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ABSTRACT

Fall and winter mean current profiles from a midshelf (water depth ~90 m) northern California site exhibit
asimilar vertical structure for several different years. The alongshelf flow is poleward with a maximum velocity
of 5-10 cm s~* in the middle or upper water column. There is an offshore flow of about 2 cm s=* in the upper
20-30 m, an onshore flow of about 2 cm st in the interior (depths 35-65 m), and an offshore flow of about 1
cm st within 20 m of the bottom. Profiles are similar for averages over timescal es from weeks to months. Mean
current profiles at other midshelf sites along northern California and two sites off Peru also have a similar
vertical structure.

The vertical shear in the mean alongshelf flow is geostrophic throughout the water column, that is, in thermal
wind balance with the cross-shelf density gradient. For timescales of aweek or longer the thermal wind balance
extends to within 1 m of the bottom and reduces the mean near-bottom alongshelf flow to 1 cm s or less.
These observations support recent theoretical work suggesting that, over a sloping bottom, adjustment of the
flow and density fields within the bottom boundary layer may reduce the bottom stress. The alongshelf momentum
balance is less clear. Weekly averages of offshore transports in the upper and lower water column, relative to
the interior onshore flow, are correlated with the surface and bottom stresses, suggesting Ekman balances.
However, both the surface and bottom stresses are generally too small by a factor of 2-3 to account for the
offshore transports. Limited data suggest that alongshelf buoyancy gradients, estimated over scales of 15 km or
less, can be a significant component of the alongshelf momentum balance within both the upper and lower water
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A Dynamical Description of Fall and Winter Mean Current Profiles over the

column.

1. Introduction

The characteristics and dynamics of continental shelf
circulations on timescales of months or longer are not
well understood. Along the west coast of the United
States from Point Conception, California, to Washington
existing data indicate a poleward, alongshelf mean flow
of 5-10 cm s* during the fall and winter (Strub et al.
1987; Largier et a. 1993). This poleward mean flow is
thought to be driven by an alongshelf pressure gradient
(Hickey and Pola 1983; Largier et al. 1993) since mean
wind stresses tend to be weak and, in the southern part
of this domain, equatorward, that is, in the opposite
direction. Little is known about the vertical structure,
interannual variations, or the dynamics of this mean flow
because there are so few long time series of currents.

Until recently, much of our theoretical intuition re-
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garding steady shelf circulation has been based on the
Arrested Topographic Wave model of Csanady (1978).
This is a depth-averaged, frictional model of the shelf
circulation that assumes bottom stressis proportional to
the depth-averaged flow. Recent theoretical studies sug-
gest that the response of a stratified flow over a sloping
bottom may be quite different from the Arrested To-
pographic Wave response because adjustment of the
flow and density fields within the bottom boundary layer
may reduce or even eliminate the bottom stress acting
on low-frequency flows (Garrett et al. 1993; Middleton
and Ramsden 1996; Chapman and Lentz 1997). How-
ever, observational evidence either supporting or refut-
ing this type of response in the ocean is limited (Lentz
and Trowbridge 1991; Trowbridge and Lentz 1998;
Stahr and Sanford 1999).

Midshelf moored current observations from a se-
guence of field programs on the northern California
shelf between 1981 and 1991 provide an opportunity to
characterize both the vertical structure and interannual
variability of the fall and winter mean flow. Current
observations from the Shelf Mixed Layer Experiment
(SMILE) and the Sediment Transport Events on Shelves
and Slopes (STRESS-1) studies that span the water col-
umn with avertical spacing of roughly 5 m prove critical
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Fic. 1. Map of the northern California shelf showing bathymetry and locations of mooring sites from
various field programs. Inset shows locations of NCCCS mooring sites and the NDBC13 wind buoy along

the northern California shelf.

in interpreting the mean velocity profiles from other
studies at this site with coarser vertical resolution. The
dynamics associated with the fall and winter mean flow
are examined using ancillary observations during some
of the field programs. Of particular interest is whether
adjustment of the density field within the bottom bound-
ary layer results in reduced bottom stress.

Of relevance to this study are recent studies of the
momentum balances at this site focusing on variability
having timescales of days (Dever 1997a; Trowbridge
and Lentz 1998). Dever (1997a) uses observations from
the SMILE/STRESS study to compare cross-shelf trans-
ports in the surface mixed layer, the interior, and the
bottom mixed layer to a simple, two-dimensional trans-
port model that neglects density effects. For winter, Dev-
er finds close agreement between the cross-shelf trans-
port in the surface mixed layer and the wind-driven
Ekman transport. Most of the cross-shelf return flow is
in the interior in both the observations and the model.
The cross-shelf transport in the bottom mixed layer is
small and there is only moderate agreement between the
observed and modeled bottom mixed layer transport.

Trowbridge and Lentz (1998) examine the vertically in-
tegrated momentum balances within the bottom mixed
layer using the STRESS observations. They find only
moderate agreement between the cross-shelf transport
anomaly (relative to the interior flow) in the bottom
mixed layer and the Ekman transport associated with
the bottom stress. In the alongshelf momentum balance
they find that the buoyancy force, bottom stress, and
Coriolis force are al important. Relative to these two
studies, the present study focuses on longer timescales
(weeks to months and interannual) and considers data
from several other field programs and several other mid-
shelf sites.

2. Observations

Moored current observations have been acquired at
a midshelf site, C3, in approximately 90 m of water off
northern California (Fig. 1) during four different field
programsin the fall and/or winter of five different years
(Table 1). The site was first occupied during the Coastal
Ocean Dynamics Experiment (CODE), which included
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TaBLE 1. Fall and winter time periods when the northern California C3 site was occupied, associated field programs, durations, water
depths, and mean wind stresses.

Duration Water depth T ™
Field program Time period (days) (m) (102N m—)

CODE fall 1981 (6 Aug—15 Nov) 101 90 15 —4.8
CODE winter 1981/82 (15 Nov—14 Apr) 150 90 1.2 -1.6
CODE fall 1982 (21 Aug-15 Nov) 86 90 0.0 —6.0
NCCCS fall 1988 (1 Aug-15 Nov) 106 90 11 —4.8
NCCCS winter 1988/89 (15 Nov-15 Mar) 120 90 0.4 —-3.2
NCCCS fall 1989 (6 Aug—15 Oct) 70 90 0.9 —6.0*
SMILE/STRESS winter 1989s (6 Dec—26 Feb) 83 93 —-0.4 —-3.3
STRESS-II winter 1990/91 (3 Jan-27 Feb) 56 90 — —

* Wind stress record is short.

mooring deployments at C3 during the fall and winter
of 1981/82 and the fall of 1982 (Lentz and Chapman
1989). The Northern California Coastal Circulation
Study (NCCCS) included a mooring at C3n during the
fall and winter of 1988/89 and the fall of 1989 (Largier
et a. 1993). The SMILE and STRESS-1 studies during
the winter of 1988/89 (Dever 1997a; Trowbridge and
Lentz 1998) provide the most well-resolved current pro-
files at this site (C3s 5 km northwest of the CODE C3
site, Fig. 1), with current meters spaced roughly every
5 m in the vertical over most of the water column.
Additionally, a bottom tripod supporting six current me-
tersbetween 0.5 and 5 m above the bottom was deployed
during part of STRESS-1 (Trowbridge and Lentz 1998).
(The SMILE/STRESS-1 observations are labeled ** win-
ter 1989s’ to distinguish them from the winter 1988/
89 NCCCS observations.) Current measurements span-
ning only the lower third of the water column and in-
cluding bottom tripod measurements were made during
the winter of 1990/91 as part of the STRESS-2 field
program (Trowbridge and Lentz 1998).

Currentsand winds arerotated into acoordinate frame
parallel to the local isobaths with the along-isobath di-
rection y and flow v positive poleward (toward 317°T
for the C3 site), the cross-isobath direction x and flow
u positive onshore, and z positive upward. Wind stress
73 is estimated using wind measurements from either
the C3 site or aNational Data Buoy Center buoy (NDBC
13: inset Fig. 1) and the neutral drag formulation of
Large and Pond (1981). Non-neutral wind stress esti-
mates during SMILE are nearly identical to neutral wind
stress estimates. Wind stress estimates in the vicinity of
the C3 site are well correlated over alongshelf scales of
more than 100 km (Dever 1997b). Mean wind stresses
for the eight fall and winter periods are weakly equa-
torward (Table 1), consistent with previous analysis of
historical buoy data for this site (Dorman and Winant
1995). Equatorward mean wind stresses are stronger in
fall than in winter.

The thermal stratification at the C3 site decreasesfrom
fall to winter (Lentz and Chapman 1989; Largier et a.
1993; Dever and Lentz 1994). In fall, the mean vertical
temperature gradient is 0.04°C m~* in the upper half of

the water column and 0.01°C m~* in the lower half of
the water column. In winter, the mean vertical temper-
ature gradient is about 0.01°C m~* throughout the water
column. Density gradients must generally be inferred
from temperature because conductivity measurements
were not taken. During winter, vertical temperature and
density differences from the SMILE/STRESS-1 C3s
mooring (which included conductivity sensors) are cor-
related (correlations between 0.72 and 0.95). Density gra-
dients are estimated from the moored temperature ob-
servations assuming a linear relationship between tem-
perature and density with a constant slope of b = —0.5
(kg m=3)/°C based on the SMILE/STRESS-1 C3s ob-
servations (this value will be used in all subsequent anal-
ysis). Brown et al. (1987) found the same average value
of b from moored temperature and conductivity mea-
surements at this site for a 20-day period prior to the
1982 spring transition. Although thisvalue of b generally
estimates density differences with an accuracy of about
20%, during a few events it overestimates density dif-
ferences by as much as a factor of 2.

Means are cal culated over time periods corresponding
roughly to fall or winter based on choices made in pre-
vious studies or instrument deployment periods. The
range of timescales represented by the mean current
profiles is examined in section 3.

3. Mean current profiles

The fall and winter mean current profiles from the
C3 site al have similar vertical structure (Fig. 2). The
alongshelf flow is poleward throughout the water col-
umn, with a maximum of 5-10 cm s, often at mid-
depth. Mean alongshelf currents are consistently larger
in fall than in winter. Year to year (and fall to winter)
variations in the mean alongshelf currents are largest in
the upper water column. The mean cross-shelf flow is
offshore at about 2 cm st in the upper 20 m of the
water column and offshore at about 1 cm st within 20
m of the bottom. Between the surface and bottom off-
shore flows there is a 30—40-m thick onshore flow of
about 2 cm s *. Both fall to winter and year to year
variations in the mean cross-shelf velocities are small.



APRIL 2001

20

30

Y
(=]
T

depth (m)
(4]
o
T

70r

80

T

90

poleward
1 |

-5 0] 5 10 15
alongshelf velocity (cm/s)

LENTZ AND TROWBRIDGE

917
0 T I T
+ fall 1981
x  winter 1982
x * fall 1982
101 yAd A fall 1988
< winter 1989
» fall 1989
20 —o— winter 1989s H
= winter 1991
30 B
+
40 .
E “
]
350+ 4
°
+
60 B
70 B
80+~ B
90~ n .
offshore onshore
L 1 1
-4 -2 0 2 4 6

cross-shelf velocity (cm/s)

Fic. 2. Mean (left) alongshelf and (right) cross-shelf currents at northern California C3 site as a function of depth for fall and winter of
various years. Associated field programs and time periods of means are listed in Table 1. Winter 1990/91 means plotted assuming water
depth is 93 m, rather than 90 m, to place near-bottom currents at same elevations as STRESS-1 measurements.

The maximum range at any depth is about 2 cm st
(less near the bottom), much less than the range of the
alongshelf mean flows. Note the small range of mean
cross-shelf velocities at 15 mab (meters above the bot-
tom) for the eight different deployments. For the winter
1989s mean profile, the interior onshore transport (1.9
m?2 s~1: transports are per unit width) is about equal to
the sum of the near-surface (1.2 m? s-*) and near-bottom
(0.6 m2 s7) offshore transports, so the net cross-shelf
transport is small (mean, depth-averaged, cross-shelf
flow is 0.1 cm s71).

The mean cross-shelf currents are not large relative
to the accuracy of the current meters, ~2 cm s
(Beardsley 1987; Lentz et al. 1995). Temporal averaging
or averaging several instruments does not necessarily
reduce the error in the current measurements because
the uncertainty can be a bias due, for example, to in-
accurate averaging of surface waves. The winter 1989s
(SMILE/STRESS-1) profile includesthree different cur-
rent meters (vector-measuring current meter, vector-av-
eraging current meter, and benthic acoustic stress sen-

sor) on three different platforms (surface mooring, sub-
surface mooring, and bottom tripod). The consistency
of the vertical structure from these three different mea-
surement techniques and the repeatability of the the ver-
tical structure from one experiment to the next (Fig. 2)
suggest that the mean profiles are not due to instrument
biases. The vertical structure of the mean profilesis not
sensitive to the choice of coordinate frames because v
is not much larger than u. Variations of £10° in the
orientation of alongshelf result in maximum variations
of =1 cms tintheinterior cross-shelf velocity. Chang-
es elsewhere in the water column are smaller for both
components of the flow. Standard deviations are about
10 cm st for the alongshelf currents and 5 cm s for
the cross-shelf currents. Standard errors of the mean are
about 1-2 cm s for the alongshelf flow and 1 cm s*
for the the cross-shelf flow. Therefore, fall-to-winter and
year-to-year variations in the mean alongshelf velocity
profiles are significant in the sense of being much larger
than the standard error of the mean. In contrast, vari-
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Fic. 3. Mean (left) alongshelf and (right) cross-shelf currents as a function of depth for four midshelf sites along northern
California from the NCCCS program and a midshelf site off Peru. For the NCCCS observations there are typically three mean
currents plotted for each site, corresponding to fall 1988, winter 1988/89, and fall 1989. The mean current profile for the 1988/

89 SMILE/STRESS observations, C3s, is shown for reference.

ations in the mean cross-shelf velocity profiles are gen-
erally not significant.

Fall and winter mean current profiles from other sites
are similar to those at the northern Califonia C3 site.
Mean current profiles (not shown) are similar 30 km
south (R3 CODE site) and 8 km offshore (C4ds
STRESS-2 site) of C3 (Fig. 1). At larger spatial scales,
fall and winter mean current profiles from three NCCCS
midshelf sites 100 to 300 km north of C3 (K3: 41°35'N,
E3: 40°49'N, V3: 39°39'N; Fig. 1) (Largier et al. 1993)
have asimilar vertical structure (Fig. 3), suggesting that
this pattern may be typical along this coast, at least at
sites between prominent capes. Mean current profiles
from two midshelf sites off Peru (15°S) also show a
similar structure (Brink et al. 1980; Smith 1981) (one
site, in roughly the same water depth as C3, is shown
in Fig. 3).

Mean current profiles during summer are quite dif-
ferent from fall and winter (Winant et a. 1987; Lentz
and Chapman 1989; Largier et al. 1993). Summer mean
currents are equatorward (5-20 cm s*) and offshore (5

cm s71) in the upper half of the water column, presum-
ably because the mean wind stresses are equatorward,
strong, and persistent in summer at this site (Dorman
and Winant 1995). In the lower half of the water column,
the alongshelf and cross-shelf mean flowsare small (1-2
cm s1) during summer.

The consistency of the fall and winter mean profiles
suggests that they characterize the average flow on time-
scales as long as six months. To determine how short
atimescale is represented by the fall and winter mean
current profiles in Fig. 2, time-average profiles were
computed over periods from days to months. Time av-
erages over periods of a week or longer yield profiles
similar to those over the interior and lower half of the
water column. Thisis evident in weekly averages of the
cross-shelf currents at different depths and from differ-
ent years (Fig. 4). From August through March weekly
averages of the cross-shelf current about 15 mab are
confined to a very narrow range, =2 cm s * (Fig. 4c).
Weekly averages 2 mab from the two STRESS studies
range between —2 and 0 cm s*. Weekly averages of
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Fic. 4. Weekly averages of cross-shelf currents from the CODE, NCCCS, SMILE/STRESS-1, and
STRESS-2 field programs (&) about 10 m below the surface, (b) in the interior, and (c) about 15 and 2 m
(solid symbols) above the bottom. The SMILE/STRESS observations overlap in time with the NCCCS

observations.

the interior cross-shelf current (Fig. 4b) are ailmost a-
ways positive from August to March, with values typ-
ically between 0 and 5 cm s*. In contrast, cross-shelf
velocities 10 m below the surface (Fig. 4a) range be-
tween =10 cm s and averages even over a month are
not necessarily offshore as in Fig. 2. Weekly averages
of alongshelf currents (not shown) exhibit similar ten-
dencies. Near-bottom and interior alongshelf flows are
almost always poleward between 0 and 20 cm s~* from

August through March. Near surface flows exhibit a
wider range (—20 to 40 cm s*) and are often equator-
ward. Thus the basic vertical structure in Fig. 2 does
not vary substantially on timescales from weeks to
months over the interior and lower part of the water
column, but does vary in the upper water column.
The fall and winter mean current profiles may be
different during El Nifios. In the winter of 1982/83 the
mean winter wind stress was poleward (0.03 N m~2)
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Fic. 5. Spectra of dv/dt and fu at 45-m depth from the NCCCS C3n mooring. The variance in
fu is 6-7 times larger than the variance in dv/ot at periods of a week, and more than an order of
magnitude larger for periods of a month or longer. Variances of du/ot relative to fv are even

smaller.

rather than equatorward, and the mean current at 10 m
depth was poleward, but much larger (18 cm s1), and
onshore (3 cm s?) rather than offshore (Lentz and
Chapman 1989). Unfortunately, current observations
spanning the water column are not available during the
winter of 1982/83 or the fall and winter of 1987/88,
which was also an El Nifio period (Dorman and Winant
1995).

4, Momentum balances

The dynamical balances associated with the vertical
structure of the mean profilesin Fig. 2 are examined in
this section. One plausible dynamical interpretation of
the mean profilesisthat a barotropic alongshelf pressure
gradient drives the poleward flow and is opposed by
both an equatorward wind stress and a bottom stress
(due to the poleward mean flow). In this view, the near-
surface and near-bottom offshore transports (relative to
the interior) are stress-driven Ekman transports, and the
interior onshore flow isin geostrophic balance with the
alongshelf pressure gradient. This view is consistent
with the two-dimensional transport model used by Dev-
er (1997a) in considering the vertical structure of the
current variability on timescales of days. To test portions
of this hypothesis, terms in the momentum balances are
estimated for timescal es of weeksto months using avail-
able observations at and near the C3 site.

Temporal accelerations at the C3 site have variances

that are a factor of 6 or more smaller than the Coriolis
force for timescales of a week or longer (Fig. 5). Thus
for the timescales of interest here, weeks to months, the
flow is quasi-steady in the sense that temporal accel-
erations are small compared to other terms in the mo-
mentum balance and may be neglected. The nonlinear
advective terms are also neglected because crude esti-
mates from pairs of moorings separated by 5-30 km
(Fig. 1) suggest that they are small relativeto other terms
in the momentum balance. However, uncertainties in
both the measurements and resol ution of the appropriate
spatial scales of gradients in the flow field make the
estimates of the nonlinear terms unreliable and hence
only suggestive.

We assume both the stress and stress divergence in
the interior are small so that the interior cross-isobath
(u') and along-isobath (v') flow is geostrophic; that is,
pful = —aPi/gy and —p fv' = —adP/ox, where p, is a
reference density, f is the Coriolis parameter, and P' is
the interior pressure. This assumption is consistent with
the observations that the interior water column remains
stratified throughout fall and winter, and coarse Rich-
ardson number estimates at middepth from the SMILE
moored observations are rarely lessthan 0.5 (2% of time
or less), suggesting that vertical mixing in the interior
is small. Pressure measurements to test the assumption
of a geostrophic interior are not available. There were
two bottom pressure sensors deployed at C2n and C4n
during NCCCS, but there were not the necessary interior
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temperature or density measurements to determine
whether the interior balance was geostrophic (Harms
and Winant 1994). Additionally, mean pressure gradi-
ents cannot be estimated because of the difficulty in
determining the vertical positions of the pressure sensors
relative to an absolute reference level (Brown et al.
1987; Harms and Winant 1994). Previous studies have
shown that the cross-shelf momentum balance is geo-
strophic during the summer on timescales of days to
weeks (Brink et al. 1980; Brown et al. 1987; Winant et
al. 1987), but direct observational evidence that the
alongshelf momentum balance is geostrophic in the in-
terior is lacking.

A geostrophic interior and the mean onshore flow in
the interior (Fig. 2) imply a poleward, alongshelf pres-
sure gradient. A poleward, alongshelf pressure gradient
is also sensible given that the mean wind stressis equa-
torward (Table 1) and the mean alongshelf flow is pole-
ward during fall and winter (Fig. 2). The depth-averaged
alongshelf momentum balance implies a poleward pres-
sure gradient force to balance the wind stress and bottom
stress (which act in the same direction), assuming the
Coriolis force due to the depth-averaged cross-shelf ve-
locity is small. However, for the reasons noted above
direct evidence of an alongshelf pressure gradient is
limited (Hickey and Pola 1983; Largier et al. 1993).

In the following two subsections we focus our atten-
tion on the dynamical balances associated with the ver-
tical structure of the mean profiles in the upper water
column between 0 and 40 m depth and in the lower
water column between 60 m depth and the bottom.
These depth ranges are based on the mean profiles, par-
ticularly the cross-shelf velocity profiles, which indicate
stronger vertical shear in these two regions and weaker
vertical shear in the interior (discussed above). These
two regions are not intended to represent the surface
and bottom boundary layer. The boundary layer thick-
ness varies on timescal es of days (Lentz and Trowbridge
1991; Lentz 1992) so that a given depth (or height above
the bottom) will sometimes be in the boundary layer
and sometimes below (or above) the boundary layer.
Thusthefocusis on whether the observed vertical struc-
ture in the mean profiles is primarily associated with
geostrophic dynamics, Ekman dynamics, or both. Based
on the results in section 3, time series are low-passed
filtered to retain variations on timescales of a week or
longer.

a. Upper water column momentum balances

Assuming hydrostatic flow, subtracting the geo-
strophic balance at the fixed, interior level z from the
momentum balances, and vertically integrating from the
surface (z = 0) to Z' yields

aBs X
—fve= =+ T (1)
X Po
9Bs 1
fus= = + )
ay Po

LENTZ AND TROWBRIDGE

921

where (Us, V¢) = |3 (u — U, v — v') dzis the transport
anomaly relative to the geostrophic interior velocity and

0 z
Bs = f J % dz' dz
4 Jzi Po

is the buoyancy anomaly in the upper water column. If
the flow in the upper water column is directly wind
driven, then the Coriolis force (fUs, fVs) balances the
wind stress, that is, an Ekman balance. If the flow in
the upper water column is geostrophic, then the Coriolis
force balances the buoyancy gradient and there is an
associated thermal wind balance

_fﬁ_v = ga_p, ©)
0Z  py OX
u_ gap @
9z pody’

In contrast to (1) and (2), the thermal wind balance
provides information about the vertical structure of the
momentum balances. When stresses are large, the ver-
tical structure of the momentum balances cannot be de-
termined from the observations because the vertical
structure of stress is not known.

For the SMILE observations, transport anomaliesrel-
ative to the flow at z = —40 m are estimated by trap-
ezoidal integration of the eight current time seriesin the
upper 40 m. For the CODE and NCCCS observations
there are only two current measurements in the upper
50 m, so transports Us and Vs are estimated assuming
the velocity profiles are linear from the surface to Z
(~—40 m). The mean SMILE (winter 1989s) profile
(Fig. 2) suggests that assuming a linear profile is rea-
sonable. The correlation between weekly averages of
fUs and 79/p, (Fig. 6) is 0.70 for al available fall and
winter data (significant at the 99% confidence level for
the 96 independent, weekly averages). This supportsthe
assumption that the alongshelf momentum balance in
the upper water column is, at least in part, an Ekman
balance. However, there is considerable scatter in the
comparison and fUs is on average about twice 7¥/p,
(theregression slopeis 2.0 == 0.5, where the = indicates
the 95% confidence interval).

The discrepancies between fUs and 7/p, could be
due to inaccuracies in the wind stress or transport es-
timates. Wind stress estimates from C3 and NDBC-13
are nearly identical, suggesting that the wind measure-
ments are accurate and the scales of the wind field are
large (Dever 1997a). Recent comparisons between di-
rect covariance and bulk wind-stress estimates over con-
tinental shelves indicate agreement to within 10%—20%
(Beardsley et a. 1997; Martin 1998). Thus, the wind
stress estimates are probably not the major source of
discrepancy between fUs and 7%/p,. Uncertainty in the
transport estimates could be due to either errors in the
current measurements (discussed in section 3) or the
assumed vertical structure. A thinner upper layer or a
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Dashed line has a slope of one.

near-surface region where the cross-shelf velocity was
uniform would reduce the estimate of Us. However, si-
multaneous estimates of Us from the C3s SMILE moor-
ing (10 current meters in the upper 50 m) and C3n
NCCCS mooring (current meters only at 10 and 45 m)
are correlated (0.92) with a regression slope of 1.2 *
0.2 suggesting poor vertical resolution may not be the
major source of the discrepancy between fUsand 7%/p,.

Dever (1997a) finds close agreement between the
Coriolis force within the surface mixed layer fUs™ and
79/p, during SMILE (winter 1988/89) considering time-
scales longer than a day. To determine whether thereis
a balance between fUs™ and r¥/p, at longer timescales,
the time series of fUs™ was low-pass filtered to retain
only timescales longer than a week. There is better
agreement between 7/p, and fUs™ than between 79/p,
and fUs (over upper 40 m), correlation 0.86 versus 0.54
and a regression slope of 0.8 = 0.3 versus 1.7 = 1.6.
This suggests that much of the discrepancy between fUs
and 7¥/p, is associated with processes extending below
the surface mixed layer.

Not surprisingly, the observations suggest discrep-
ancies between fUs and 7/p, may be due to the along-
shelf buoyancy gradient 9Bs/dy. Alongshelf buoyancy
gradient estimates from temperature measurements on
moorings separated by 5 km (C3s-C3n) or 15 km (C3s-
M3) are similar in magnitude to fUs and 7%/p, (Figs.
7a and 7b), and the time series of dBs/oy + 7¥/p, (sep-
aration 5 km for 9Bs/dy estimate) is better correlated
with fUs than 79/p, alone (correlation 0.75 vs 0.57,

regression coefficients 0.78 = 0.18 and 1.10 = 0.15
respectively; cf. Fig. 7c and 7a). This indicates that the
alongshelf density gradient is important in the along-
shelf momentum balance within the upper water column
at C3 during the winter of 1988/89. In contrast, estimates
of 9Bs/gy from moorings separated by 30 km or more
(e.g., SMILE G3s-M3s, CODE C3-R3, NCCCS C3n-
V3n) are much smaller, too small to account for dif-
ferences between fUs and 79/p, in either the mean or
fluctuations, and are uncorrelated with fUs — 7%/p,.

These results suggest that alongshelf buoyancy gra-
dients computed over separations greater than 15 km do
not provide accurate estimates for a local balance. The
subtidal, near-surface cross-shelf velocities in this re-
gion have a correlation scale of about 10 km (Dever
1997b). Dever identifies late January through mid-Feb-
ruary and April through early May 1989 as periodswhen
correlation scales of u near the surface are short and
correlations with the wind are reduced at some sites.
During these two periods there are large fluctuations in
aBslay (Fig. 7), suggesting that short correlation scales
in cross-shelf velocity are associated with periods of
large 9Bs/ay variability. The alongshelf scale of about
10-15 km is smaller than the separation between major
topographic features (Point Reyes, Point Arena, and
Cape Mendocino) and is more consistent with mesoscale
variability, possibly associated with meandering or in-
stabilities of the alongshelf flow or offshore mesoscale
variability impinging on the shelf (Dever 1997b; Largier
et a. 1993).
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Fic. 7. Time series of terms in alongshelf momentum balance for the upper water column from
the SMILE/NCCCS observations: (a) fU, and 79/p, at C3s, (b) 9Bs/dy from temperature obser-
vations at C3s and C3n (separation 5 km) and C3s and M3 (separation 15 km), and (c) fUs and

79/p, + 9Bldy (estimate from C3s and C3n).

The SMILE/STRESS-1 results suggest that along-
shelf buoyancy gradients, along with the wind stress,
may account for the variability in u near the surface on
timescales of weeks to months (Fig. 4a). The SMILE/
NCCCS time series (Fig. 7) and the regression coeffi-
cient of 2.0 between fUs and 79/p, (Fig. 6) suggests
that dBs/dy is related to the wind stress. The generality
of these results remains unclear because accurate esti-
mates of dBs/dy for local balances are not availablefrom
the other datasets because the SMILE/STRESS esti-
mates indicate that mooring separations of 15 km or less

are needed. This uncertainty is compounded by the use
of temperature to estimate density gradients. Thereisa
clear need for a better characterization and understand-
ing of the density field at these longer timescales.

In contrast to the alongshelf momentum balance, es-
timates of fVsand 7/p, from the variousfield programs
are uncorrelated (correlation —0.03), and fVsand dBs/ax
are an order of magnitude larger than 7/p,, indicating
that thisis not an Ekman balance. Comparisons of either
fVs and 9Bs/ox or the terms in the thermal wind balance
(3) indicate that the cross-shelf momentum balance is
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Fic. 8. Time series of (a) alongshelf wind stress and (b) the two terms in the cross-shelf
component of the thermal wind balance (3), the observed shear dv/9z (estimated at C3n), and the
thermal wind shear —g(dp/ox)/p,f (estimated from temperature measurements at C2n and C4n) at
10-m depth. Positive thermal wind shears correspond to isopycnals sloping upward toward the

coast.

approximately geostrophic during CODE, SMILE, and
NCCCS. For example, the vertical shear between 10
and 45 m and the cross-shelf density difference (esti-
mated from temperature) at 10 m from the NCCCS ob-
servations are in close agreement (Fig. 8b; correlation
0.84; regression slope 1.11 + 0.03) considering the un-
certainty in estimating density from temperature and the
potential mismatch in scales between the vertical shear
estimate at C3n and the density difference estimate be-
tween C2n and C4n (separation 21 km). Differencesin
the amplitude of the observed shear and the thermal
wind shear are probably due in part to seasonal varia-

tionsin b (b, the constant used to estimate density gra-
dients from temperature gradients, may be smaller, e.g.,
in the fall of 1988). The discrepancies during the spring
of 1989 are probably due to poorly resolved mesoscale
variability identified and discussed by both Dever
(1997b) and Largier et al. (1993).

The cross-shelf and alongshelf momentum balances
in the upper water column provide a qualitatively con-
sistent picture of the low-frequency dynamics in the
upper water column. The weak, upwelling-favorable
winds drive an offshore Ekman transport in the upper
layer that causes the isopycnals to slope upward toward
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the coast. The resulting cross-shelf density gradient is
in thermal wind balance with the vertical shear in the
alongshelf velocity. Thus, both the cross-shelf density
gradient and the alongshelf velocity shear depend in part
on the strength, duration, and direction of the wind
stress, that is, upwelling and downwelling, and on the
strength of the stratification. The large positive vertical
shears in summer when winds are strongly and persis-
tently upwelling favorable (Fig. 8) is consistent with
this scenario. However, other factors, such as alongshelf
pressure gradients or mesoscal e variability, are probably
also important. For example, in August 1988 isopycnals
slope downward toward the coast even though the wind
stress is weakly upwelling favorable (Fig. 8).

b. Lower water column momentum balances

Vertically integrating the momentum balance fromthe
bottom (z = 0) to Z' in a new coordinate frame with the
x axis parallel to the bottom and z perpendicular to the
bottom, and making the same assumptions as in section
43, yields (Trowbridge and Lentz 1998)

aBP

—fve= -2 g f G-
b

fop = -8 T ©)
ay Po

where (U, V®) = ¢ (u — u', v — v') dzisthe near-bot-
tom transport anomaly, « = 0.005 is the bottom slope,
and (7, T%) is the bottom stress. The buoyancy anom-

ay is
f f gpdz dz.

The corresponding thermal wind balances are

_fa_v = g(&_p dp) ©)
9z po\ox oz
(M _ 9% ®
iz p,ay

A coordinate frame relative to the bottom is chosen
because thisis more easily compared with recent theory
(Garrett et al. 1993) and because cross-shelf density
gradients in this coordinate frame can be directly esti-
mated from subsurface moorings and bottom tripods at
sites in different water depths (e.g., C3s and C4s).
The STRESS-1 and STRESS-2 observations provide
the best datasets for investigating the momentum bal-
ances (5) and (6) in the lower water column. Transport
anomalies relative to the interior velocities at z, = 30
mab are estimated by trapezoidal integration using the
six to ten current time series in the lower 30 m (Fig.
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2). Bottom stresses are estimated using the BASS tripod
data and assuming a log profile [see Trowbridge and
Lentz (1998) for details]. The alongshelf buoyancy gra-
dient 9B®/9y is estimated from the temperature differ-
ence between C3n and C3s (separation 5 km) at ~15
mab during STRESS-1. Shorter time series of temper-
ature differences from instrument pairs 6 and 18 mab
are very similar (correlation 0.94). The cross-shelf
buoyancy gradient dB°/ox is estimated from a pair of
temperature/conductivity sensors at 19 mab on the
STRESS-2 C3s and C4s moorings (separation 8 km).
The cross-shelf density difference at 19 mab provides
an accurate estimate of the vertical integral because 12
pairs of temperature time series spanning the lower 30
m of the water column and a shorter time series of
density at 7 mab indicate that the temperature and den-
sity difference between C3s and C4s is vertically uni-
form over the lower 30 m of the water column on time-
scales of days to months.

Focusing first on the cross-shelf momentum balance
(5), the transport estimates V® at C3sand C4saresimilar
(correlation 0.75). The bottom stress estimates 7> at
C3s and C4s are not correlated but do have similar
magnitudes. The Coriolis term fV® (average of C3sand
C4s) and buoyancy force dB®/ox + ga [z (p — p;) dz
are correlated (0.74) and are both about an order of
magnitude larger than 7/p,, indicating that the lower
water column cross-shelf momentum balance is ap-
proximately geostrophic. Time series of the termsin the
thermal wind balance (7) arein close agreement at time-
scales longer than a week (correlation 0.82: Fig. 9),
indicating that the vertical structure of the along-isobath
flow is approximately geostrophic. At timescal esshorter
than a week, there is less agreement between the terms
in the thermal wind balance. (The time seriesin Fig. 9
have been low passed using a filter with a 33-h cutoff.)
The corresponding time-averaged alongshelf velocity
profilesfrom the three STRESS mooringsareal roughly
linear from 0.3 mab to 10—20 mab, and the slope match-
es estimates of the mean thermal wind shear [right-hand
side of (7)] from the STRESS-2 density measurements
at C3sand C4s(Fig. 10). The mean alongshelf velocities
near the bottom are weak, 1 cm st at C3s during both
STRESS-1 and STRESS-2 and 0 cm st at C4s. Recent
model studies suggest that for the case of adownwelling
favorable (poleward) flow there should be a tendency
for a shutdown or reduction of the near-bottom flow
and, hence the bottom stress (Trowbridge and Lentz
1991; Garrett et al. 1993; Middleton and Ramsden 1996;
Chapman and Lentz 1997). These observations provide
evidence for reduction of the near-bottom, along-isobath
flow, and hence bottom stress, in a manner consistent
with that proposed in these recent model studies. Spe-
cifically the models predict a roughly constant vertical
shear in the near-bottom along-isobath flow (Fig. 10)
that is balanced by a cross-shelf density gradient along
the bottom [Eq. (7); Figs. 9 and 10Q] resulting in a re-
duction or shutdown of the near-bottom flow (Fig. 10).
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The time seriesin Fig. 9 suggest a thermal wind bal-
ance at timescales of aweek or longer, but not at shorter
timescales. Spectra of the bottom stress (STRESS-1 and
STRESS-2) or near-bottom (15 mab) along-isobath cur-
rents (NCCCS and CODE), during fall and winter, reach
a maximum at periods between 10 and 50 days and
decrease for lower frequencies. Thereis also a decrease
at lower frequencies relative to the interior current (45
mab). While by no means conclusive, these results are
consistent with a shutdown time of order 10 days (50
days divided by 27). An estimate of the shutdown time
due to adjustment of the density field within the bottom
boundary layer is (Garrett et al. 1993)

1 (fY
2CoN\aN, )’

where C, is a bottom drag coefficient and N, is the
interior buoyancy frequency. Taking C, = 2.5 X 1073
for the interior flow (30 mab) from the log-profile bot-
tom stress estimates (Trowbridge and Lentz 1998), the
mean buoyancy frequency of N, = 0.007 s~* at 37 mab
from the density estimates, and « = 0.005 for the bottom
slope, yields a shutdown time of about 6 days, in close
agreement with the observed timescale. However, the
shutdown time is sensitive to N; and varies from 1 to
50 days for the range of N, observed (0.004-0.012 s71).

In the alongshelf momentum balance (6) weekly val-
ues of fU® and —7%/p, from C3s are correlated during
both STRESS-1 (correlation 0.86: Figs. 11aand 12) and
STRESS-2 (correlation 0.87). The regression slopes are
1.1 = 0.4 for STRESS-1 and 2.1 = 1.7 for STRESS-2.
However, in both STRESS-1 and STRESS-2 there are
large mean (time average over deployment) transports
(~0.5 X 10~ m? s~2) that are not balanced by the mean
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Fic. 11. Time series of terms in the alongshelf momentum balance over the lower water column:
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bottom stress assuming alinear drag law withr = 3.4 X 10-*ms-*and fU using only observations
at 13 and 30 mab are shown for comparison [(a) dotted lines].

bottom stresses (Figs. 11la and 12). Fluctuations in
dBr/gy are as large as fluctuations in 7%/p, during
STRESS-1 (Figs. 11ab), suggesting that alongshelf
buoyancy gradients are significant in the al ongshelf mo-
mentum balance within the lower water column. The
mean —odBP/dy is negative but only partially accounts
for the mean fU®. Additionally, —aBP/ay — 7/p, is
not as well correlated with fU® (correlation 0.66) as
™/p, adone (Fig. 11c). Uncertaintiesin 9B®/oy are large
due to estimating density from temperature, limited in-

formation on the vertical structure of the alongshelf den-
sity gradient, and uncertainty in the instrument depths.

Trowbridge and Lentz (1998) find lower correlations
between estimates of fUP™ within the bottom mixed
layer and —7™/p, (correlations ~0.5) during STRESS-1
and STRESS-2. However, the correlations are the same
as found here (~0.85) if the time series are low-pass
filtered to retain only variability at timescales of aweek
or longer. This indicates that the smaller correlation is
due to variability at timescales of days. Trowbridge and
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Lentz (1998) also find that including the buoyancy force
aBP/ay (within the bottom mixed layer) does not im-
prove the correlation. However, they find the time-av-
eraged alongshelf momentum balance within the bottom
mixed layer closes, in contrast to the large, unbalanced
Coriolis force found here. This suggests that the mean
Coriolis force is due to the cross-shelf flow above the
bottom mixed layer, that is, the steady, onshore flow in
the interior. Further evidence for a different set of dy-
namics in the region above the bottom mixed layer (typ-
ically 10—20 m thick) is a comparison of the mean cur-
rent profiles during upwelling (v; < 0) and downwelling
(v; > 0) favorable flows (Fig. 13). Within about 5 m of
the bottom, the mean cross-shelf flow is offshore during
downwelling and onshore during upwelling. However,
from about 10 to 30 mab the mean cross-shelf flow is
similar during upwelling and downwelling favorable
alongshelf flows. In particular there is a positive mean
shear in both cases, suggesting a different set of dy-
namics from the near-bottom flow.

The STRESS data, and particularly the bottom tripod
measurements, are not very long (2—3 months) relative
to the timescales of interest. To extend the available
data, bottom stresses and cross-shelf transports are es-
timated using the CODE and NCCCS observations. Bot-
tom stress is estimated using the current measurements
at approximately 15 mab and a linear drag law with a
linear drag coefficient of r = 3.4 X 10-* m s *. This
drag coefficient gave the best fit between log-profile
estimates of the alongshelf component of bottom stress

and the alongshelf current at 13 mab for weekly aver-
ages during the two STRESS studies (correlation 0.83;
Fig. 11a, dotted line). Use of aquadratic drag law gives
similar results. Cross-isobath transports relative to the
interior velocity are estimated from two current mea-
surements, 15 and 35 mab (CODE) or 15 and 45 mab
(NCCCYS), assuming a vertically uniform interior ve-
locity from 30 to 45 mab, alinearly sloping profile from
30 to 6 mab, and a vertically uniform velocity from O
to 6 mab, based on the STRESS-1 and STRESS-2 cross-
shelf velocity profiles (Fig. 2). The transport estimates
are not very sensitive to the details of the assumed ver-
tical structure. For the STRESS observations, assuming
this vertical structure and using only the current obser-
vations at 13 and 30 mab to estimate transports, yields
estimates that are well correlated with the transport es-
timates using all the current observations (0.89 signif-
icant at the 99% confidence level: Fig. 11a, dotted line)
with a regression slope of 0.91 + 0.17.

Weekly estimates of fU® and —7%/p, from al the
available data are correlated (0.63: Fig. 12). Linear re-
gression analysis indicates that fU® is 2.2 = 0.6 times
larger than —7%/p,, and there is an intercept of —0.3
+ 0.2 m? s2. However, the relationship between fUP
and —7%/p, appears to be different during the winter
of 1981/82 and fall of 1982 (X symbols in Fig. 12).
Excluding the winter of 1981/82 and fall of 1982 pe-
riods, the correlation between fUP and —7%/p, is 0.81,
thelinear regression slopeis 2.4 = 0.4, and the intercept
is —0.4 = 0.2 m? s2. During the winter of 1981/82 and
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fall of 1982 the correlation is 0.70, the slope is 1.3 =
0.6, and the intercept is essentially zero (—0.1 = 0.3
m?2 s~2). The cause of this difference in the relationship
between fU® and —7/p, during the winter of 1981/82
and fall of 1982 isnot known. One possibility, suggested
by the time seriesin Fig. 11, isthat the alongshelf buoy-
ancy gradient 0B°/dy is small during the winter of 1981/
82 and fall of 1982 and large at other times. Near-bottom
estimates of 9B®/gy are only available for STRESS-1
(discussed above) and during CODE. Estimates from
the CODE C3 and R3 temperatures (separation 26 km)
at 15 mab (again assuming the temperature difference
is vertically uniform over the lower layer) are not cor-
related with the difference between fU® and —7%/p,
and do not account for the change in the relationship.
As observed for the upper water column, the C3 and
R3 moorings sites may be too far apart to estimate a
local 9BP/dy accurately.

The correlation between fU® and —7%/p, for the
CODE and NCCCS observations should be cautiously
interpreted. The bottom stress estimates are proportional
to the alongshelf flow and the cross-shelf transport es-
timates are proportional to the cross-shelf flow, so any
dynamics that resulted in veering near the bottom would
yield asignificant correlation. Neverthelesstheavailable
observations suggest that, except during the winter of
1981/82 and fall of 1982, either the bottom stress es-
timates (from log profiles or a linear drag law) are too
small by a factor of 2-3, or some other term in the
momentum balance is important. It remains unclear

whether 9B®/dy is important because there is very little
data available for estimating oB®/ay, the appropriate
scales for estimating 9B®/oy are not known, and the
available data is limited to temperature rather density
which may introduce significant uncertainty in the es-
timates. The limited available data suggest that 0B°/dy
may be substantial and may account, in part, for the
discrepancy between the meansof fUPand —r%/p, (Fig.
11).

5. Summary

Fall and winter mean current profilesfor five different
years from a midshelf site (water depth ~90 m) off
northern California exhibit a consistent vertical struc-
ture. The alongshelf flow is poleward throughout the
water column, with a maximum velocity of 5-10 cm
s 1, often at middepth. Thereisan offshoreflow of about
2 cm st in the upper 20-30 m, an onshore flow of
about 2 cm s* in the interior (depths 35-65 m), and
an offshore flow of about 1 cm s* within 20 m of the
bottom. A key result of this study isthat the mean cross-
shelf current profiles do not vary from year to year or
from fall to winter (Fig. 2). The mean current profiles
are characteristic of timescales from weeks to months
(Fig. 4). Similar fall and winter mean current profiles
are observed at other midshelf locations along the coast
of California and off Peru (Fig. 3).

For timescales of weeks to months, the dynamics are
quasi-steady in the sense that accelerations are small
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compared to other terms in the momentum balances.
The vertical shear in the alongshelf flow is approxi-
mately geostrophic throughout the water column, that
is, in thermal wind balance with the cross-shelf density
gradient (Figs. 8, 9, and 10). Thus periods when the
alongshelf flow decreases toward the surface correspond
to isopycnals sloping upward toward the coast. Thisis
consistent with the weak, mean upwelling-favorable
wind stresses (Table 1) and the corresponding offshore
transport in the upper water column (Fig. 2), though
other factors also influence the cross-shelf structure of
the density field. The decrease in the alongshelf flow
toward the bottom corresponds to isopycnals sloping
downward toward the coast near the bottom, qualita-
tively consistent with the offshore flow near the bottom
(Fig. 2). The downward sloping isopycnals result in
small near-bottom alongshelf currents and bottom
stresses. This provides some of the first observational
evidence for an adjustment of the flow and density fields
near the bottom that results in a reduction of the along-
isobath velocity at the bottom, and hence the bottom
stress.

The dynamics associated with the vertical structure
of the cross-shelf flow are less clear. Offshore transports
in the upper and lower water column, relative to the
onshore interior flow, are correlated with the surface
and bottom stresses. However, in both cases the stresses
are generally too small by afactor of about 2 to account
for the offshore transports as simple Ekman transports.
In the lower water column, there is also a mean (time
average over deployment periods) offshore transport
that is not balanced by bottom stress (except during the
winter of 1981/82 and fall of 1982). Limited data sug-
gests that alongshelf buoyancy gradients, estimated
from moorings separated by 5-15 km, in both the upper
and lower water column can be substantial and may
account for some of the discrepancies between the Cor-
iolis force and the applied stress.

At the beginning of section 4 a simple dynamical
interpretation of the mean current profiles was proposed
in which abarotropic alongshelf pressure gradient drove
a poleward alongshelf flow that was opposed by both
the wind stress and the bottom stress, and that the wind
stess and bottom stress drove the observed near-surface
and near-bottom offshore transports (relative to the geo-
strophic interior). The observed momentum balances
differ from this simple interpretation primarily in the
importance of density gradients. The vertical shear in
the along-isobath flow is almost entirely balanced by
cross-shelf density gradients. The estimated wind stress
and bottom stress are not large enough to account for
the observed offshore transports (relative to the interi-
or), and limited data suggest that along-isobath density
gradients are important. These results suggest that the
low-frequency flow is intimately linked to the density
field and that a better understanding of the character of
the low-frequency density field and the processes that
establish that density field are needed.
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