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than 0.05�C colder than in the model with a smaller maxi-
mum depth.
[14] A series of model runs were also made with a

bathymetry that only depended on the distance from shore,
in order to investigate the role of alongshore variation of the
shelf width. In these runs, the coastal depth was 10 m, the
shelf sloped linearly offshore to a shelf break depth of 140 m
over a shelf width of 26 km, followed by a slope which
reached 1400 m depth over the next 26 km offshore.
Offshore of the slope the depth was a uniform 1400 m.
[15] The model was run on a series of model domains, to

judge the effect of domain size (Figure 1). The smallest
domain had a resolution of about 0.5 km. The middle
domain had a resolution of 1.5 km, but results were checked
for numerical convergence with a 0.7 km run. For the
largest domain, the model grid is 10 km at the northern
and southern boundaries, 2 km in the central Monterey/
Point Arena region, and a linear interpolation of model
resolution between these areas. Convergence was examined
with runs in which the model resolution in the region near
Point Reyes was twice as fine, and no significant changes
were seen in the alongshore velocity or temperature fields
presented below. The largest domain grid is 340 by 163 grid
points.
[16] Initial stratification was typical of the WEST region,

and is the same as that used by Cervantes and Allen [2006].
In some runs, temperature and salinity were treated as
passive tracers that did not modify density, in order to
understand the barotropic dynamics of the model runs. In
those runs, vertical momentum mixing was set to produce
7 m thick Ekman layers, and the same mixing parameters
were used for the tracers.
[17] As in the paper by Cervantes and Allen [2006], a

third-order upwind-biased advection scheme was used for
the tracer and momentum evolution equations, and a splines
density Jacobian scheme was used for the pressure gradient
calculation [Shchepetkin and McWilliams, 2003].
[18] The northern and southern boundary conditions are

inspired by Gan and Allen [2005]. The boundary conditions
are meant to capture upwelling dynamics on a Northern
Hemisphere west coast, where the momentum dynamics are
dominated by the northward propagation of CTW’s from the
southern boundary while the generally equatorward wind-
driven flows will advect temperature and salinity from the
northern boundary into the model domain. To capture these
dynamics, two-dimensional model runs with no alongshore
variability are run for the northern and southern boundaries
with the wind forcing appropriate at those boundaries. This
is, essentially, an assumption that the ocean is alongshore
uniform in bathymetry, dynamics, and forcing outside of the
model domain. On the southern boundary, the two-dimen-
sional solution is used to set the free surface and momentum
fields of the three-dimensional model. Experiments with
schemes that only clamped the momentum when the phase
speed was outward [e.g., Gan and Allen, 2005] led to
occasional instabilities associated with spurious short,
southward propagating disturbances, and so were not used.
On the southern and northern boundaries, temperature and
salinity were set to the two dimensional model solutions on
inflow. For the northern boundary, radiation conditions were
used on outflow, with weak nudging to the two-dimensional
solution as in the paper by Marchesiello et al. [2003]. The

major failing of these open boundary conditions is that
there is excessive upwelling on the two-dimensional north-
ern boundary model (for reasons discussed below), allowing
excessively cold upwelled water to be advected into the
model domain. This is especially a problem in the largest
model domain where there is the largest discrepancy
between the 2D and interior solutions. Therefore the inte-
gration is stopped after 30 June to avoid contaminating the
solutions of interest in the central part of the model domain.
Otherwise, the solution in the interior of the model is
remarkably insensitive to the choice of boundary conditions
on the northern boundary, consistent with the propagation
direction of CTW in this domain. (The periodic boundary
conditions of Gan and Allen [2002a] and Cervantes and
Allen [2006] could not be used because spatially varying
winds on timescales of 1 to several days will excite strong
and artificial CTW resonances if periodic boundary con-
ditions are used.)
[19] The offshore boundary was implemented with a wall

and an 8 grid point wide sponge layer which relaxed all
fields back to their initial values.
[20] Along with the realistic model runs, several runs are

made with idealized winds. The ‘‘pulse wind’’ model runs
are forced with the mean 1 May to 30 June 2001 winds from
the COAMPS model; the winds are linearly ramped up over
1 day, are applied through day 20, and then linearly ramped
down in 1 day to zero wind. The model is run for a further
20 days. Some model runs were also made in which there
either was a latitudinal gradient in the initial salinity and
temperature fields at depths greater than 100 m, or a
uniform inflow over the shelf on the southern boundary.
As will be seen below, both of these lead to a realistic
California undercurrent, and a modification of the water
masses that are advected onto the shelf from offshore during
upwelling.

3. A Summary of Model Results

[21] Before using the model results to understand upwell-
ing dynamics in this system, it is useful to compare the
various model runs to the observations, in order to get a
sense of the behavior of the ocean and the reliability of the
models. Tables 1, 2, and 3 and Figures 2 and 3 compare the
depth-averaged alongshore currents in the observations with
the various model runs. We concentrate on the depth-
averaged currents because the alongshore flows are largely
coherent over depth in both the models and the observations
[Dever et al., 2006].
[22] The base model run is made on the largest domain

and is forced by the COAMPS winds with their full spatial
variability. Correlations between the alongshore depth-
averaged velocity in the base model run and the observed
currents range from 0.93 at 90 m depth to 0.49 at the 130 m
mooring (correlations about 0.36 are significant at the 95%
level). Correlations with the other model runs are nearly as
good, though in general slightly less at the midshelf and
inner shelf and better on the outer shelf, and these correla-
tions are similar to those found in other models of the area
[Gan and Allen, 2002a; Cervantes and Allen, 2006]. The
lower correlation at the offshore 130 m mooring in the base
case is caused by an eddy which impinges on this mooring
on year day 170 and thereafter, driving a flow that does not
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agree with the current meter moorings. If the correlation is
calculated from 1 May to 20 June, the correlation is 0.79.
This is not to excuse the model; eddies from offshore often
affect this depth [Largier et al., 1993; Lentz, 1987], and to
the extent these eddies are nondeterministic, they will
degrade the ability of the model to simulate the circulation.
Other estimates of wind-driven motions also tend to have
decreased correlation with observations at this location
[e.g., Chapman, 1987; Dever et al., 2006]. In Kaplan et
al.’s [2005] comparison of HF radar-derived surface cur-
rents and winds, there is a sharp drop-off of the correlation
between winds and currents at and offshore of the 130 m
mooring. It may well be that over the outer shelf and slope,
only assimilative models can improve correlations over
wind-forced models because of the stochastic nature of
the eddies.
[23] Correlation is not the only important measure of a

model’s skill; it is also important to compare the mean and
standard deviation of the currents in the models to obser-
vations. In general, the base model with its large domain
and realistic winds does a reasonable job in predicting the
mean and standard deviation of the alongshore flows.
However, the models with smaller domains, or the models
forced with uniform winds, tend to overpredict the mean
equatorward flow and, on the midshelf and inner shelf,
overpredict the variance of the alongshore flow (again, the
130 m mooring is somewhat of an exception to this, and this
is in large part due to the eddy in late June).
[24] A consistent problem in prior models of this region,

regardless of their level of sophistication, is their tendency
to under-predict the poleward flow that can occur at the
relaxation of the equatorward winds. Kaplan et al. [2005]
show an HF radar-derived map of the surface current
associated with zero alongshore wind stress (e.g., during
relaxation events) calculated from a linear regression of
winds to currents using May to December 2001 data. They
find a shoreward intensified poleward relaxation response
inshore of the 130 m isobath, weak poleward relaxation at
the 130 m isobath, and equatorward flows during relaxation
offshore of this isobath. HF radar maps of the surface
currents tend to show onshore flow from the outer to
midshelf during relaxation, with more poleward flows
inshore [cf. Winant et al., 1987]. The base model accurately
represents the relaxation events (Figures 2 and 4), though it

underestimates poleward relaxation tendencies at 130 m and
overestimates relaxation flows at 40 m. The latter problem
is reduced in higher-resolution runs, and may be a symptom
of an under-resolved coastline in the standard model runs.
[25] In the model runs with spatially uniform winds or

with smaller domains, the upwelling relaxation is greatly
reduced or eliminated (Figures 1, 2, and 3 and Tables 1, 2,
and 3). Likewise, the models of Gan and Allen [2002a] and
Cervantes and Allen [2006], which are also forced with
spatially uniform winds, underestimate poleward relaxation
flows near Point Reyes. Further to the north in the central
CODE region Gan and Allen [2002a] show relaxation near
the coast caused by pressure fields associated with Point
Reyes. However, these relaxation flows are weak compared
to observations, and are excessively trapped to the coast. In
Gan and Allen’s [2002a] Figure 10, the modeled surface
relaxation flows at the 60 and 90 m isobath moorings are
about half to a third of those observed. The observed surface
relaxation flows at these two isobaths are of roughly equal
magnitude, while in their model the nearshore flow is
stronger [see also Gan and Allen, 2002a, Figure 4].
[26] In common with other models of this region [Gan

and Allen, 2002a; Cervantes and Allen, 2006], the base
model does much less well at predicting the temperature
evolution. While the model predicts when the surface water
will warm and the deep water will cool (Figure 5), the base
model becomes much too cold over the entire water column.

Table 1. Model and Current Meter Statistics for the Depth-

Averaged Alongshore Flow at 40 ma

Data Source
Mean

(cm s�1)
SD

(cm s�1) R

Large domain/full variability 1.9 8.2 0.72
Large domain/uniform topography �5.7 13.2 0.90
Large domain/uniform winds �23.7 13.6 0.73
Large domain/no baroclinicity �2.41 7.21 0.78
Medium domain 1.73 13.9 0.59
Small domain �17.3 13.2 0.65
Large domain/MM5 winds �8.9 11.8 0.68
Large domain/meridional isopycnal
tilt and CUC

3.57 7.2 0.74

Current meter �1.25 7.14
aThe Pearson correlation coefficient R is significant at the 95% level

when R � 0.36. SD, standard deviation.

Table 2. Model and Current Meter Statistics for the Depth-

Averaged Alongshore Flow at 90 ma

Data Source
Mean

(cm s�1)
SD

(cm s�1) R

Large domain/full variability �4.4 8.3 0.93
Large domain/uniform topography �12.3 9.5 0.86
Large domain/uniform winds �24.0 8.8 0.74
Large domain/no baroclinicity �8.5 7.4 0.91
Medium domain �11.8 13.7 0.76
Small domain �21.1 7.1 0.54
Large domain/MM5 winds �9.1 11.1 0.75
Large domain/meridional isopycnal
tilt and CUC

�2.3 7.2 0.88

Current meter �1.2 7.7
aThe Pearson correlation coefficient R is significant at the 95% level

when R � 0.36.

Table 3. Model and Current Meter Statistics for the Depth-

Averaged Alongshore Flow at 130 ma

Data Source
Mean

(cm s�1)
SD

(cm s�1) R

Large domain/full variability �15.8 9.32 0.49
Large domain/uniform topography �12.3 8.5 0.74
Large domain/uniform winds �8.8 6.1 0.57
Large domain/no baroclinicity �5.9 4.9 0.67
Medium domain �7.5 7.6 0.12
Small domain �15.1 10.7 0.55
Large domain/MM5 winds �13.1 6.41 0.21
Large domain/meridional isopycnal
tilt and CUC

�8.75 6.13 0.58

Current meter �9.1 8.9
aThe Pearson correlation coefficient R is significant at the 95% level

when R � 0.36.
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Figure 2. (top) Depth-averaged alongshore currents at the 40 m central mooring from current meters,
the model with full COAMPS winds, a model with spatially uniform winds taken from the COAMPS
model at the location of the central mooring, and the model with alongshore uniform bathymetry.
(middle) Same as Figure 2 (top), but at the 90 m mooring. (bottom) Same as Figure 2 (top), but at the
130 m mooring. Note that for the runs with uniform bathymetry, time series are formed from currents on
the appropriate isobath, not at the location of the moorings.
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Some of the error in surface temperature occurs because the
model is forced with a fixed observational heat flux, and
does not include the feedback between cooler surface
temperatures and increased surface heat flux. However,
the estimated magnitude of this error is much less than
the observed temperature discrepancy, and is limited to the
surface waters. The reason for the excess cooling in the
model runs is discussed below.
[27] None of the models forced with only winds and

surface heat flux produced a California undercurrent (CUC)
that is even close to that observed [e.g., Pierce et al., 2000].
This strongly suggests that the dynamics responsible for the
CUC operate on scales larger than the model domains. In
some runs described below, a CUC will be inserted into
some model runs by either changing the initial density field
of the model or by introducing a CUC through the southern
boundary of the model.
[28] In the next several sections, the dynamics of the

wind-driven flows in the WEST/CODE region, both mod-
eled and observed, will be examined with the aid of the
various models described above, and with the help of prior
modeling efforts.

4. Effect of Spatially Variable Winds

[29] Prior efforts have found a strong relationship between
winds to the south of Point Reyes and the alongshore flow
there. Denbo and Allen [1987] found an empirical link

between the remote winds and local currents, whileChapman
[1987] used a longwave CTW model to show that much of
the response was consistent with phase speeds from low-
mode CTW theory. Both found that most of the remotely
forced response was driven by winds just north of Monterey
Bay, though there is some forcing from the region between
Monterey Bay and Point Conception. The winds in these
regions of remote forcing are much weaker than, but highly
correlated with, the winds at Point Reyes (e.g., Figure 6, in
which the correlation between winds north of Monterey and
at Point Reyes is greater than 0.75).
[30] As Gan and Allen [2002a] point out, we would

expect the flows forced by spatially varying winds to be
strongly correlated to, but weaker than, the flows which
would be forced by a wind which was uniform everywhere
at values appropriate to the CODE region or Point Reyes. In
particular, we would expect ocean models forced with
realistic spatially varying winds to have reduced alongshore
velocities at Point Reyes relative to models forced with
spatially uniform winds representative of the winds at Point
Reyes. We would also expect the alongshore flows to
become weaker toward the south. This is confirmed by
the model results on the 40 and 90 m isobaths, in which the
mean and standard deviations of the models forced with
spatially uniform winds are much larger than either the
observations or the results in models forced with spatially
varying winds (Figure 2 and Tables 1, 2, and 3).

Figure 3. (top) Depth-averaged alongshore flow on the 90 m isobath for three model runs in the large,
medium, and small model domains. (bottom) Depth-averaged alongshore flow on the 90 m isobath for a
model in the large domain that includes and does not include baroclinic dynamics. The light gray line in
Figures 3 (top) and 3 (bottom) is the depth-averaged subinertial alongshore current from the WEST
observations.
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