination of the alongshelf wind stress and
pressure gradient forcing should be balanced by accel-
erations of the depth-average alongshelf flow and the
alongshelf component of the bottom stress, if the Co-
riolis force associated with the depth-average cross-shelf
flow and the nonlinear terms are small. This response
is evident in comparing the observed depth-average
alongshelf current and the two local forcing terms in
Fig. 9. (Note that a negative dP/Jy drives a positive
alongshelf current.) When the wind stress is much
stronger than the alongshelf pressure gradient, as in
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TABLE 2. Statistics of terms in the depth-average alongshelf
momentum balance (5), for the period 0000 UTC 4 April-0000 UTC
21 July 1981. Units are 107 cm 572,

o 1o

ot fu po Ay poD poD
Mean 0.0 0.3 — -2.2 0.0
Standard deviation 0.7 0.4 1.4 1.4 0.5

early May, the depth-average alongshelf flow is equa-
torward. However, in the latter half of June, when the
two forcing terms are about equal, the depth-average
alongshelf flow fluctuates between poleward and equa-
torward events depending on the relative strength of
the two forcing terms.

To make a more quantitative comparison, the model
described in section 2¢ and appendix A was run as-
suming a bottom roughness of 1 ¢m (Drake et al.
1992). For comparison, (5) was also integrated directly
assuming {u) = 0 and %" = r(v), where r = 0.05
cm s~!is a linear drag coefficient. In the context of the
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F1G. 9. Time series of the estimates of alongshelf wind stress and
pressure gradient forcing (upper panel) and depth-average alongshelf
velocity (v} from the observations and model. Correlation between
the observed and model (v} is 0.8. The particular model results shown
are from the numerical model using the exponential eddy viscosity
profile. However, model results using the other eddy viscosity profiles
or integrating (5) yield essentially identical time series of (v).
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depth-average flow these two approaches are nearly
identical except in the prescription of the bottom stress.
The resulting time series from these two models are
essentially the same, correlation 0.98 and regression
coeflicient of 1.1.

The model results agree well with the observed
depth-average alongshelf velocity (Fig. 9); correlations
are 0.81 for estimates based on integrating (5) and 0.80
for estimates from the numerical model, independent
of the form of the eddy viscosity. However, the mag-
nitude of the model depth-averaged alongshelf flow in
all cases is about twice as large as the observed depth-
average alongshelf flow.

To determine the generality of this discrepancy, the
depth-average flow at the C2 site during CODE-2 was
also compared to model estimates. There were four
current meters at depths of 10, 20, 35, and 53 m in 60
m of water at the CODE-2 C2 site. Model runs were
made using the CODE-2 C3 wind stress and an along-
shelf pressure gradient estimated from the N2, C2, and
R2 bottom pressure measurements (Brown et al. 1987)
in the manner described in section 2b. The resulting
depth-average alongshelf currents at C2 from the ob-
servations and model results are well correlated (cor-
relation 0.83) and similar in magnitude (standard de-
viations 13.6 and 15.8 cm s™!, respectively; regression
coefficient 0.96). Thus, the discrepancy in amplitude
at C1 during CODE-1 is not evident at C2 during
CODE-2. Possible explanations for the discrepancy at
C1 are discussed in the next section.

b. Magnitude of depth-averaged flow

Three possible explanations for the discrepancy in
amplitude between the observed and model depth-av-
eraged flows are considered: the prescribed forcing is
too large; tidal and higher frequency variability not
included in the model may result in a larger bottom
stress; and the drag on the flow is larger than expected
from the tripod measurements, possibly due to large
rock outcrops in the region.

There is no obvious reason to suspect the magnitude
of the alongshelf pressure gradient. However, as noted
in section 2b, the magnitude of the wind stress is less
certain. Therefore, model calculations were repeated
with a wind stress magnitude that was half the standard
value. This choice reduces the wind stress standard de-
viation to slightly less than the coastal value at Sea
Ranch, which is presumably a lower bound. This re-
sulted in only a small (10% ) decrease in the amplitude
of the depth-average flow from the model, suggesting
that the discrepancy is not due to choosing too large
an amplitude for the C1 wind stress. Furthermore, the
correlation between the depth-average alongshelf flow
for the model results and observations decreased sig-
nificantly from 0.79 to 0.65. Doubling the standard
wind stress to two-thirds the C3 wind stress also resulted
in a decrease in the correlation to 0.70, supporting the

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24

notion that the wind stress magnitude at C! is about
one-third the C3 wind stress magnitude. A

The model does not include tidal and higher fre-
quency variability, which contribute to the bottom
stress and thus will result in an effectively larger drag
coeflicient on the lower-frequency flow. Since the tidal-
band variance at C1 tends to be smaller than the sub-
tidal variance, the bottom stress should be dominated
by the subtidal variability. Nevertheless, to determine
whether the neglect of tidal and higher-frequency vari-
ability could account for the difference in amplitude
between the model results and the observations, the
model was forced with the unfiltered wind stress, which
includes a strong diurnal component, and a semidi-
urnal fluctuation was added to the alongshelf pressure
gradient time series. The magnitude of the semidiurnal
pressure gradient was chosen so that the resulting
semidiurnal tidal currents are slightly larger than those
observed (peak tidal currents of order 5 cm s™'). No
attempt was made to represent the details of the ob-
served tidal variability realistically since the amplitude
of the tidal currents was assumed to be the primary
factor influencing bottom stress on the subtidal flow.
The resulting model currents were low-pass filtered in
the same way as the observations. Inclusion of the tidal
variability resulted only in a slight (<5%) decrease.in
the model depth-average alongshelf flow.

Another possibility is that the drag on the flow may
be larger than indicated by the bottom tripod mea-
surements. Side-scan sonar measurements in the region
reveal a very rough bottom over the inner shelf with
rock ledges and irregular rock outcrops (Cacchione et
al. 1983). Cacchiorie et al. (1983) note that while
“no rocky features were found within 0.5 km of CI
(GEOPRORBE site Fig. 1), farther north and south
many striking hard rock outcrops cover the seafloor.”
Prominent rock outcrops were also visible extending
out of the water nearer shore. It seems plausible, if not
likely, that these features exert a significant drag on
the inner-shelf flow. This drag on the flow may be in-
dependent of the bottom roughness and stress estimates
from the GEOPROBE tripod, which focuses on the
local adjustment of the near-bottom flow. While it is
unclear how to represent intermittent rock outcrops
(e.g., Smith and McClean 1977), model runs indicate
that a bottom roughness of 10 cm yields model depth-
averaged current magnitudes that match the observa-
tions. This order of magnitude increase in z, changes
the amplitude of the depth-averaged alongshelf current

- variability, without substantially altering the temporal

characteristics of the depth-averaged flow (or the ver-
tical structure of the largest two EOFs discussed in sec-
tion 5). Cacchione et al. (1983) note that the rock
outcrops can be several meters in elevation, which is
crudely consistent with zy = 10 cm, assuming that z,
= d/30 for a turbulent boundary layer, where d is the
physical height of roughness elements (Schlichting
1979). Finally, since the rock outcrops were only ob-
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served inshore of the 60-m isobath (Cacchione et al.
1983), this explanation is consistent with the result
that there is no discrepancy between depth-averaged
alongshelf currents from the observations and model
results at the CODE-2 C2 mooring in 60 m of water.
Thus, the most plausible explanation for the discrep-
ancy in the magnitudes of the observed and modeled
depth-averaged alongshelf flows is that large rock out-
crops over the inner shelf in this region impose a sig-
nificant drag on the flow.

c. Cross-shelf structure

The magnitude of alongshelf current fluctuations
decreases substantially from midshelf (C3) to the Cl
mooring site (Fig. 6). Examination of (5) suggests that
cross-shelf variations in the wind stress, alongshelf
pressure gradient, water depth, and bottom stress may
all contribute to this decrease. The alongshelf wind
stress decreases by a factor of 3 or more between mid-
shelf and the coast (Fig. 3). Comparison of separate
estimates of dP/dy during CODE-1 along the 60-m
and 30-m isobaths indicates little cross-shelf variation
over the inner shelf. However, it is unknown how much
variation in dP/dy occurs between the 60-m and 90-
m isobaths, It is also unknown how much cross-shelf
variation there is in the bottom stress or Cp. Tripod
measurements from a midshelf site (C3), water depth
90 m, (Grant et al. 1984) and from the inner shelf
GEOPROBE site, water depth 35 m, (Drake et al.
1992), both in early June 1981 (though not simulta-
neous), yielded similar estimates for bottom stress ( u,
=0.3 — 1 cm s~')and the 1-m bottom drag coefficient
(Cp =5 — 10 X 1073). However, this data represents
relatively few estimates, 15 profiles at the 90-m site
and 19 profiles at the 35-m site, making it tenuous to
generalize. Furthermore, as noted above, the drag over
the inner portion of the shelf may be larger than sug-
gested by the tripod estimates due to the presence of
large rock outcrops. In contrast the bottom is relatively
featureless at midshelf in this region (Grant et al. 1984).

To determine how much of the decrease in the
alongshelf current variability between C3 and C1 could
be accounted for by the decrease in wind stress and
water depth alone, the depth-average alongshelf velocity
was estimated from (5) for various offshore locations
from nearshore to midshelf. Estimates were made for
both CODE-1 and CODE-2. The CODE-2 alongshelf
pressure gradient was estimated from three bottom
pressure sensors along the 60-m isobath using the same
procedure outlined in section 2b. The C3 wind stress
during CODE-1 and CODE-2 was assumed to decrease
linearly from C3 to Cl with the C1 magnitude being
a third of the C3 wind stress. Bottom stress was esti-
mated assuming a constant linear drag coefficient r
= 0.05 cm s ™! that did not vary with distance offshore.
As noted previously, the numerical eddy viscosity
model gives essentially identical estimates for the depth-
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average alongshelf flow. Standard deviations of the re-
sulting depth-average alongshelf velocity as a function
of distance offshore for both CODE-1 and CODE-2 are
shown in Fig. 6. The model standard deviations suggest
that the decrease in the wind stress and water depth
can account for all the observed decrease between C3
and C2 but only about half the observed decrease be-
tween C2 and C1. The larger observed decrease between
C2 and C1 is probably not due to cross-shelf variations
in dP/3y since dP/dy was about the same along the
60-m and 30-m isobaths during CODE-1. The larger
observed decrease is consistent, however, with the
speculation above that there is an increased drag at C1
due to the rock outcrops that were only present inshore
of the 60-m isobath (Cacchione et al. 1983.)

5. Depth-dependent flow
a. Comparison of model and observations

The simple eddy viscosity model described in section
2¢ and the appendix is used to aid in interpreting the
structure and dynamics of the depth-dependent portion
of the fiow. However, this simple model is only useful
in this regard if it reproduces the basic vertical structure
found in the observations. Consequently, this section
begins with a comparison of the model results and the
observations.

The same EOF analysis was applied to the model
results as to the observations to facilitate comparison
between the two. Prior to calculating the EOFs, the
model output was decimated to 22 grid points roughly
evenly spaced in the vertical because the logarithmic
model grid has a disproportionate number of points
near the boundaries, which would tend to weight the
regions near the boundary more heavily than the in-
terior in the EOF analysis. EOFs using only model re-
sults from the five depths of the current meters were
similar to those using 22 vertical grid points, so the
latter were used in the comparisons.

The largest EOF from the model results contains the
depth-average alongshelf flow discussed in the previous
section. However, it also includes some vertical struc-
ture similar to the vertical structure in the largest EOF
from the observations (Fig. 10). As noted above (sec-
tion 4) the model speeds are nearly twice as large as
the observed speeds for this EOF. Comparison of the
corresponding time series also reveals fairly good
agreement aside from the amplitude of the response.
(The largest EOF time series for both model and ob-
servations are nearly identical to the corresponding
depth-averaged flow time series shown in Fig. 9.) Cor-
relations between the largest EOF time series from the
observations and the model results are 0.78-0.79, sig-
nificant at the 99% confidence level (Bevington 1969),
for the four different forms of the eddy viscosity profile.

Comparison of the vertical structures of the second
EOFs also reveals good agreement between the obser-
vations and the model results (Fig. 11). Again, there
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FiG. 10. Current speed (upper panel) and orientation (lower panel)
profiles for the largest EOFs from the observations (A) and from the
model results for bilinear (solid), cubic (long dash), bilinear cutoff
(dash-dot), and exponential (short dash) eddy viscosity profiles.

is a discrepancy in the amplitude of the response with
the observed response being larger than'the model re-
sponse in this case. However, model results from all
four eddy viscosity profiles represent the essential ver-
tical structure of the flow including the orientation of
the flow, the change in orientation at about 10 m, and
the relative amplitude of the near-surface and near-
bottom flow. The corresponding time series from the
model results are also in reasonable agreement with
the second EOF time series from the observations (Fig.
12). Correlations range from 0.71 to 0.76, again sig-
nificant at the 99% confidence level. (For convenience
in comparing model and observations, the EOF time
series are scaled by the square root of the modal vari-
ance divided by the number of stations.)

b. Interpretation of vertical structure

The comparisons indicate the model reproduces the
basic temporal variability and vertical structure char-
acterize by the largest two EOFs of the current obser-
vations. The model results also indicate that the vertical
structure of the flow is not very sensitive to the structure
of the eddy viscosity profile. These two results suggest
that stratification may not play an important role in
determining the vertical structure of the observed flow
since there is no féedback between the mixing and the
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stratification in the simple eddy viscosity models con-
sidered.

While the largest EOF is dominated by the depth-
averaged alongshelf flow, it also includes some vertical
structure (Fig. 10). The model results indicate a slight
(~10°) change in orientation with depth, with flow
to the right of the interior flow near the surface and to
the left near the bottom. In the model results the cross-
shelf circulation near the bottom represents the bottom
Ekman layer response to the bottom stress associated
with the depth-averaged alongshelf flow. Comparison
of the cross-isobath transport and the estimated bottom
stress confirm this interpretation. This is reasonable
since the bottom boundary-layer response will be
strongly correlated with the depth-averaged alongshelf
flow and will spin up on the same timescale and hence
will tend to be incorporated in the same EOF. Because
the depth-average cross-shelf velocity is zero, the upper-
layer response is the corresponding return flow, While,

-the largest EOF from the observations has a similar

vertical structure for speed, the observed orientations
do not exhibit the structure seen in the model results,
possibly because the orientation variations (~5°) are
near the accuracy limits of the VMCM compasses.
The dominant vertical structure in the observations
is contained in the second EOF, which exhibits flow
in opposite directions in the upper and lower water
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FIG. 11. Current speed (upper panel) and orientation (lower panel)
profiles for the second EOFs from the observations (A) and from the
model results for bilinear (solid), cubic (long dash), bilinear cutoff
(dash—dot), and exponential (short dash) eddy viscosity profiles.
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FIG. 12. Comparison of the time series for the second EOF from the observations and the model results for the four
different eddy viscosity profiles. Correlations are between 0.71 and 0.76, significant at the 99% confidence level.

column with an orientation of about 30° relative to
the depth-average flow and the local isobath orientation
(Fig. 11). One explanation for the vertical structure
and orientation of the second EOF is that it is a con-
sequence of the shallowness of the water at the CI site.
However, model results for a water depth of 90 m did
not yield a substantial change in the vertical structure
of the second EOF, provided the relative magnitude of
the wind stress and pressure gradient forcing remain
the same. In particular, the near-surface and near-bot-
tom flows were in opposite directions, oriented about
30° relative to local isobaths with the zero crossing at
about 25 m (~30% of the water depth).

The model results indicate that the observed vertical
structure is predominantly due to the character of the
local forcing, with the wind stress opposed by an along-
shelf pressure gradient, typically of similar magnitude.
Thus, the equatorward wind stress tends to drive an
equatorward and offshore flow near the surface while
the opposing pressure gradient drives a poleward and
onshore flow in the lower water column. To illustrate
the influence of the two forcing terms on the vertical
structure of the flow, average observed and modeled
velocity, speed, and orientation profiles are shown in
Fig. 13 for three periods: (a) 17-23 June when the
wind stress and pressure gradient forcing are roughly
equal (see Fig. 9); (b) 1-6 May when the wind stress

is about three times larger than the pressure gradient
forcing; and (¢) 25-27 May when the pressure gradient
forcing is about three times larger than the wind stress.
To focus on the vertical structure of the flow the depth-
averaged velocity has been removed in each case.

The flow has a different vertical structure during each
of these periods. When the pressure gradient forcing
dominates (25-27 May, Fig. 13c) there is a poleward
flow with a maximum in the middle of the water col-
umn. The flow is onshore in the interior and offshore
near the surface and bottom due to the wind and bot-
tom stress, respectively. Consequently, there are zero
crossings in the flow about 5 m below the surface and
5 m above the bottom. When the wind stress dominates
(1-6 May, Fig. 13b) the vertical structure is antisym-
metric about the center of the water column with
equatorward and offshore flow in the upper half and
poleward and onshore flow in the lower half of the
water column. When the wind stress and pressure gra-
dient forcing are about equal (17-23 June, Fig. 13a)
there is one zero crossing, above the center of the water
column, with stronger flow in the upper water column
relative to the lower water column.

Some caution must be exercised in comparing the
vertical structures in Fig. 13 to the vertical structure
of the second EQF, since the former will include struc-
ture associated with the first EOF, as well as structure
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model results are for the exponential eddy viscosity profile. The other eddy viscosity profiles give

similar results.
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not contained in the first two EOFs. Nevertheless, the
close agreement between the vertical structure of the
second EOF and that in Fig. 13a suggests the observed
vertical structure is primarily a consequence of the ten-
dency for the alongshelf wind stress and pressure gra-
dient to be about equal in magnitude and opposite in
direction.

The dominant dynamical balance associated with
the depth-dependent component of the model flow,
and presumably the observed flow, is between the Co-
riolis and vertical stress divergence terms in (1). Ac-
celerations are important in the alongshelf momentum
balance but are fairly uniform with depth except very
near the surface and bottom. Accelerations are insig-
nificant in the cross-shelf momentum balance. The
pressure gradient is assumed to be vertically uniform
in both momentum balances. The vertical stress di-
vergence is substantial throughout the water column,
consistent with C1 being predominantly an inner-shelf
site. In particular, at middepth the largest terms in the
alongshelf momentum balance are the pressure gra-
dient and the vertical stress divergence.

Another indication that C1 is within the inner shelf
is provided by comparison of the observed cross-shelf
transport (Us) in the surface (or bottom) boundary
layer to the deep water Ekman transport given by 7/
(pof). If C1 is within the inner shelf, then Uy should
be less than 7/(po f) because this is the region of cross-
shelf divergence in the Ekman transport. The cross-
shelf transport in the surface layer Ug was estimated
by assuming the velocity at 4 m was uniform over a
10 m thick surface boundary layer. During times when
there is a significant wind stress (7% > 0.2 dyn cm™2
which is true about 80% of the time) Ug is typically
about 25% of 757/ (po f ) and never exceeds 85% of 75/
(pof), again suggesting that C1 is an inner-shelf lo-
cation during the CODE-1 deployment.

For comparison, model runs were also made for the
CODE-2 C2 mooring in 60 m of water. As noted in
section 4a the depth-averaged alongshelf flow from the
model agrees well with the observed depth-averaged
flow at C2. However, the numerical model does not
reproduce the vertical structure of the observed flow.
In particular, the observed flow is more strongly sheared
than the model flow. Time series associated with the
second EOF from the model results are not significantly
correlated with the second EOF from the observed C2
currents (maximum correlation 0.3). There is relatively
strong and persistent stratification at C2 throughout
both CODE-1 and CODE-2, with temperature differ-
ences of 1°-2°C across the water column (e.g., Winant
et al. 1987). The neglect of this stratification probably
accounts for the failure of the numerical model to re-
produce the vertical structure of the currents at C2.
(The depth-average flow dynamics are insensitive to
the stratification.) The rock outcrops discussed above
may contribute to the decrease in the stratification be-
tween C2 and C1. The presence of this persistent strong
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stratification suggests that the inner shelf may not
have extented offshore to C2 during CODE-1 and
CODE-2.

6. Summary

Analysis of current observations taken during
CODE-1 in 30 m of water provides insight into the
subtidal current dynamics at an inner-shelf site. The
alongshelf flow is locally driven by both the wind stress
and the alongshelf pressure gradient forcing. The wind
stress and pressure gradient forcing have similar mag-
nitudes but tend to oppose each other. The observed
alongshelf currents are weaker than expected from
simple two-dimensional model results or consideration
of the depth-average alongshelf momentum balance
(5), suggesting that the drag on the flow is larger than
indicated by bottom tripod measurements made in the
region. A likely source for the additional drag is large
rock outcrops that are prevalent on the inner shelf in
this region.

One of the more striking features of the C1 current
observations is the weakness of the alongshelf current
relative to flow at midshelf. Standard deviations of the
depth-average alongshelf current are smaller by a factor
of 4 at the inner-shelf Cl1 site relative to midshelf (C3).
This decrease in the magnitude of the current vari-
ability is apparently due to a combination of at least
three factors: a decrease in the wind stress toward the
coast; the decrease in water depth resulting in a weaker
body force due to the alongshelf pressure gradient; and
the increased drag over the inner shelf.

The observed subtidal current variability exhibits a
fairly simple and persistent vertical structure. At 4-m
depth the flow tends to be offshore and equatorward.
There is often a flow reversal at 7 to 11 m, with onshore
and poleward flow in the lower two-thirds of the water
column. The model results indicate that this vertical
structure in the flow is primarily a consequence of the
forcing; the equatorward wind stress tends to drive an
equatorward and offshore flow near the surface, while
the opposing alongshelf pressure gradient drives a
poleward and onshore flow in the lower water column.

A simple, two-dimensional, eddy viscosity model
reproduced most of the basic features of the observed
flow, including its temporal variability, vertical struc-
ture, and orientation. The four eddy viscosity profiles
considered gave similar results, suggesting that the basic
characteristics of the C1 subtidal currents are not very
sensitive to the form of the eddy viscosity profile. The
success of the model in reproducing the quantitative
features of the flow, particularly the vertical structure
and orientation of the second EOF, supports the as-
sumption that these features are not sensitive to vari-
ability in the weak stratification at the C1 site.

The observed offshore transport in the surface
boundary layer (upper 10 m) is weaker than the deep
water Ekman transport (757/(pof)), and model results
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suggest that substantial vertical stress divergence ex-
tends throughout the water column. Both these results
support the notion that Cl is an inner-shelf location
where the surface and bottom boundary layers merge
and there is a cross-shelf divergence in the Ekman
transport.

The near-surface offshore transport and the corre-
sponding onshore transport in the lower water column
are roughly equal so that the depth-average cross-shelf
velocity is small relative to the accuracy of the estimate
on timescales of days to months. This is consistent with
the circulation being two-dimensional. The agreement
between the observations and the model results also
supports the notion that the inner-shelf current dy-
namics at Cl are two-dimensional. The coastline and
the inner-shelf isobaths in this region are not particu-
larly straight over typical alongshelf displacement scales
of ~10 km or more (5 cm s~} over a couple days)
(Fig. 1), suggesting that inner-shelf dynamics may be
two-dimensional even-where the coastal topography is
not simple. Because of the conceptual and theoretical
simplifications associated with a two-dimensional
characterization, this is an important and generally
unresolved issue.

While this study provides a simple interpretation
of the inner-shelf current dynamics at the Cl1 site off
northern California, it is unclear what aspects are
relevant to other inner-shelf locations. A number of
studies suggest that (5) is a reasonable description
of the depth-averaged alongshelf current over a va-
riety of inner shelves (Pettigrew 1981; Lentz and
Winant 1986; Masse 1988; and Lee et al. 1989).
There are, however, very few inner-shelf observations
resolving the vertical structure of the flow, particu-
larly the cross-shelf circulation. The CODE-1 obser-
vations emphasize the difficulty of determining ac-
curately the cross-shelf circulation over the inner-
shelf. Not only is the flow weak relative to the
accuracy of standard current meters but fairly dense
vertical resolution is required. If, for example, the
instrument at 4-m depth were not present, a com-
pletely different picture would have been drawn.
More observational studies focusing on this region
are needed if we are going to understand the role of
the inner shelf in the overall shelf dynamics.
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APPENDIX
Model Description
a. Model implementation

Equations (1)-(4) are solved numerically as in
Lentz (1993) using a control volume approach (Pa-
tankar 1980). The model had 101 grid points in the
vertical with logarithmically increasing grid spacing
extending from both boundaries. A fully implicit time-
stepping scheme is employed with a time step of one
hour. Test runs indicate that both the vertical and tem-
poral structure are well resolved with this grid. For
simplicity, the initial velocity profile was zero through-
out the water column. Because the frictional timescale
is short (section 4a), this initial condition only has a
noticeable influence on the solution over about | day.
This is evident in the rapid ramp up from zero in the
model time series shown in Figs. 9 and 12.

Since many of the eddy viscosity profiles considered
depend on the bottom stress, which is not known a
priori, an iterative scheme is required (e.g., Madsen
1977). To begin the iteration, an initial guess of the
bottom stress is made based on the depth-average
alongshelf momentum balance (5) assuming ||
~ |75¥|. This estimate of the bottom stress is used to
determine the eddy viscosity profile and (1) is solved
for v(z). The resulting velocity profile is then used to
estimate a new bottom stress that is in turn used to
determine a new eddy viscosity profile. This procedure
generally converges rapidly, in a few iterations, and is
stopped when the change in the bottom shear velocity
(uZ = |78/ po|1/?) is less than 10 * m s,

An iterative scheme is also used to find the value of
JdP/dx that satisfies (4). An initial guess is made, again
based on (5), and the resulting velocity profile is used
to estimate U. Subsequent estimates of dP/dx to min-
imize U are found using a linear search procedure. In
most cases a dP/0dx that yields an fU less than a few
percent of the terms in (5) is achieved in 5-10 itera-
tions. Jenter and Madsen (1989) use a similar proce-
dure in their study of bottom stress for wind-driven
depth-average flows.

The model is forced with the low-pass filtered time
series of ¥ and 8P/dy shown in Fig. 9. Because (1) is
nonlinear due to the dependence of 4, on £, it may
not be appropriate to force the model with low-pass
filtered time series. In particular, tides and other higher
frequency motions may contribute to the bottom stress
and hence to the drag on the subinertial flow. The in-
fluence of including higher frequency motions is ex-
amined in section 4b.

b. Eddy viscosity profiles

Four forms of the eddy viscosity profile are consid-
ered (Fig. Al): a bilinear profile (Madsen, 1977); a
bilinear cutoff profile (Deardorff 1972; Smith and Long
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1976); a cubic profile (Signeli et al. 1990); and a bilin-
ear one that decays exponentially toward zero in the
interior (Long 1981; Glenn 1983). All these eddy vis-
cosity profiles have the form A, = ku,z’ near the
boundaries, where « = 0.4 is von Karman’s constant
and z’ is distance from the boundary. They differ in
how they extend into the interior of the fluid. A con-
stant eddy viscosity profile was not considered, because
there is considerable evidence that a constant eddy vis-
cosity profile is not appropriate for oceanic flows (see
the discussion in Lentz 1993), and it is unclear a priori
what value to choose for a constant eddy viscosity. The
various forms of the eddy viscosity profile considered
are discussed in detail in Lentz (1993). A brief de-
scription is given below.

The bilinear profile suggested by Madsen (1977 ) ex-
tends the linear profiles into the interior. The vertical
extent of the linear portions associated with the surface
and bottom stresses are weighted by their respective 1,
so that the stronger stress influences more of the water
column. This generally leads to a discontinuity in the
eddy viscosity profile at the matching depth (Jenter
and Madsen 1989).

The cubic profile is the simplest polynomial that can
match the two constraints at each boundary: that the
eddy viscosity approach zero and the slope be xu,, (Sig-
nell et al. 1990), where u, will in general be different
at the surface and bottom boundaries.

The bilinear cutoff profile is linear near the bound-
aries and constant in the interior. The distance from
the boundary beyond which the eddy viscosity is con-
stant is chosen to be 10% of the turbulent boundary-
layer scale  (e.g., Smith and Long 1976) (where &
= kU4 / f'). Since the surface and bottom boundary cut-
off values for the eddy viscosity are not generally the
same, they are joined by a linear interior profile.
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The exponential profile is similar to the bilinear cut-
off profile except that away from the boundary the eddy
viscosity decays exponentially toward zero; that is,
A(z") = kugz’ exp(—z'/1l) (Long 1981; Glenn 1983),
where [ is the exponential decay scale, which was
somewhat arbitrarily chosen to be 0.276. For this choice
the eddy viscosity decays to about 1% of its maximum
value at a distance of 26 from the boundary in deep
water. This eddy viscosity profile is qualitatively similar
to the profiles from more sophisticated turbulence clo-
sure models (e.g., Weatherly and Martin 1978).

For the bilinear cutoff and exponential profiles a
cutoff elevation or exponential decay scale must be
prescribed. While Lentz (1993) has pointed out that
the cross-shelf circulation on the inner-shelf is sensitive
to the choice of these parameters, no attempt is made
to adjust these parameters to fit the data. Consequently,
in the model runs there are no adjusted parameters in
prescribing the eddy viscosity profiles.
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