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ABSTRACT

Sixty-day simulations of flow on the Oregon continental shelf are performed using the Blumberg and Mellor
sigma coordinate, primitive equation model. The model is two-dimensional (an across-shelf section ) with high
spatial resolution and realistic shelf topography. Forcing consists of surface heat flux, either hourly or low-pass
filtered wind stress, and in one case, a constant alongshore pressure gradient. Model results are compared with
current and hydrographic measurements from the CUE-2 program. The horizontal scale of the alongshore
coastal jet is significantly influenced by the structure of the initial density and velocity fields. The model successfully
reproduces the vertical shear in the alongshore velocity field v, but the model’s mean v field is too strongly
southward, and the variance in both the u and v fields is underpredicted. Inclusion of the alongshore pressure
gradient, while improving prediction of the mean alongshore velocities, does not improve the model-data
correlation. The time-mean model density agrees with observations at middepths over the shelf, but shows
larger values than observed near the surface. The results demonstrate the importance of including a surface
heat flux and of specifying realistic initial density and alongshore velocity fields.

i. Introduction

The Blumberg and Mellor (1987) primitive equation
model, with its use of sigma coordinates and embedded
turbulence closure scheme, is widely used to study a
variety of problems in estuarine and coastal flows. This
and other numerical models are clearly of value for
process studies where geometry and forcing are ideal-
ized. However, success in using numerical models for
simulations of real continental shelf flow fields has been
rather limited. In an effort to overcome two particular
limitations of previous modeling efforts, the lack of
sufficient resolution and overly simplified turbulent
mixing parameterizations, we apply a high-resolution,
two-dimensional version of the Blumberg and Mellor
model to flow over the Oregon continental shelf, using
realistic shelf topography and wind forcing from the
1973 Coastal Upwelling Experiment (CUE-2), and in-
itializing with the observed density field. In Allen et al.
(1995), hereafter referred to as Part 1, the model’s re-
sponse to idealized forcing is examined. In this study,
the model is forced with the observed hourly wind stress
and surface heat flux and in one case with an additional
constant alongshore pressure gradient. The results are
compared with measured current and density fields.
Additional experiments are performed to investigate
the model’s response to different specifications of the

Corresponding author address: Prof. . S. Allen, College of Oceanic
and Atmospheric Sciences, Oregon State University, Oceanography
Admin. Bldg. 104, Corvallis, OR 97331-5503.

© 1995 American Meteorological Society

wind forcing, including a low-pass filtered version of
the wind stress, wind stress calculated from measure-
ments at a nearby shore station, and wind stress that
varies across the shelf. Although the shelf flow field off
the Oregon coast is known to be three-dimensional so
that direct model-data comparisons have limited ap-
plicability, two-dimensional studies are clearly impor-
tant prerequisites for more complicated three-dimen-
sional applications.

A general understanding of the summer upwelling
circulation on the Oregon shelf has emerged from the
CUE-2 study and from subsequent measurements. The
CUE-2 program involved hydrographic and current
measurements and included a line of current meter
moorings and CTD surveys at 45°15'N during July
and August of 1973 (e.g., see Smith 1981; Huyer 1976).
Along the Oregon coast the upwelling season usually
occurs from April through September. Upwelling fa-
vorable alongshore winds with velocities of up to 8
m s™! occur intermittently throughout the season on
timescales of 3-7 days, causing discrete upwelling and
relaxation events. The upwelling flow field is charac-
terized by a southward coastal jet structure in the
alongshore current, extending across most of the ap-
proximately 25-km wide shelf. Stratification is quite
high (Ao, ~ 2 kg m™ over the top 200 m), due in part
to the Columbia River plume, and the coastal jet is
surface intensified. The strong stratification allows the
formation of surface fronts related to upwelling and
relaxation cycles. A poleward undercurrent is often seen
over the upper slope and outer shelf but may be weak
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or nonexistent during strong upwelling events (Smith
1981).

In spite of the intensive analysis of the CUE-2 data
(e.g., see references in Smith 1981; Huyer 1983) many
questions remain unresolved about the nature of the
flow, particularly about the across-shelf circulation, the
turbulent mixing and stability of the flow in the surface
and bottom boundary layers and in the upwelling front,
and the three-dimensional characteristics of the cir-
culation. Some of these questions can be addressed by
numerical modeling, although so far, models with ad-
equate resolution have been limited to two-dimensional
geometries. This study goes beyond previous modeling
efforts of the Pacific Northwest shelf in the use of re-
alistic shelf bottom topography, high spatial resolution,
and inclusion of a turbulence closure submodel.

Hickey and Hamilton (1980) applied the two-di-
mensional nonlinear model of Hamilton and Rattray
(1978) to time-dependent flow over the Oregon shelf.
They compared results from a rather coarse-resolution
model (4 km horizontally and 12.5 m vertically) to
CTD and current meter measurements from the WISP
experiment during February and March of 1975. It
was found that the model had limited capability for
reproducing the observed density field for periods of
more than a few days, and grossly underpredicted the
energy in the alongshore flow. The coarse vertical res-
olution precluded an evaluation of the role of vertical
mixing. Using a linearized version of the same two-
dimensional model in a subsequent study of seasonal
timescale variability, Werner and Hickey (1983 ) found
that imposing a constant alongshore pressure gradient
improved prediction of the undercurrent that is present
in time-averaged observations. In another study of
time-averaged flow, Mellor (1986) used a two-dimen-
sional version of the Blumberg and Mellor (1987)
model to study the climatological mean features of
California coastal waters. He also prescribed an along-
shore pressure gradient, applied as a sea surface ele-
vation gradient plus a density gradient, and found that
with the alongshore pressure gradient, the model pro-
duced a poleward undercurrent.

_In a two-dimensional modeling study, Chen and

Wang (1990) performed a 103-day simulation of flow
on the Northern California shelf during the 1982
Coastal Ocean Dynamics Experiment (CODE 2). They
used a nonlinear finite-difference primitive equation
model with a level-2 Mellor-Yamada turbulence clo-
sure scheme, a rectangular Cartesian coordinate grid
with horizontal resolution of 2 km, and a vertical res-
olution that was 2.5 m in the surface boundary layer
and varied from 5 to 180 m below the boundary layer.
The model was able to reproduce the observed density
field and the alongshore velocity fluctuations remark-
ably well, but the model’s alongshore velocity was too
high and the observed undercurrent was not produced.
The model also had limited success predicting across-
shelf flow below the mixed layer. They speculated that
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inclusion of an alongshore pressure gradient might im-
prove the fit to the data by slowing the southward
alongshore jet and balancing an across-shelf return flow
in the interior. A recent study by Zamudio and Lopez
(1994) extended a version of the Chen and Wang
(1990) model to include alongshore pressure fluctua-
tions calculated from a linear coastally trapped wave
model. They found that including the alongshore pres-
sure gradient produced slightly higher correlations be-
tween model and observed alongshore velocities, but
at the cost of reducing the already underpredicted
standard deviations of both « and v velocities. Corre-
lations between the model and observed u velocities
were not substantially affected by including the along-
shore pressure gradient.

A timé-dependent alongshore pressure gradient un-
doubtedly plays a role in the coastal dynamics of the
Pacific Northwest, as illustrated by estimates of ob-
served momentum balances (Allen and Smith 1981;
Hickey 1984) and by the success of coastally trapped
wave models (Halliwell and Allen 1984; Battisti and
Hickey 1984) in predicting the time variation of coastal
sea level and alongshore currents. We test whether in-
clusion of a simple, time-invariant pressure gradient
can improve the simulation of event-scale dynamics
in a two-dimensional model.

We pursue here a study of the circulation over the
Oregon continental shelf by application of the Blum-
berg-Mellor (1987) model to two-dimensional simu-
lations of upwelling flows during CUE-2. We believe
that two-dimensional model simulations and direct
model-data comparisons are useful to assess modeling
capabilities and are necessary precursors to three-di-
mensional simulations. The organization of this paper
is as follows. The model initialization and forcing is
described in section 2. Results of the experiments are
presented in section 3. In section 4, model results are
compared with observations from the CUE-2 experi-
ment. A discussion and summary are given in sec-
tion 5.

2. Model initialization and forcing

The model equations and boundary conditions are
described in Part 1, sections 2 and 3. The horizontal
across-shelf coordinate is x with (u, v) the horizontal
across-shelf and alongshore velocity components, re-
spectively. The vertical coordinate is o, and w is a ve-
locity component normal to ¢ surfaces. The domain
(Fig. 1) is 100 km wide with a maximum depth of 500
m and is bounded offshore by a rigid wall. Horizontal
grid spacing is 0.5 km. In the vertical, uniform grid
spacing in ¢ with 60 grid intervals is used, so that the
vertical resolution varies from 0.17 m at the coast to
8.33 m where the water depth is 500 m. Potential den-
sity g, is used as in Part 1 in place of temperature and
salinity.

Model experiments cover the 60-day period, 29
June-28 August 1973, of the CUE-2 measurement
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F1G. 1. The model domain and the density o, and associated geo-
strophic alongshore velocity v used for initializing model runs. The
contour intervals are Ag, = 0.5 kg m™ and Avg = 0.1 m s\, The
location of the Carnation and buoy B moorings at the 100-m isobath
is indicated by C.

program:. Hydrographic CTD surveys (Huyer and Gil-
bert 1974) of an across-shelf section at 45°15’N provide
data for initialization of the model and for comparison
with model output on days 15 and 55 of the experi-
ments. Potential density is computed from the CTD
temperature and salinity measurements using the
standard UNESCO (1983) formulas. Data from the
CTD surveys, which extended to 85 km offshore with
typical station spacing of 8 km over the shelf (4 km
inshore of about 20 km), are gridded using objective
mapping with correlation scales of 11 km horizontally
and 10 m vertically. Measurements from the farthest
offshore station (85 km offshore) are extrapolated un-
changed out to 100 km. The horizontal average of the
potential density from the 29 June survey is used in
Part 1 to initialize the basic-case experiment and is
used here to initialize an additional experiment that is
started from rest. A

The alongshore velocity component v is initialized
by computing geostrophic velocities from the initial
density field, using 500 m as a level of no motion and
extrapolating to shallower water using the method of
Reid and Mantyla (1976). Across-shelf velocity u is
initialized to zero. Initial potential density ¢, and
alongshore velocity v fields are shown in Fig. 1. Also
indicated in Fig. 1 is the location of the Carnation and
adjacent buoy B moorings at the 100-m isobath. Ve-
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locity measurements at depths of 20.2, 40.4, 60.6, 80.8,
and 95.9 m from the Carnation mooring (Pillsbury et
al. 1974) and at depths of 3.4, 9.9, and 16.3 m from
buoy B (Halpern et al. 1974) are used for comparison
with the model output. Winds were measured at buoy
B and at Newport (Pittock et al. 1982), located on the
coast about 50 km south of the model section. Solar
radiation was also measured at buoy B (Reed and Hal-
pern 1974).

The model is forced with north and east components
of hourly wind stress, calculated from wind measurements
by the method of Large and Pond (1981). In all but one
experiment, wind stress calculated from winds measured
at buoy B is used. Buoy B wind speed is adjusted to 10-
m height using a factor of 1.17, as in Halpern (1976a).
Since the model simulation period begins six days before
the buoy B measurements, Newport wind stress is used
for the first six days. Correlation of buoy B and Newport
alongshore wind stress is 0.90 and the means and standard
deviations over the common period, 5 July-28 August,
are —0.47 +0.83 dyn cm™? and —0.28 + 0.55 dyn cm™2,
respectively. For the initial six days the winds are weak,
so the Newport wind stress is used without adjustment
for the difference in variance, No coordinate rotation is
used due to the north-south coastal orientation. The wind
field is taken to be spatially uniform, except for one ex-
periment in which a wind stress curl is approximated by
linearly interpolating the wind stress from buoy B values
13 km offshore to Newport values at the coast, and using
buoy B wind stress offshore of 13 km.

For the experiments where heat flux is included, a uni-
form diurnal cycle with daily average of 166 W m™2 is
applied. This value is an estimate (Lentz 1992) of the
seasonally averaged net heat flux based on measurements
at buoy B during the CUE-2 experiment. The actual mea-
surements do not cover the entire 60-day period of the
model runs, so we construct a typical daily cycle with a
range of 524 W m™. Strictly speaking, only the solar in-
solation component of the net heat flux has a diurnal cycle,
but the sensible, latent and longwave radiation components
are relatively small. The heat flux is applied as described
in Part 1 [Egs. (2.1d), (2.6d), and (2.10)] with a net flux
of @y = 166 W m™ and an extinction depth A, = 7.87
m. This Jerlov (1976) type 1l depth attenuation is ap-
propriate for relatively turbid coastal waters.

To estimate the additional buoyancy supplied by
the Columbia River plume, we idealize the summer
plume as approximately 30 km wide and 10 m deep,
with a north-south gradient of 0.01 psu km™! (based
on figures in Huyer 1977, 1983 and Huyer 1994, per-
sonal communication ). Mean surface velocity is about
0.4 m s~! southward. Assuming further that the effect
of this buoyancy flux is distributed evenly over the 100-
km wide domain, the equivalent daily average surface
heat flux is 134 W m~2, roughly comparable to the
solar heating. Accordingly, in one experiment the net
surface heat flux is doubled.
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TABLE 1. CUE-2 model experiments. The potential density field from the CUE-2 CTD survey of 29 June 1973 is denoted by ¢;c. The
corresponding geostrophic velocity is denoted by . For the wind stress components 7 and 7%, B indicates measurements at buoy B.

Qo Py/po Initial
Experiment (Wm™?) (ms7?) ™, 70 conditions

Q 166 0 B hourly a1, Vie
NQ 0 0 B hourly oic, Vic
Q+P, 166 -3.9x 1077 B hourly aic, Ve
Qi 166 0 B hourly horiz. avg. oyc, v =0
2Q 332 0 B hourly ¢ ac, Vic
Q. 166 0 B low-passed ac, Ve

- 166 0 Newport hourly o1c, Vic
Qvxr 166 0 B-Newport hourly o1c, Vi

The two-dimensional formulation of the model al-
lows consistent specification of an alongshore pressure
gradient that is independent of the across-shelf and
depth spatial coordinates. Although previous studies
have suggested that an alongshore pressure gradient
may be important in the seasonal dynamics, it is not
obvious that the simplified formulation allowed in the
two-dimensional approximation will improve the sim-
ulation of variability on shorter than seasonal time-
scales. To examine the effects of such a pressure gra-
dient, we include a constant alongshore pressure gra-
dient in one experiment, choosing the magnitude so
that an interior across-shelf flow distributed uniformly
over scale depth Hsp would balance the Ekman trans-
port due to the mean wind stress. The mean alongshore
wind stress over the 60-day experimental period is
79 = —0.40 dyn cm™2. With an assumed scale depth
HSD =100 m, we obtainpy/po =7 (y)/(poHSD) =—-3.90
X 107" m s72.
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FIG. 2. Hourly wind stress at buoy B and at Newport for the du-
ration of the 60-day runs. Across-shelf components () are positive
eastward (onshore) and alongshelf components (%) are positive
northward.

3. Numerical experiments

We concentrate on the results from three main ex-
periments, all initialized with the observed density and
corresponding geostrophic alongshore velocity, and all
forced with the buoy B hourly wind stress. The basic-
case experiment, referred to as the Q experiment, has
a surface heat flux applied (a uniform diurnal cycle
with daily average of 166 W m™2). No heat flux is im-
posed in the NQ experiment. Experiment Q + P, is
forced with the same heat flux as Q plus a constant
alongshore pressure gradient. In addition, the effects
of different initial conditions are examined in an ex-
periment Q,; that is started from a state of rest with
horizontally uniform stratification. Experiment 2Q has
twice the surface heat flux of Q to simulate the addi-
tional buoyancy forcing provided by the Columbia
River plume. Results of three other experiments illus-
trate the effects of varying the wind forcing. Experiment
Q,,, is forced with buoy B low-pass filtered wind stress,
experiment Q,, uses Newport hourly wind stress, and
experiment Qy,, uses wind stress that varies across-shelf
from buoy B values offshore of 13 km to Newport values
at the coast. The experiments are summarized in Table
1. Except where noted, model output is averaged over an
inertial period and hourly time series are low-pass filtered
using a Cosine-Lanczos filter (Denbo et al. 1984), which
has a half power point of 46.6 hours.

The hourly wind stress components at buoy B and
Newport over the 60-day period, 29 June-28 August,
are shown in Fig. 2. There were two strong upwelling
(negative = ) events, a 5-day event from days 12-17
(11-16 July), and a period of lighter but more sustained
upwelling winds from days 27-38 (26 July-5 August).
Between these events winds were generally weaker and
variable in direction.

a. Model response from the Q experiment

The model response over the continental shelf for
the Q experiment is shown in Fig. 3 for days 15, 25,
and 35, which represent both strong upwelling episodes
and the interim period of light winds. On day 15, fol-
lowing the first strong upwelling event, isopycnals are
upwelled near the coast and the southward jet present
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in the initial conditions has strengthened considerably.
Across-shelf circulation shown by the streamfunction
¢ indicates offshore Ekman transport near the surface
and onshore return flow concentrated in a bottom
boundary layer. A front in the alongshore velocity has
developed 10-12 km offshore. In the same location,
an abrupt thickening of the surface boundary layer oc-
curs as near-surface streamlines for the offshore flow
experience a dramatic downward excursion as they
cross the frontal region. These frontal features are pres-
ent to some extent in the experiments in Part 1, forced
with a constant wind stress, but are much more prom-
inent here (see, e.g., Part 1, Fig. 5). The largest values
of turbulent kinetic energy 3¢ occur in the core of the
alongshore jet 12-28 km from the coast. On day
25, during the period of light winds, the upper 10 m
of the water column has restratified due to onshore
advection and surface heating. Alongshore jet velocities
have slackened and no sharp velocity front is seen. The
across-shelf circulation shows weak upwelling with
complicated structure. A small counterrotating cell has
developed in the lower water column 12-16 km off-
shore. Turbulent kinetic energy is low. On day 35,
alongshore velocities have a maximum value close to
those on day 15, but the core of the jet has widened
and moved offshore and the velocity front is absent.
The surface mixed layer has deepened. The across-shelf
circulation is weaker than that seen on day 15, reflecting
the lighter wind stress. On days 15 and 35, turbulence
q° values are elevated throughout the top and bottom
boundary layers apparently associated with the regions
of largest vertical shear in v.

We note that the major qualitative difference be-
tween the Qux, experiment with wind stress curl and
the Q experiment is the sharpness of the alongshore
velocity front on day 15. In Qyx,, the velocity front is
about twice as wide as in the Q experiment. The jet
tends to be more symmetric and is centered about 20
km offshore. Even though the velocity front is wider
in Qv ., the across-shelf circulation is very similar in
the two experiments, both exhibiting the sharp jump
in mixed layer depth through the frontal region.

" Further details of the model’s response to the first
strong wind event can be seen in Fig. 4, which shows
the a4, v, ¥, g°, and K, fields from experiment Q on
days 12, 14, and 18. The strongest forcing occurs on
days 13 and 14, with a sustained wind stress of about
3 dyn cm™2. Prior to the strongest winds, on day 12
the model oy and v fields look similar to the initial
conditions (Fig. 2). Across-shelf circulation is orderly,
with offshore flow in a thin surface layer and onshore
flow distributed uniformly through the interior. The
day 14 fields show sharply upwelled isopycnals and a
surface mixed layer that increases in depth toward the
coast to a maximum depth of about 40 m, 10 km off-
shore. The across-shelf circulation is nearly three times
stronger than on day 12, and the onshore return flow
has become more concentrated in a bottom boundary
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layer. The surface boundary layer defined by the off-
shore flow shows an increase in thickness between 8
and 12 km offshore. This feature develops into an
abrupt jump by day 15 (Fig. 3). The sharp front in v,
which is seen on day 15 (Fig. 3), is not yet fully de-
veloped on day 14, suggesting that relaxation of the
wind stress contributes to its development. This might
explain why such sharp velocity fronts were not seen
in Part 1, where the wind stress was held constant.
Dynamics of the frontal development wili be discussed
in section 3c. Between days 15 and 18, under a weaker
but still upwelling favorable wind stress, velocites in
the alongshore jet are slightly reduced and the jet’s in-
shore edge moves farther offshore. The across-shelf cir-
culation responds quickly to the weakening wind stress
after day 14, and by day 18 is devoid of structure.

b. Model responses from all experiments

Shown in Fig. 5 for the Q experiment are geostrophic
velocities (vg) computed from the model density [ref-
erenced to model v at middepth, as described in Part
1, Eq. (4.3)] and the absolute value of the difference,
v — vg|. Although the geostrophic velocity field looks
much like the total velocity field in Fig. 3, the along-
shore velocity field deviates from the geostrophic ve-
locity by up to about 5 cm s™! in the interior on days
15 and 25 (note the different contour levels for v and
|v — vg|). By day 35, the alongshore jet is in geo-
strophic balance almost everywhere except in the sur-
face and bottom boundary layers, similar to the results
from the constant wind forcing cases in Part 1. The
nongeostrophic component is introduced by the high-
frequency component of the wind stress; by compari-
son, the [v — vg| fields from the Q, experiment (Fig.
5) show that a nearly geostrophic jet is produced out-
side of the boundary layers on all three days. Analysis
of the balance of terms in Q shows that the nongeo-
strophic component of v in the interior is balanced by
the time derivative of . In the surface boundary layer,
the nongeostrophic v is balanced by both the time de-
rivative and the nonlinear advection, and in the bottom
boundary layer, v is negligible compared to advection
and diffusion.

Sixty-day averages of the g, v, ¥, and ¢ fields from
experiments NQ, @, Q. , and Q; are shown in Fig. 6.
The main differences between the Q and NQ experi-
ments are the lower near-surface density gradients and
the deeper surface boundary layer (shown by the ¢ and
g* fields) in NQ. The streamlines for the NO and Q
experiments indicate similar offshore transport despite
the differences in surface mixed layer depth. The up-
welling into the surface layer primarily occurs close to
the coast through the bottom boundary layer. The use
of low-pass filtered wind stress in Q. produces mean
fields nearly identical to those of @, except for slightly
lower surface values of g% and small differences in the
across-shelf circulation. For Qy, initialized with level
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FIG. 4. Fields from the Q experiment at days 12, 14, and 18. Contour intervals as in Fig. 3.

isopycnals and zero velocities, the mean stratification
is higher and the alongshore velocity jet is much nar-
rower, similar to the jet in the basic-case experiment
of Part 1. This demonstrates that in Q the wider jet
prescribed by the initial density field persists and defines
the jet scale through the entire 60-day run. The mean

across-shelf circulation in Q; shows somewhat more
upwelling of fluid into the surface layer from the in-
terior over the shelf.

For a better perspective on the time evolution of the
model fields, og, v, #, and g? from the Q experiment
are contoured as functions of time and depth at the
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100-m isobath in Fig. 7. The time variation of o, shows
that the stratification erodes dramatically during the
first upwelling event and is only partly regenerated by
the surface heating. Alongshore velocities are spun up
over the whole water column on days 13-14 and relax
slowly over a 5-8-day period when the wind dies down
on day 15. The across-shelf velocity u develops a com-
plicated structure in the interior between days 15 and
30, characterized by variations on vertical scales of 10—
30 m and timescales of 3-6 days. This structure in u
is related to the nongeostrophic component of v shown
in Fig. 5. Elevated values of turbulent kinetic energy
are found throughout the surface and bottom boundary
layers, corresponding closely to the regions where the
across-shelf flow is largest. Similar plots of the u ve-
locities from the NQ, ‘Q,,, and Q,, experiments are
shown in Fig. 8. A deeper surface boundary layer de-
velops in NQ in response to the first wind event around
day 13. As a consequence, near-surface offshore veloc-
ities on days 25-40 extend to a greater depth and are
much smaller in NQ than those seen in the experiments
with surface heating. The bottom boundary layer is
virtually unaffected by surface heating. The across-shelf

circulation between days 15 and 30 of the NQ exper-
iment exhibits complex structure in the interior, as seen
in the Q experiment. Forcing with either low-pass fil-
tered buoy B wind stress in Q,, or the weaker hourly
Newport wind stress in Q,, has the effect of nearly
eliminating this small-scale structure. While Q,,, pro-
duces flow in the boundary layers very similar to that
produced by experiment Q, u velocities in the interior
between days 15 and 30 are nearly zero. In Q,,, the
surface boundary layer transport is noticeably smaller
and the interior flow is weaker.

As a concise way of comparing the major features
of the various experiments, profiles of the 60-day av-
eraged fields of u, v, gy, g2, and K, at the 100-m isobath
are shown in Fig. 9. The NQ experiment has a deep
(60 m) mean surface turbulent boundary layer, with
K, values nearly four times larger than those from Q
(note the difference in scale for Kj,). The depth of this
surface boundary layer is about three times greater than
the mean boundary layer in Q (25 m) and the observed
boundary layer (approximately 20 m) defined by the
zero crossing of the observed mean u velocities (see
Figs. 15 and 16). The experiment Q,  gives results
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nearly identical to Q for these time-averaged variables,
except that O, has smaller values of g* and K, in the
interior. Experiment Q,, shows generally smaller
across-shelf velocities and greatly reduced ¢? and K,
in the boundary layers. Inclusion of the alongshore
pressure gradient (experiment Q + P, ) results in lower
alongshore jet velocities and distribution of the across-
shelf return flow in the interior, mostly between depths
of 40 and 80 m, rather than in a bottom boundary
layer. Compared to 0 and Q,, , turbulence levels near
the bottom are reduced in Q,, and in @ + P, due to
the smaller velocities in the bottom boundary layer in
those cases.

The depth-integrated offshore transport [defined as
in Part 1, Eq. (4.2)] as a function of time and across-
shelf distance is shown in Fig. 10 for the Q and Qv

experiments. Predicted Ekman transports, 7/ pf,
from buoy B wind stress averaged over the preceding
24 hours are shown by the black bars. Since the model
requires the vertically integrated across-shelf transport
to be zero, local maxima in transport must represent
recirculation in the (x, z) plane. Focusing first on the
Q experiment, we see that during strong upwelling
winds (days 15, 30, and 35), the transport increases
rapidly in the region 0-6 km from the coast, to a value
near the expected Ekman transport. Further increases
sometimes occur out to around 30 km offshore. For
example, on day 35, beyond 10 km offshore, surface
layer transport continues to increase gradually across
the shelf (see Fig. 3). It is notable that there are times,
for example, on days 20 and 25, when the offshore
transport over much of the shelf differs considerably
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from the Ekman value. This situation evidently re-
sults from complex across-shelf circulation patterns
as shown in the ¢ field on day 25 in Fig. 3. In the
60-day averages shown in the top panel, local max-
ima average out and model transport is very close to
the predicted Ekman transport. The Qv experiment
develops across-shelf transport distributed across the
shelf much like in Q, suggesting that the horizontal
scale over which the Ekman transport develops is
determined more by the topography and presence of
the coast rather than by a near-shore curl of the wind
stress.

¢. Balance of terms from the Q experiment

We examine the balance of terms in the alongshore
momentum v equation [Eq. (2.1c)in Part 1] and in
the density o, equation [Eq. (2.1d) in Part 1] for
experiment Q. The analysis of the balance of terms

! contours are bold, zero contour not shown).

is first presented as a function of time at the 100-m
isobath and then as a function of space on a near-
surface across-shelf section for selected days. In Fig.
11, low-pass filtered time series of v and o, equation
terms are shown at depths of 3, 10, 20, 50, and 96
m at the 100-m isobath. Although the balances are
strongly time dependent, each upwelling event sets
up essentially the same balance of terms, varying
primarily in magnitude and duration. Only the first
upwelling event is shown. For the discussion here,
we adopt the simplified notation used in Part 1 [Eq.
(6.2)], where for example, v, represents H'd(vD)/
dt [where H(x) is bottom depth, 5(x, ¢) is surface
elevation and D = H + 5]. As in Part 1, the signs of
v; and (gy), are positive and the sum of all terms
equals zero. The horizontal diffusion terms are neg-
ligible in both the v and ¢y equations.

In the v equation, at 3 m, the vertical diffusion term
—(Kuv.), closely follows the time variation of the
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alongshore wind stress with opposite sign. It is almost
completely balanced by the Coriolis force term fu, as
in a linear Ekman layer. A similar balance but with
the signs reversed is found at 96-m depth in the bottom
boundary layer, only smoothed and slightly lagged in
time. The acceleration v, is generally much smaller than
the vertical diffusion and Coriolis force terms. Nonlin-
ear advection, (uv), + (wv),, generally varies in sign
in the surface boundary layer and contributes signifi-
cantly to the overall balance during and immediately
following the strong wind event. Its role can be more
easily understood in the across-shelf sections discussed
below. In the interior, all terms are smaller. The ac-
celeration of the alongshore jet at 50 m (the large neg-
ative v, from days 12-16) is caused by a sequence of
positive peaks in three different terms. On day 13, fu
peaks, while u is part of the interior onshore flow (this
can be seen in Fig. 7). On day .14 nonlinear advection
reaches a maximum as the across-shelf flow changes
direction to become part of the near-surface offshore
flow. Finally, diffusion dominates on day 15 as the
fluid at a depth of 50 m is engulfed by the deepening
turbulent boundary layer, mixing down the faster
(larger negative v) overlying water. The frictional re-
sponse to the first upwelling event can be seen to prop-
agate down to 50 m over a few days as the boundary

—245kgm™, ¢* = ¢

10* m? s72, and K, = Ky10® m? s\, For NQ, the

layer deepens (also visible in the u and ¢? fields in
Fig. 7). :

In the o, equation, the largest variation of terms oc-
curs in the upper boundary layer, mostly above 20 m.
The balance is primarily between (uoy), + (way), and
(oy);, reflecting advection of o4 with fluid particles.
Vertical diffusion warms the water [i.e., positive dif-
fusion causes negative (ay),] below the surface at the
beginning of the first upwelling event (day 11 at 10 m
and day 13 at 20 m) as the deepening mixed layer
reaches first the 10 m then the 20-m level and warmer
(less dense) water is mixed downward. Thereafter, ad-
vective cooling dominates. On day 13, vertical diffusion
warms the water at 20 m and cools the water at 10 m,
as temperatures in the mixed layer are equalized (as
seen in the o, field in Fig. 7). Diffusion is relatively
weak after the initial wind event due to the diminished
vertical density gradient. During the second strong wind
event on days 27-38, the density response is much
weaker, consisting primarily of a short 2-3-day pulse
of advective cooling. As found by Rudnick and Davis
(1988) for the CODE region, the surface heat flux is
not important in the fluctuating heat balance.

Across-shelf sections of terms in the v momentum
and o, equations from experiment Q are shown in Fig.
12 for days 14, 15, and 35. Terms are displayed along
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the ¢ = —0.11 level, which varies from a depth of 1.2
m at the coast to 26.3 m at 30 km offshore. In the v
momentum equation, the positive vertical friction term
near the surface acts to accelerate the southward jet
(produce a negative v,), and the Coriolis term generated
by the offshore flow (negative fit) tends to decelerate
the jet (produce a positive v,). These terms nearly bal-
ance across the shelf, and both exhibit an offshore min-
imum near 10 and 12 km from the coast on days 14
and 15, respectively, corresponding to the locations of
the maximum thickness in the surface boundary layer.
With the near balance of —(K),), and fu, nonlinear
advection appears to determine the acceleration of the
flow v, even though advection is usually smaller in
magnitude than those other two terms. On day 14,
nonlinear advection produces deceleration of v (posi-
tive v,) inshore of 12 km, and positive acceleration of
- v{negative v,) offshore of 22 km. This balance basically
represents advection of the jet core offshore. On day
15, the jet is decelerating (positive v, offshore of 10 km)
even though the wind stress is still upwelling favorable.
This deceleration of the jet velocities is apparent in
Figs. 3 and 4, on days 14 and 15. Although the vertical
friction is contributing to acceleration of the jet, off-
shore flow near the surface is so strong that the com-
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bined Coriolis and nonlinear advection terms dominate
to produce a positive v,. The nonlinear advection term
has a large peak 10-12 km offshore on day 15 due to
the maximum in v, in the alongshore velocity front.
On day 35, vertical friction causes acceleration of v
inshore of about 12 km offshore and the Coriolis and
nonlinear terms decelerate the jet in the region 12-26
km offshore.

In the g, equation on each of the three days shown
in Fig. 12, the balance at distances greater than about
12 km from the coast is primarily advective cooling,
that is, negative nonlinear advection producing positive
(ay),. Diffusion cools the surface waters near the coast
as the cooler underlying water is mixed upward. On
day 14, the advection term is large and negative offshore
of about 8 km but switches sign inshore due to advec-
tion of a pocket of warm water near the coast. Still,
inshore of 8 km cooling by vertical diffusion prevails.
On day 15, advective cooling dominates both offshore
and inshore of the alongshore velocity front, while
warming occurs 6-12 km offshore due primarily to
advection offshore (and vertical mixing) of the warmer
water near the coast.

Over a 60-day time average, the model exhibits net
cooling (increase in density) over the shelf below about
3 m. Profiles from the Q experiment of 60-day averages
of terms in the o, equation at the 100-m, 60-m, 40-m
and 20-m isobaths are shown in Fig. 13. The signs of
the terms are the same as in Fig. 12. The net cooling
is due primarily to advection and is greatest in the sur-
face boundary layer at the 60-m and 100-m isobaths.
Near the surface, the advective cooling term is reduced
by the effects of vertical diffusion and by the solar ra-
diation term, which was relatively small in the instan-
taneous balance. For comparison, corresponding pro-
files from the Q;; experiment are also shown in Fig.
13. Initializing with level isopycnals causes a large in-
crease in the advective cooling term throughout the
interior. This point is discussed further in section 4.

Bryden et al. (1980) estimated mean and eddy ad-
vective heat flux using the temperature and horizontal
components of velocity measured at the CUE-2 moor-
ings. Using Bryden’s method, we compute corre-
sponding fluxes using time series from the Q experi-
ment. Mean heat flux is calculated from hourly time
series of model output as

0
MHF = —(c,/a) f_m (i = #))(@ = (o)) dz

(3.1a)
and “eddy” heat flux as

0
EHF = —(c/a) fo (u— @) (5 —o)dz, (3.1b)

where the bar indicates a time average and brackets
indicate depth average. The specific heat at constant
pressure ¢, = 3996 J kg~' K™! and the coefficient of
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thermal expansion a = 2.734 X 107¢ K~!. A profile
of the resultant mean and eddy heat flux at the 100-m
isobath for experiment Q is shown in Fig. 14. Bryden
finds that at the 100-m isobath the depth-integrated
eddy component is 40% of the mean. For the Q ex-
periment, the eddy component is 30%-40% of the
mean only in the upper 16 m, and when depth-inte-
grated over 100 m, is only 1% of the mean. Send
(1989), interpreting Bryden’s result in light of heat
flux analysis from the CODE region, suggests that eddy
heat flux on the Oregon shelf is due primarily to wind
variability. Our result suggests that the eddy contri-
bution in Bryden et al. (1980) has another origin.

4. Comparison with observations

Contours of the observed temperature and velocities
from the Carnation and buoy B moorings as a function
of time and depth are shown in Fig. 15. The observed
temperature stratification is remarkably resilient over
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the entire 60 days, recovering quickly from periods of
destratification, notably on days 14-16, 31-35, and 47-
49, The corresponding density field from the Q exper-
iment (Fig. 7) shows that the model starts out highly
stratified, but after mixing down to over 40-m depth
on day 15, it niever regenerates the same near-surface
stratification, particularly at depths of 20-40 m. Al-
though salinity is important here so that density and
temperature cannot be directly compared, further
comparisons between model densities and CTD den-
sities support this suggested difference in stratification.

The model reproduces both the vertical shear and
the surface values of the alongshore velocities reason-
ably well, except during some flow reversals that are
unrelated to the local wind. The observed alongshore
velocities generally exhibit greater time variability than
the model output. Autocorrelation timescales of the
observed v velocities are 2-3 days (Table 2), whereas
the model has timescales of 3-4 days. In comparison
to the v’s from the Q experiment, the observed v field

0 5 10 15 20
Time (days from 6/29/73)

H~1'8(vD)ot

—— H Y3(uwvD)/8z + 8(vw) /o]
—H~18/80[K p/D(8v/80))
---------- H-'fuD

5 10 15 20
Time (days from 6/29/73)

H_la(ng)at

——— H™Y9(uoeD)/0z + 8(was)/0a])
—H"19/00(Ky/D(804/00))
............. —H"1Ay8/0z(D8og/dx)

FiG. 11. Balance of terms for five depths at the 100-m isobath. On the left-hand side are low-
pass filtered terms in the v momentum equation. Units are 107° m 572, On the right-hand side
are low-pass filtered terms in the ¢, equation. Units are 107 kg m~ s™'. The time derivative terms
are shaded. Hourly alongshore component of the buoy B wind stress (dyn cm™2) is shown at

the top.
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period on days 14, 15, and 35 for the v momentum equation (upper row) and o, equation (lower
row). Line types and units are the same as in Fig. 11, with the addition of the horizontal diffusion
term in the v momentum equation. The time derivative terms are shaded.

responds more quickly and more strongly to initiation
of the two main upwelling events and decelerates more
quickly when the winds relax (days 16-17 and 39-41).
Model response to the second upwelling event is slug-
gish by comparison, probably due to the diminished
stratification. There are indications in the observations
of nearly barotropic, depth-independent events unre-
lated to the local wind. For example, on days 30-34
the alongshore velocities are reduced to near zero even
during sustained upwelling winds. The observed cur-
rent fluctuations are evidently associated with wind
forcing at locations south along the coast and propa-
gation northward of coastally trapped waves. This con-
clusion is supported by the results that sea level fluc-
tuations at Newport during CUE-2 are highly correlated
with predictions from the forced first-order wave equa-
tion (Halliwell and Allen 1984) and that coastal sea
level is highly correlated with the alongshore currents
(Kundu et al. 1975).

The observed across-shelf velocities (Fig. 15) exhibit
much stronger fluctuations than those from the Q

model (note the difference in contour levels between
Fig. 15 and Fig. 7), and show that the observed surface
offshore flow is mostly confined to the upper 20 m.
The time-dependent depth-averaged velocity, 100!
S 2100 u(z, t)dz, is removed from the observed u field
for the plot in Fig. 15 and for further statistical com-
parisons with the model (as in Dever and Lentz
1994). This depth-averaged velocity has a time mean
and standard deviation of 0.011 + 0.022 m s~ and
removes that part of the observed u velocity that this
model, with a two-dimensional mass balance, cannot
possibly reproduce. Autocorrelation timescales of the
u field (Table 2) are generally similar for the obser-
vations and for the model (2.5-3.5 days). The ob-
served u velocities show onshore flow between depths
of 20 m and about 60 m but no onshore flow in a
bottom boundary layer. This may be because the ob-
served alongshore velocities near the bottom are
generally poleward and would tend to produce off-
shore flow in the bottom boundary layer. In contrast
to the observations, the Q model produces equator-
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ward flow near the bottom and generally onshore
flow in a bottom boundary layer.

Means and standard deviations of the velocity fields
at the 100-m isobath are shown in Fig. 16 for the cur-
rent meter measurements and for the Q, O + P, Qy,
and Q,, experiments. The model experiments all pro-
duce similar mean u profiles, and none reproduce either
the large means or standard deviations observed in the
u field. The vertical shear of the mean v field at mid-
depth is well predicted by the Q model. For the Q and
0., experiments, the model mean v values are too
strongly negative at all depths, and the standard de-
viations are somewhat lower than observed, especially
for Q,,. For the Q;; experiment, the mean v profile is
much too strongly sheared and the standard deviation
too large near the surface and too small below 60 m,
reflecting the spinup of the coastal jet. Inclusion of the
alongshore pressure gradient in Q + P, brings the mean
v field close to the observations and improves predic-
tion of the standard deviation of v; however, it gives
no significant improvement in the u statistics.

Even after removing the depth-averaged u velocity,
there are still large differences beétween the observed
and model u velocities. The model’s upper layer trans-
port appears to be in an Ekman balance (Figs. 11 and
12) and yet Smith (1981) concludes that the observed

surface layer transport is in agreement with an Ekman
balance (but with an average magnitude of 1.7 times
that predicted). In an attempt to understand the dif-
ferences in model and observed transport, we compare
the surface layer transport in the Q model with the
predicted Ekman transport 7 )/ pf, and with the ob-
served surface layer transport., There are several ways
to define the depth over which u is integrated to esti-
mate Ekman transport, and they produce substantial
differences in transport. Smith (1981) uses a constant
depth of 19 m, chosen from the zero crossing of the
mean u profile at the 100-m isobath, whereas Lentz
(1992), in his study of shelf boundary layers, integrates
over a time-varying mixed-layer depth defined by a
temperature difference of 0.05°C between the surface
and the bottom of the mixed layer. The mixed-layer
depth calculated using Lentz’s definition is much shal-
lower, having a mean of only 1.9 m and a maximum
of 18 m. Lentz concludes that including the transport
in a transition layer of approximately one-half-the
mixed-layer depth gives better agreement with pre-
dicted transport. Shown in Fig. 17 are time series of
across-shelf transports at the 100-m isobath, predicted,
produced by the model, and estimated from observa-
tions, illustrating the range of results. Predicted Ekman
transport, 7’/ pf, where ) is the low-pass filtered

N
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buoy B wind stress, is shown in bold. Observed trans-
port, calculated by integrating the observed u velocity
(with the time varying depth-average removed) over
the upper 19 m (referred to as Smith-TVDA), is also
shown. Because the model time-dependent o, fields do
not yield a well-defined surface mixed layer, model
transport from experiment Q is integrated over the top
25 m, a larger value than Smith’s 19-m estimate to
account for the model’s deeper surface boundary layer
(Fig. 16). Correlations between the predicted transport
and all estimates of model and observed transport are
significant, varying between 0.63 and 0.96 (Table 3).
Estimates of mean transport vary greatly, depending
on how the Ekman layer depth is chosen and whether
the depth average of u is removed, and range from 56%
to 208% of predicted. Figure 17 indicates that the time-
varying model transport is in good agreement with the
predicted Ekman transport. The observed transport is
also in reasonable agreement (except for a few obvious
events, for example on days 15-19) but depends on
how the surface layer depth is chosen.

A comparison of observed and model mean density
at the 100-m isobath is presented in Fig. 18. Profiles
of the mean density and the initial density from the
0, 20, Oy, and Q + P, experiments are shown. The
observed mean density is computed from 16 CTD pro-
files near the 100-m isobath: four profiles from each
of four CUE-2 surveys covering model days 1-3, 12—
16, 50-52, and 54-57. The observed mean density
shows remarkably little evolution away from the initial
profile and has very low variance below about 20 m.
A slight cooling (density increase )} occurs in the upper
25 m. In the Q experiment, g, varies little at depths of
40-60 m, as observed, but increases substantially above
40 m and also in the lower 20 m, due to the effect of
onshore flow in the bottom boundary layer. Doubling
the surface heat flux (experiment 2Q) has virtually no
effect on the density structure below about 40 m, and
even above 40 m, is insufficient to maintain the ob-
served low density near the surface. Experiment Q;
shows a large increase in density throughout the water
column, in contrast to the previous examples. As shown
in Fig. 13, the cooling in the interior is primarily ad-
vective and is much larger in Qy; than in Q. Since the
mean u velocity is similar in the @ and Q,; experiments
(see Fig. 16), the difference in cooling can be attributed
to the difference in orientation of the flow with respect
to the isopycnals. In the Q experiment, the isopycnals
are more parallel to the bottom, reflecting the initial
conditions, and therefore more parallel to the across-
shelf streamfunction (see Fig. 6) so the advective heat
flux is smaller in @ than in Q. The Q + P, experiment
shows a small net warming (density decrease) in the
interior, mostly between depths of 40 and 70 m, where
there is an onshore mean u velocity. The realistic low
variance near the bottom is attributed to the lack of
significant flow in a bottom boundary layer.
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FIG. 14. Profiles at the 100-m isobath of mean (MHF) and eddy
(EHF) contributions to the horizontal advective heat flux as defined
in (3.1a,b) from the Q experiment.

Halpern (1976b) presents details of the time evo-
lution of the near-surface stratification during the first
upwelling event, using additional hydrographic surveys
and time series of temperature at the buoy B mooring.
In Fig. 19, time series of density at the 100-m isobath
are shown for the Q and 2Q experiments, as well as
for a 30-day experiment Q,, forced with the daily av-
erage heat fluxes measured at buoy B during this period.
Model densities are compared with temperature time
series from the buoy B and Carnation moorings, plot-
ted as in Halpern (1976b). Erosion of the model
stratification in the upper water column on days 12-
15 agrees well with the temperature observations;
however, the model fails to restratify as quickly and
as completely as the observations, irrespective of the
magnitude and time variation of the surface heat
flux. The ocean’s retention of warm water in the upper
20 m in the face of strong offshore advection of cooler
upwelled water implies that the heat budget is
three-dimensional. The effect of the stronger surface
heating (2Q) is obvious in the upper 20 m and neg-
ligible at 40 m.

Correlations between the current meter measure-
ments, the model velocities from the Q experiment,
and the alongshore wind stress are given in Table 2.
Correlations of the O experiment u velocities with ob-
served u are significant in the top and bottom boundary
layers and to a lesser extent at 40 and 60 m. Correlation
of u with the wind stress 7 ¢ is significant at all depths
for the model experiments and at nearly all depths for
the observations. For both model and observations, u
velocities at and below 40 m are negatively correlated
with the wind stress. Correlations of alongshore wind
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7. Triangles indicate the measurement depths. The hourly alongshore component of the buoy B wind stress (dyn cm™2) is shown

at the top.

stress with both observed and model v velocities are
significant at all depths. The correlations are higher,
however, for the model and the maximum correlations
occur at an additional lag of about 6 hours. The model
v velocities are correlated with the observed v near the
surface and the bottom, where both model and obser-
vations are most strongly correlated with the wind
stress. The NQ experiment generally produces lower
correlations with the observed velocities than the Q

experiment. The Q + P, experiment produces corre-
lations similar to those from the Q experiment. The
higher standard deviations seen in the Q + P, v field
(Fig. 16) are produced by very low-frequency variance
and not by variance on the timescale of wind events.,
Regression coefficients of observed on model velocities
show that the model underpredicts the near-surface u
velocities (regression coefficients greater than unity)
and overpredicts the near bottom u velocities. Regres-
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TABLE 2. Correlations coefficients involving 7%’ from buoy B, and the « and v velocities measured at the Carnation and buoy B moorings
(4o, Vo) and generated in experiment Q (4, V) at the 100-m isobath. Correlation coefficients between variables 7¢? and u,, for example,
are denoted by C (7, uy) and the maximum lagged correlation coefficient (lag in hours) is listed. All correlation coefficients shown are
significant at the 95% confidence level and those in bold are significant at the 99% level. Autocorrelation timescales in days, defined by the
first zero crossing of the autocorrelation function, are also shown and are denoted for variable i, for example, by T (). Regression
coefficients (r) are obtained from regression of observed on model velocities.

Observations Model C
Depth C (7%, uo) (h) T (u) (d) (7, ) (h) T () (h) C (s Uo) r
3 0.82 (0) 3.25 0.89 (0) 35 0.86 2.00
10 0.74 (6) 3.25 0.77 (0) 2.75 0.64 1.58
16 — 275 0.70 (6) 2.25 — —_
20 — 2.75 0.71 (18) 2.75 — —
40 —0.59 (0) 3.75 —0.40 (0) 3.25 0.24 0.61
60 —0.51 (0) 35 —0.82 (0) 2.5 0.37 1.01
80 —0.55 (6) 3.25 —0.80 (6) 1.25 —_ —
96 —0.63 (18) 3.0 —0.89 (12) 4.25 0.67 0.63
Observations Model C

Depth C (7%, v) (h) T (vo) (d) (7%, vm) (h) T (vn) (h) C (Vm, vo) r
3 0.61 (12) 2.25 0.83 (24) 3.25 0.61 1.01

10 0.49 (24) 2.25 0.85 (30) 3.25 — —_
16 0.49 (24) 2.5 0.85 (30) 3.25 — —_
20 0.53 (18) 2.5 0.84 (30) 3.75 — —
40 0.61 (18) 3.0 0.78 (30) 4.25 — —
60 0.69 (18) 3.0 0.76 (24) 4.25 — —_
80 0.72 (18) 30 0.88 (18) 3.75 0.62 .95
96 0.72 (18) 3.0 0.87 (24) 3.75 0.59 1.15

sion coeflicients of the v velocities are close to unity
where the model is correlated with the observations.

Across-shelf sections of ¢, and alongshore velocities
from the Q and Q + P, experiments compared with
observed CTD densities and associated geostrophic
alongshore velocities are shown for days 15 and 55 in
Fig. 20. The magnitude of the model stratification
above about 60 m is lower than observed by day 15
and remains too low through day 55. At day 15, both
the 0 model and observations show similar alongshore
jets that extend across the entire shelf. The alongshore
jet in the Q + P, experiment is somewhat narrower
and a poleward countercurrent can be seen in the v
fields near the shelf break. The basic structure of the
alongshore jet seems to be better represented by the Q
experiment than by Q + P,, even though the maximum
jet velocities in Q + P, are closer to those observed.
By day 55, the model o, and v fields no longer resemble
the observed o, and v fields, even though the v field
from the Q + P, experiment has about the right mag-
nitude over the shelf.

5. Discussion and summary

Results of these experiments have demonstrated the
importance of including a surface heat flux in model
simulations of coastal upwelling off the Oregon coast
of longer than a few days. Also important is specifi-
cation of realistic initial density and alongshore velocity
fields, as these have a lasting effect on the structure of
the alongshore current.

There are some substantial differences between the
observed and the model density fields. One prominent
feature of the observed density field is the stability and
resiliency of the stratification at midshelf. The Q model
density, in contrast, shows destratification and a sig-
nificant increase in the upper 40 m. The observations
show much greater offshore advection in the upper 20
m than does the model, which should result in greater
advective cooling. Instead, it is the model that shows
greater near-surface cooling, even with an additional
buoyancy flux to simulate the effect of the Columbia
River plume. This suggests a three-dimensional con-
tribution to the observed advective heat flux, which
may be partly due to variation in the location and
strength of the plume. Some discrepancies may be due
to shortcomings of the turbulence model. For example,
the Mellor-Yamada level 2.5 turbulence model is
known to produce shallower mixed layers than ob-
served (Martin 1985). This particular feature, however,
would not account for the excessively deep mixed layer
produced by the model on day 14 (Figs. 7 and 15) and
probably could not account for the excessive cooling
over most of the water column seen in Fig. 18. Model
tests indicate that the inertial-period averaged results
are not sensitive to the details of the heat flux forcing.
Use of a constant flux rather than a diurnal cycle of
heating has no noticeable effects on the averaged fields.
Also, using the time-varying daily averaged heat flux
produces results very similar to using a constant daily
average. Model results are also not appreciably affected
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FIG. 16. Means and standard deviations of low-pass filtered time
series of model-produced and observed u and v velocities at the 100-
m isobath. Depths are the same as in Table 2.

by allowing deeper penetration of the solar radiation,
as found by using Jerlov (1976) type 1 coefficients.
Imposing a constant alongshore pressure gradient
improves the simulation of certain features, including
the magnitude of the mean alongshore velocity field
and lack of flow in the bottom boundary layer but does
not significantly improve the correlation of the model
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TABLE 3. Estimates of Ekman transport, predicted, observed
(calculated three different ways), and model generated. Correlations
are maximum lagged (lag in hours), and regression is observed (or
model) on the predicted. Units are m2 s™",

Transport mean. Correlation  Regression
=+ std dev w/predicted  coefficient
Predicted 7%/(pof) —0.45 + 0.69
Observed
Smith (1981) -0.67 + 1.14 0.63 (6) 1.04
Smith-TVDA —0.94 + 0.96 0.78 (6) 1.08
Lentz (1992) —-0.25 + 0.41 0.87 (0) 0.74
Model Q —0.30 = 0.46 0.96 (0) 0.64

produced velocities with the observed flow field. As
was found by Chen and Wang (1990) for the CODE
region, the two-dimensional model used here does not
do well at reproducing the across-shelf flow below the
mixed layer. Inclusion of a constant alongshore pres-
sure gradient fails to produce the large interior across-
shelf flow that was observed in the mean u field (Fig.
18), even after removing the depth average from the
observed u field. It is interesting to note that Zamudio
and Lopez (1994) found that including a time- and
space-varying alongshore pressure gradient had very
little effect on the across-shelf flow, except to reduce
the standard deviations of both the # and v velocities.

Results of the various wind-forcing tests indicate the
advantage of using buoy wind measurements instead
of shore-based wind measurements, as the more ener-
getic buoy winds produce more realistic variances in
the velocity fields. The high-frequency energy in the
hourly wind forcing affects the details of the across-
shelf circulation but does not qualitatively alter the
low-frequency behavior of the density and alongshore
velocity fields. Forcing with a wind stress that dimin-
ishes near the shore, consistent with the observed wind,
has very small effects on the flow fields, except to reduce
the strength of the front in alongshore velocity following
the strong upwelling on days 13-14.

The observed three-dimensionality of the CUE-2
flow field is undoubtedly responsible for some of the

0 5 10 15 20 25

30 35 40 45 650 55 60

Time (days from 6/29/73)

F1G. 17. Across-shelf transport in the surface boundary layer at the 100-m isobath. The heavy
line indicates predicted Ekman transport 7%%/pof from buoy B low-pass filtered wind stress, light
solid line shows observed transport in the upper 19 m with depth-averaged u removed (Smith-
TVDA), and the dashed line shows transport from experiment Q in the upper 25 m.
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disagreement between the model results and field mea-
surements. Smith (1981), in an analysis of the CUE-
2 current meter data, found that the onshore flow was
stronger than the offshore flow and concluded that the
event-scale upwelling process off Oregon is three-di-
mensional. Allen and Smith (1981), using the same
wind and current meter data together with coastal sea
level measurements, evaluated the balance of terms in
the depth-averaged alongshore momentum equation
and found balances consistent with three-dimensional
flow. A further indication of three-dimensionality of
the observed flow is provided by the model’s un-
derpredictions of the means and variances of across-
shelf flow. The model u velocities respond only to the
local wind, but the observed u field has much greater
variability. Three-dimensional effects are likely asso-
ciated with the alongshore propagation of fluctuations
in the form of coastally trapped waves forced by along-
shore variations in wind stress. The fluctuations in the
observed alongshore currents and coastal sea level dur-
ing the CUE-2 period show clear evidence of remote
forcing (Halliwell and Allen 1984 ) and these, of course,
are not represented in two-dimensional models.
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The success of the model in representing several fea-
tures of the observed flow field, even with the strong
restriction of two-dimensionality, offers promise for the
application of direct simulation modeling experiments
to studies of the dynamics of the coastal ocean. The
importance of forcing function and initial condition
specification has been clearly demonstrated. The com-
plex across-shelf circulation patterns found here, with
considerable small-scale variability in both space and
time, indicate that deterministic modeling of some as-
pects of the across-shelf circulation is not likely to be
possible. Statistical descriptions of the across-shelf ve-
locities will likely be required for proper evaluation of
model performance. Further modeling studies and

careful model-data comparisons are needed to find the
capabilities of shelf circulation models for direct sim-
ulations of observed coastal flow fields.
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