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Modeling studies of the coastal circulation off northern
California: Statistics and patterns of wintertime flow

Julie Pullen' and J. S. Allen
College of Oceanic and Atmospheric Sciences, Oregon State University, Corvallis, Oregon, USA

Abstract. We conduct modeling studies of the coastal circulation off northern
California in the vicinity of the Eel River (40.6°N, the site of the 1995-2000
Strata Formation on Margins (STRATAFORM) marine geology observational
program) using a series of nested hydrostatic primitive equation models to aid in
the understanding of the shelf flow field that receives and transports sediments
during the winter floods. The basic objectives of our numerical studies are to
model the continental shelf and slope flow and to understand the dominant
dynamical processes. We simulate the shelf and slope flow surrounding Cape
Mendocino during 100 days in winter 1996-1997 using a 3 km resolution model
embedded in a 9 km resolution regional model of the North Pacific Ocean (the
Naval Research Laboratory’s Pacific West Coast (PWC) model). The validity of
the model simulations is assessed by comparison with current measurements from
a STRATAFORM shelf tripod outfitted with an acoustic Doppler current profiler
and with satellite altimetry. Good agreement is found between the amplitude and
time variability of the 3 km resolution modeled and observed alongshore currents
on the shelf. The 3 km resolution model outperforms the 9 km resolution PWC
model. Using statistical maps of flow variables, strong alongshore variability in
wintertime flow is documented. The role of the forcing supplied by wind and river
runoff in establishing this flow asymmetry between regions north and south of Cape
Mendocino is examined using empirical orthogonal functions. The evolution of
a robust anticyclonic eddy over the shelf and slope adjacent to Cape Mendocino
is described. The eddy forms when strong poleward winds weaken and reverse
direction during winter storms. The important role of alongshore pressure gradients

in the shelf circulation is documented.

1. Introduction

Atmospheric circulation during winter over northern
California is dominated by large low-pressure systems
with length scales of hundreds of kilometers that pound
the coastal region. Maximum wind variability is typi-
cally found north of Cape Mendocino, with variability
decreasing to the south of the cape [Halliwell and Allen,
1987; Strub et al., 1987). The veering of storm-derived
winds is a major forcing mechanism for northern Cali-
fornia winter oceanic circulation over the shelf [Largier
et al., 1993]. In addition to generating significant vari-
ability in wind forcing, the storms deliver precipitation
to the coastal mountain range. The fresh water is trans-
ported rapidly to the coastal ocean by rivers. The resul-
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tant river runoff is a source of buoyancy that provides
an additional forcing mechanism for the circulation on
the northern California shelf.

The winter season of 1996-1997 contained several ma-
jor storm events. One severe storm produced a massive
Eel River flood with a recurrence time of 80 years [Syvit-
ski and Morehead, 1999]. Indeed, winter 1996-1997
contained a confluence of forcing factors that enriched
the circulation around Cape Mendocino. The major
storms that generated intense winds and caused signif-
icant flooding of northern California rivers augmented
the complexity of the circulation already complicated
by tortuous bathymetry and sharp coastline curvature
at Cape Mendocino.

The shelf and slope region surrounding Cape Mendo-
cino was heavily instrumented as part of the Northern
California Coastal Circulation Study (NCCCS), 1987-
1989 [EGEG, Inc., 1991]. The goal of that study was to
describe seasonal patterns of alongshore variability over
the shelf and slope off northern California. The obser-
vation period contained one winter (1988-1989). More
recently, since 1995 the Strata Formation on Margins
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Figure 1. Model domain and bathymetry of the NRL's PWC model. The bathymetry contour
interval is 500 m. Boundaries of the nested models are indicated.

(STRATAFORM) observational program has collected
data in the region north of Cape Mendocino [Nitirouer,
1999]. A goal of that program is to understand the for-
mation of shelf stratigraphy by deposition of sediments
from the Eel River. Sediment deposition is intensified
during winter floods, so instrument deployment is fo-
cused around these times. Physical measurements in-
clude moorings over the shelf and slope outfitted with
current meters and temperature/salinity sensors, as well
as two tripods on the shelf instrumented with acoustic
Doppler current profilers (ADCPs). Though much is
known about the northern California shelf and slope
region from the analysis of observations during spring
and summer upwelling (e.g., Largier et al. [1993] and
the Coastal Ocean Dynamics Experiment (CODE) as
described by Beardsley and Lentz [1987]) winter circula-
tion has only recently received attention [Dever, 1997a;
Lentz and Trowbridge, 2001].

Reflecting the focus of observational efforts, spring
and summer upwelling conditions off the U.S. west coast
have been modeled at high (<5 km) resolution [Oey,
1996; J. Gan and J. S. Allen, Model studies of shelf
circulation off northern California in the region of the
Coastal Ocean Dynamics Experiment: Part 1, response
to relaxation of upwelling winds, submitted to Jour-
nal of Geophysical Research, 2000; Oke et al., Assimi-
lation of surface velocity data into a primitive equation
coastal ocean model, submitted to Journal of Geophys-
ical Research, 2000]. However, the winter season has
not been the subject of realistic high-resolution model-
ing studies. In addition, the coastal ocean surrounding
Cape Mendocino has not previously been investigated
in a modeling study. The numerical study described
here constitutes a realistic simulation of winter 1996—
1997 flow conditions in the vicinity of Cape Mendocino
by including accurate representation of the major forc-
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ing mechanisms: wind stress, river runoff, open ocean
variability, and flow interaction with coastline curvature
and bathymetry.

The finite difference numerical model, domain, forc-
ing, and nesting method are described in sections 2 and
3. Statistics over several winter months of the 3 km
nested model simulation are analyzed in section 4 in
order to characterize the large alongshore scale (order
100 km) spatial properties of the coastal flow north and
south of Cape Mendocino as well as the influence of river
runoff on shelf circulation. The nature of fluctuations
over the shelf is described by analyzing model results on
across-shelf sections. Next we focus on the highly vari-
able region north of Cape Mendocino, which was instru-
mented by the STRATAFORM program. Model time
series at a site on the shelf are compared with the ob-
served time series in section 5. Dynamical balances are
presented for that location. Finally, we identify robust
eddy formation generated in response to the passage of
intense storms in section 6. Results are discussed and
summarized in section 7.

2. Model Configuration

The Naval Research Laboratory (NRL) has devel-
oped a model to reproduce the seasonal circulation off
the U.S. west coast [Clancy et al., 1996]. The Pacific
West Coast (PWC) model is a version of the stratified
hydrostatic primitive equation Princeton Ocean Model
(Blumberg and Mellor, 1987]. The simulation domain
comprises the North Pacific Ocean from 30° to 49°N
and from 135°W to the west coast (Figure 1). The do-
main is represented at 1/12° (about 9 km) horizontal
resolution and has 30 vertical sigma levels. Navy Digital
Bathymetric Data Base (DBDB) 5’ (~8 km resolution)
bathymetry is used. At the open boundaries the model
is coupled by a one-way nest to the six-layer finite depth
1/6° global Navy Layered Ocean Model (NLOM) [ Wall-
craft, 1991]. At NRL the PWC model was spun up for
2 years then forced with Navy Operational Global At-
mospheric Prediction System (NOGAPS) [Hogan and
Rosmond, 1991] wind stress from 1992 to 1998.

Two one-way nested grids have been configured in the
PWC model (Figure 1). The first nested grid extends
~200 km offshore (from the coast to 127.1°W) and
475 km alongshore (38.6° to 43°N) and has about 3 km
horizontal resolution. The second nested grid lies within
the domain of the first nested grid and extends 275 km
alongshore (39.5° to 42°N) and about 125 km offshore
(to 125.9°W) and has ~1 km resolution. Like the PWC
model, the nested models use 30 vertical sigma levels.
Higher-resolution bathymetry from the Navy database
is used on both nested grids, as detailed below. Interpo-
lation to the nested grid boundaries of horizontal veloc-
ities in transport form and surface elevation follows the
conservative formulation of Clark and Farley [1984] as
described by Pullen [2000]. The conservative interpola-
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tion formulation derived by Clark and Farley [1984] is
used in order to maintain consistency of the mass fluxes
in the continuity equation between the grids of differing
resolution. Other scalar prognostic variables are inter-
polated linearly. The first nested model was initialized
with PWC model fields from October 25, 1996, and
subsequently run for over 100 days. The second nested
model was used for a 40 day simulation of the major Eel
River flood event. Pullen and Allen [2000] analyze the
second nested model simulation of the Eel River flood
event. The present paper centers on the first nested
model (3 km resolution), hereinafter referred to as the
“nested model” in the analysis sections.

Internal (external) time steps are 600 s (12 s) for the
PWC model, 120 s (4 s) for the first nest, and 24 s
(0.8 s) for the second nest. Nested grid boundary values
are saved every time step from the coarser-resolution
model for all prognostic variables. In order to update
the boundary of the nested grids, prognostic variables
are interpolated linearly in time to provide values every
time step. More details of the nesting implementation
are described by Pullen [2000].

3. Model Forcing

NOGAPS model wind stress variability over the do-
main of the PWC model for the 100 day simulation
(Plate 1) is strongest north of 39°N and weakens to
the south. Mean wind stress is oriented alongshore
to the north of Cape Mendocino, while to the south,
mean wind stress has an onshore orientation. NO-
GAPS model wind stress at National Data Buoy Cen-
ter (NDBC) buoy 46030 (40.4°N, 124.5°W, hereinafter
referred to as buoy 30), located adjacent to Cape Men-
docino, agrees well with stress calculated from winds
measured at that buoy (Figure 2) (correlation coeffi-
cient = 0.92, NOGAPS (observed) mean = 0.65 (0.46)
dyne cm~?, and NOGAPS (observed) standard devia-
tion = 1.73 (1.30) dyne cm~2). Wind stress from the
observed wind speeds was computed using the method
of Large and Pond [1981]. NOGAPS wind stress was
used to force the PWC model as well as the two nested
models. Two major storm events on December 8-17
and December 29, 1996, to January 6, 1997, are evi-
dent in the wind record. Strong poleward (downwelling
favorable) winds give way to equatorward (upwelling
favorable) winds as the midlatitude cyclones propagate
eastward. Later analysis will concentrate on these two
storm passages.

River discharge values recorded hourly by the United
States Geological Survey (USGS) at stream-gaging sta-
tions and archived by the California Department of Wa-
ter Resources (CDWR) were low-pass filtered (Butter-
worth filter with cutoff period of 3 hours) then intro-
duced into the PWC model and interior nested models
using the method of Kourafalou et al. [1996] (see Ap-
pendix A). Discharge measured at the Turwar station
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Plate 1. NOGAPS model wind stress mean and rms vector amplitude over the 100 day simulation

on the PWC model domain.
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Figure 2. (top) Model forcing for the PWC and nested models for the 100 day simulation.
NOGAPS model wind stress at the location of buoy 30 (40.4°N, 124.5°W) is shown along with
wind stress calculated from observed wind speed at the buoy. The major axis direction for buoy

30 (NOGAPS) of -7.08° (0.41°) relative to north has been chosen. River

gage discharge data for

the (middle) Klamath and (bottom) Eel Rivers are also shown.

was used for the Klamath River. Discharges measured
at the Scotia (Eel River) and Bridgeville (Van Duzen
River) stations were combined to give discharge near
the mouth of the Eel River [Wheatcroft et al., 1997).
Discharge of the Rogue River was taken from clima-
tology [Clancy et al., 1996). River runoff from both the
Eel and Klamath Rivers (Figure 2) peaks as the trailing
edge of the storms pass over the region around Decem-
ber 10 and January 2. The nested model simulation was
repeated with no river runoff in order to differentiate
the impact of freshwater buoyancy forcing from wind
forcing on the northern California coastal circulation.

Observations from the NCCCS study suggest that
mesoscale features from the open ocean can influence
the shelf and slope circulation around Cape Mendocino
[Largier et al., 1993]. Open ocean features including
jet meanders and eddies that impinge on the shelf and
slope may be represented in the initialized fields from
the coarser-resolution model and advected, as the sim-
ulation progresses, by a nested modeling approach.

The interaction of flow with the convoluted bathym-
etry around Cape Mendocino provides a final impor-
tant forcing mechanism. Navy DBDB0.5’ (~0.8 km)
and 1’ (~1.5 km) digitized bathymetry is combined to
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Figure 3. (left) Northern California Coastal Circulation Study (NCCCS) (November 5, 1988,
to February 13, 1989) and (right) nested model (November 5, 1996, to February 13, 1997) 10 m
velocity and wind stress mean and principal axis ellipses of standard deviation. Standard devia-
tions correspond to the major axes of the ellipses. Bathymetry contours on both plots represent
the actual bathymetry used on the nested model domain. The model domain is truncated to the

west.

create high-resolution bathymetry for the domain inside
the first nested grid boundary. Sigma coordinate mod-
els are prone to generate spurious velocities associated
with pressure gradient errors near steep bathymetry
[Mellor et al., 1994]. In order to minimize such dis-
turbances the bathymetry is smoothed with a Shapiro
filter. The bathymetry is further manipulated to re-
duce the difference in adjacent depth values divided by
twice the average depth of adjacent cells to be <0.4.
Bathymetry on the nested grid is blended with the
coarser-resolution model bathymetry over six grid cells
for consistency across the nested grid boundary. Im-
mediately off Cape Mendocino as the coastline projects
westward, the bathymetry becomes highly contorted,

with the Mendocino Escarpment (Figure 1) dropping
sharply to the north. Furthermore, several deep sub-
marine canyons gouge the slope area adjacent to the
Cape Mendocino coast. There is a broad shelf north of
Cape Mendocino, while to the south, the shelf is narrow.
The high-resolution bathymetry and coastline used on
the nested grid captures the important features of the
coastline and underwater terrain (Figure 3).

4. Circulation Statistics

This section gives a statistical overview of the model
results of the 100 day nested model (3 km resolution)
simulation. Because most of the forcing mechanisms de-
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Table 1. Statistics From the NCCCS Observations of Currents at 10 m Depth from November 5, 1988, to

February 13, 19892

Location/Isobath Magnitude Direction Standard Deviation Standard Deviation
of Mean, cm s~ of Mean of Major Axis, cm s~ of Minor Axis, cm s~

KLA/60 m 2.17 166.87° 10.58 5.56

KLA/90 m 4.37 173.63° 12.82 6.84

KLA/130 m 3.02 182.58° 15.93 7.54

KLA/400 m 3.23 206.99° 16.16 8.20

VIZ/60 m 3.38 183.65° 12.41 2.23

VIZ/90 m 2.34 206.20° 13.42 3.77

VIZ/130 m 2.65 306.63° 13.31 5.03

aQrientation is given in degrees clockwise from north. Values for wind stress at buoy 30 (in dyne cm™?) over the same
time period are Magnitude of Mean = 0.33, Direction of Mean = 359.09°, Standard Deviation of Major Axis = 0.91, and

Standard Deviation of Minor Axis = 0.27.

scribed in section 3 possess strong alongshore variabil-
ity, it is natural to expect the coastal flow around Cape
Mendocino to mirror this spatial inhomogeneity. This
section focuses on comparing and contrasting statistical
quantities at different locations in order to identify and
separate the effects of the dominant physical forcings.
All variables in this paper are filtered with a moving av-
erage over the 18 hour inertial period, unless otherwise
stated.

As a point of departure for the analysis, current meter
measurements from the NCCCS observational program
are examined. The same 100 day period corresponding
to the model simulation is utilized (November 5, 1996,
to February 13, 1997); however, the observations are
for the year 1988-1989. (It was not practical to run the
nested model for the 1988-1989 period of the NCCCS
experiment because the PWC simulation was conducted
for 1992-1998 and NOGAPS wind forcing is not readily
available for 1988-1989.) The historical NCCCS cur-
rent meter data on the Klamath (KLA) and Vizcaino
(VIZ) lines shown in Figure 3 and summarized in Ta-
ble 1 reveal that the principal axis ellipses of standard

deviation of velocity at 10 m depth are more polarized
alongshore on the VIZ line (south of Cape Mendocino)
compared with the KLA line (north of Cape Mendo-
cino). The shelf is narrower at the VIZ line than at the
KLA line, which can account for the observed difference
in polarization. Mean flow over the shelf and slope at
the KLA and VIZ lines is generally equatorward despite
weak poleward mean winds.

The wind forcing during winter 1988-1989 at NDBC
buoy 30 possessed a large number of equatorward wind
events, leading NCCCS investigators to categorize win-
ter 1988-1989 as anomalous [EG&G, Inc., 1991]. By
contrast, winter 1996-1997 displayed large mean pole-
ward winds and higher wind variability (Figure 3). Ta-
ble 2 contains the statistics from the model simulation.
Model currents at 10 m depth from the present simula-
tion (November 5, 1996, to February 13, 1997) also show
stronger polarization of flow in the alongshore direction
off VIZ compared to KLA. Model flow is equatorward
in the mean except over the shelf on the 60 m isobath
off KLA where it is poleward. The “no river” simu-
lation also had poleward flow on the 60 m isobath at

Table 2. Statistics From the Nested Model Simulation of Currents at 10 m Depth From November 5, 1996, to

February 13, 19972

Location /Isobath Magnitude Direction Standard Deviation Standard Deviation
of Mean, cm s~' of Mean of Major Axis, cm s~ of Minor Axis, cm s

KLA/60 m 8.08 13.90° 19.99 4.29

KLA/90 m 1.61 77.43° 21.50 5.30

KLA/130 m 2.38 145.78° 21.56 5.10

KLA /400 m 5.39 165.06° 17.18 7.08

VIZ/60 m 2.65 150.63° 11.56 2.11

VIZ/90 m 10.28 169.13° 16.31 3.44

VIZ/130 m 5.83 145.63° 20.89 4.67

»Qrientation is given in degrees clockwise from north. Values for wind stress at buoy 30 (in dyne cm™2) over the same
time period are Magnitude of Mean= 0.67, Direction of Mean = 15.11°, Standard Deviation of Major Axis = 1.73, and

Standard Deviation of Minor Axis = 0.68.
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Figure 4. Zero-lagged correlation coefficients for principal axis velocity following the 100 m
i‘.?'?lz)ath at 50 m depth. The correlations are relative to the velocity at (top) KLA and (bottom)

KLA. Model variability is stronger at all locations than
during the NCCCS observational period.

Time-mean surface velocity and rms amplitude of sur-
face velocity for the 100 day simulation with and with-
out rivers (Plate 2) indicate that the buoyancy forcing
from the Eel and Klamath Rivers enhances the fluctua-
tions in the surface current over the shelf. The effect of
river runoff contributes up to 12 ¢cm s~! to the surface
velocity variability over the shelf. This contribution is
not distribyted uniformly alongshore. Patches of large
fluctuations occuring without river runoff north of Point
St. George and between the Eel River and Trinidad
Head are augmented when river runoff is included. This
enhancement of flow variability due to buoyancy forc-
ing is confined to the areas north of Cape Mendocino

and is superimposed on the alongshore asymmetry in
the current fluctuations that exists between the region
north and south of Cape Mendocino in the absence of
river runoff.

Mean surface velocity diverges at Cape Mendocino
and flows poleward to the north of the cape and equa-
torward to the south. This divergence pattern with
equatorward flow south of Cape Mendocino also occurs
in the PWC model mean surface velocity field and may
be associated with the large-scale negative wind stress
curl south of Cape Mendocino (Plate 1).

Depth-averaged time mean velocities (Plate 3) are
muted over the shelf, and their direction along the coast
is more variable than was the surface velocity time
mean. The asymmetry in variability between regions
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Plate 2. Nested model surface velocity vector mean and rms vector amplitude over the 100
day simulation, (left) with rivers and (right) without rivers. Means are denoted with arrows,
while rms amplitude is color contoured. Every second vector is shown in the alongshore and
across-shore direction.
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Plate 3. Nested model (left) depth-averaged velocity vector mean and rms vector amplitude
over the 100 day simulation with rivers. (Means are denoted with arrows; rms amplitude is color
contoured. Every second vector is shown in the along-shore and across-shore direction.) Also
shown are (right) surface elevation mean (black contours) and standard deviation (color contours)
over the 100 day simulation with rivers.
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Figure 5. Modeled and observed major axis velocity at the S60 ADCP location on the shelf
at three depths over the 100 day record. Velocities are rotated into the principal axes of the
depth-averaged current. Observations are shown here courtesy of A. Ogston.

north and south of Cape Mendocino and the enhance-
ment of variability in the same two areas described
above are readily apparent. Here, however, there is
no discernible difference between variability in the flow
with and without rivers (not shown). Mean surface ele-
vation (Plate 3) suggests anticyclonic circulation to the
north and south of Cape Mendocino. Variability of sea
surface elevation is greatest north of Trinidad Head.

The differences in flow variability north and south
of Cape Mendocino, as well as differences due to river
runoff, can be further assessed by an examination of
model transects of time means, standard deviations,
and covariance-based empirical orthogonal functions
along east-west (across-shore) sections at VIZ and S60
(Plates 4, 5, and 6). The plots involving alongshore
velocity in Plate 4 highlight similarities and differences
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Table 3. Observed and Modeled Major Axis Velocity Time Series Statistics at

STRATAFORM 560 ADCP Site®

Correlation Mean, Standard Deviation,

Coefficient cm s~} cm ™!
Observed 10 m -8.31 22.12
Modeled (3 km) 10 m 0.81 3.09 21.45
Modeled (9 km) 10 m 0.68 5.83 16.49
Observed 30 m -7.34 17.91
Modeled (3 km) 30 m 0.80 -0.25 16.15
Modeled (9 km) 30 m 0.49 -3.36 14.22
Observed 50 m -3.27 15.50
Modeled (3 km) 50 m 0.72 0.28 12.30
Modeled (9 km) 50 m 0.32 -4.35 13.85

80bserved data courtesy of A. Ogston.

Table 4. Observed and Modeled Minor Axis Velocity Time Series Statistics at

STRATAFORM S60 ADCP Site®

Correlation Mean, Standard Deviation,

Coefficient cms™! cm s~!
Observed 10 m -0.05 5.93
Modeled (3 km) 10 m 0.06 0.79 4.12
Modeled (9 km) 10 m -0.08 1.16 5.79
Observed 30 m 1.97 4.19
Modeled (3 km) 30 m 0.09 0.76 2.31
Modeled (9 km) 30 m 0.15 0.62 4.26
Observed 50 m 0.21 412
Modeled (3 km) 50 m 0.31 0.03 1.76
Modeled (9 km) 50 m 0.06 0.30 3.43

&Observed data courtesy of A. Ogston.

north and south of Cape Mendocino and are calculated
from the 100 day simulation without rivers. A poleward
jet over the midshelf dominates the mean at S60; else-
where, the flow is equatorward. At the VIZ section the
mean velocity is equatorward. On the basis of a com-

parison of the structure and amplitude of the EOFs,
fluctuations in the velocity display a similar pattern at
the two transects. The majority of the variance is asso-
ciated with coastal jet-like motions, concentrated in the
upper 40 m, of northward fluctuations during poleward

l L L} T T
modeled

— — — observed

current leads

0 2 4 6 8 10
days wind leads

Figure 6. Modeled and observed time-lagged cross correlations of buoy 30 major axis wind stress
with major axis 10 m velocity at the S60 ADCP location on the shelf over the 100 day record.
NOGAPS model wind stresses are used for the correlation with the nested model. Velocities are
rotated into the principal axes of the depth-averaged current.
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momentum balance at S60 during two storm events. The terms in momentum equation (1) have
been divided by the depth D and multiplied by 107.

winds and southward fluctuations during equatorwind
winds. This is consistent with idealized shelf model
response to upwelling and downwelling favorable wind
forcing [Allen and Newberger, 1996; Allen et al., 1995].

The influence of river discharge on the variability
north of Cape Mendocino is documented in Plate 5.
Compared to the no river case (Plate 4), mean pole-
ward flow in the jet is slightly stronger when rivers are
present. Variability occurs mainly in the upper 5-10 m.
This is shallower than the fluctuations that occur with-
out rivers. The mode 1 EOF accounts for a majority
of the velocity variance near the surface. This suggests
that the effect of the river-induced near-surface strat-
ification is to intensify the wind-driven response in a

shallow surface layer. Mean density is distinguished by
light Eel River water in the upper 5-10 m. Density fluc-
tuations are concentrated near the surface and occur,
as indicated by the EOF amplitude time series, when
water lighter than the mean spreads out over the shelf
during the Eel River flood events.

To explore the differences in current variability near
the surface with and without rivers, we look at the tur-
bulent kinetic energy (1g®) from the Mellor and Ya-
mada [1982] level 2.5 turbulence submodel along the
560 transect, with and without rivers (Plate 6). With-
out rivers, turbulent kinetic energy variability is large in
the upper 25 m from midshelf to offshore. With rivers,
fluctuations in ;¢® are most intense near the base of



December 29, 199

PULLEN AND ALLEN: COASTAL CIRCULATION OFF NORTHERN CALIFORNIA

4 !
e A

December 30, 1996
o 1 T il

Tl onors N NN

-125.2 -125 -124.8-124.6-124.4-124.2 -124 -125.2 -125 —124.8—-I24.6-IZ4.4—124.1 -124 -1252 -125 -124.8-124.6-124.4-124.2 -124

Figure 8. Evolution of sea surface elevation during the early stages of the second severe storm.

Units are centimeters.

the strong jet, suggesting the presence of shear-induced
turbulence. The $¢* amplitude time series tracks wind
stress so that turbulent kinetic energy increases during
strong wind events. The strong stratification caused by
river runoff may confine intense 3 ¢* values over the mid-
shelf to within about 10 m of the surface. Though 3¢*
means and standard deviations are larger in this near-
surface region for the rivers case compared with the no
rivers case, nonetheless, over midshelf the no rivers case
has large 3¢ values that extend more deeply vertically
by about 15 m than those of the rivers case.

We have assessed the structure of means, standard
deviations, and dominant EOFs at isolated transects.
To conclude this section, we evaluate the degree of com-
munication between regions north and south of Cape
Mendocino. Figure 4 shows the alongshore space-lagged
velocity correlation coefficients relative to velocity at
KLA and VIZ at 50 m depth over the 100 m isobath.
At each location along the coast the velocity is rotated
into the principal axes of the depth-averaged velocity.
Correlation coefficients are calculated for both the ma-
jor and minor axes components. Minor axis correlation
scales are on the order of 10 km. Short alongshore cor-
relation scales of the across-shore (minor axis) velocity
components, in contrast to the relatively long along-
shore correlation scales of the alongshore (major axis)
velocity components along the coast, are typical fea-
tures of coastal flow regimes off the northern U.S. west
coast [Kundu and Allen, 1976; Dever, 1997b]. Major

axis correlation lengths extend around Cape Mendo-
cino. However, the magnitude of the correlations falls
rounding Cape Mendocino. For the correlations an-
chored at KLA, magnitudes are lower to the south of
Cape Mendocino but remain high to the north. For the
correlations anchored at VIZ, magnitudes drop off to
the north and south.

5. Time Series

Modeled and observed major axis velocity time se-
ries at three depths at the S60 ADCP site (40.89°N,
124.25°W) are compared in Figure 5. The S60 ADCP
(RDI workhorse) observations are described by Ogston
et al. [2000]. The correlation coefficients are con-
siderably higher for the nested high-resolution model
(3 km) relative to those of the PWC model (9 km)
(Table 3). Correlations remain high for the nested
model throughout the water column, whereas correla-
tions drop off sharply with depth for the PWC model.
Observed time mean flow is equatorward at all depths.
Neither model reproduces the mean flow. The sec-
ond nested model (1 km), however, does reproduce the
observed time mean vertical current structure [Pullen
and Allen, 2000]. Observed standard deviations are
higher near the surface and lower near the bottom.
The magnitudes of the standard deviations from the
nested model are in reasonable qualitative agreement
with the observed values and replicate the reduction
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Plate 7. Map of dominant surface velocity mean product EOFs (arrows). (left) Modes 1 and
(right) 2 are shown. Percent mean product explained is 58.34% and 13.81%, respectively. Color
contours show the amount of total mean product at each site explained by the mode. The
simulation with rivers is used.
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sections plotted in Figure 12.

with depth. The PWC model has standard deviations
that are smaller in magnitude at 30 m and above and
are more uniform with depth. The magnitude of both
the observed and modeled minor axes mean values are
small (<2 cm s~')(Table 4). Standard deviations are
<6 cm s~! and they decrease with depth in the model
and in the observed data. The largest correlation with
observed values occurs for the nested model at 50 m
depth.

Modeled and observed major axis wind-current time-
lagged cross-correlations illustrate the nested model’s
skill at reproducing the observed wind-forced response
(Figure 6). The maximum wind-current cross-correla-
tion value of the model (observations) of 0.77 (0.63)
occurs at 1 day (1.25 days).

The depth-averaged current at the S60 site along with
terms in the nested model depth-integrated alongshore
momentum balance [Blumberg and Mellor, 1987]
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during the two major storm events are shown in Fig-
ure 7. The terms are (1) acceleration, (2) advection
(plus horizontal diffusion), (3) Coriolis force, (4) sur-
face stress, (5) bottom stress, and (6) pressure gradient.
The alongshore balance above is obtained by rotating
the original z (east-west) and y (north-south) equations
into the principal axis orientation of the depth-averaged
current.

The time-dependent term balance and currents dem-
onstrate a generic response to passing storms. In partic-
ular, the surface stress exerted by the winds accelerates

PULLEN AND ALLEN: COASTAL CIRCULATION OFF NORTHERN CALIFORNIA

a poleward current. Bottom friction increases to retard
the accelerating current. Meanwhile, an equatorward
pressure gradient develops that primarily balances the
wind-forced offshore flow below the surface layer. Af-
ter the relaxation of the surface stress the wind-forced
across-shelf flow decreases so that it is no longer large
enough to balance the pressure gradient. As a result,
the surviving pressure gradient accelerates the along-
shore current southward and leads to current reversals
on December 14 and January 3. The major axis depth-
averaged currents and the important terms in the mo-
mentum balance have larger magnitudes in response to
the second (stronger) storm. The minor axis momen-
tum balance is predominantly geostrophic and is not
shown.

The development of the southward pressure gradi-
ent force is shown in maps of surface elevation (Fig-
ure 8). After December 28, as poleward winds grow
strong, the surface elevation develops alongshore varia-
tions. In particular, the regions south of Trinidad Head
(41.1°N), where S60 is situated, and south of Point
George (41.7°N) experience a sea level setup that es-
tablishes an alongshore pressure gradient.

6. Circulation Patterns

Nested model sea surface elevation during the second
major storm is shown in Figure 9 for the simulation
with and without rivers. Winds are strongly poleward
on December 31. Sea level setup against the coast,
emblematic of downwelling, is evident at these times.
Alongshore spatial inhomogeneities in sea level eleva-
tion are present because of both coastline irregularity
and rivers. River runoff creates a buoyancy current that
augments the sea level setup and enhances the coastal
downwelling jet [Fong, 1998].

On January 6, wind stress reverses to equatorward
and sea level elevation domes to form an anticyclonic
eddy centered near 40.75°N. The strength of the eleva-
tion “high” is increased by river runoff, but the eddy is
present even without river runoff. By contrast, the high
sea level cell adjacent to the Klamath River is absent
when river runoff is not included. The same pattern of
eddy occurrence with and without rivers appears during
the first storm of December 8-17; however, the magni-
tude of sea level elevation is reduced.

Fortuitously, an ERS-2 satellite track crossed the wa-
ters near Cape Mendocino on January 6. TOPEX/ERS-
2 satellite altimetry confirms the presence of a clockwise
(anticyclonic) eddy adjacent to Cape Mendocino (Fig-
ure 10) on January 6. The broad poleward flow offshore
of the remotely sensed eddy is also found in the model
simulation. Furthermore, the anticyclonic circulation
south of Cape Mendocino in the satellite field is also
indicated in the model sea surface height field.

The evolution of the eddy near the end of the sec-
ond storm is traced in maps of depth-averaged veloc-



PULLEN AND ALLEN: COASTAL CIRCULATION OFF NORTHERN CALIFORNIA 26,979

January 2, 1 997

i

4181
41.6
414

4121

41
40.8

406"

..:lrllllr't’l Y
4041,y e

' r!”n“\\%\\

EERRARAEY e
TEarter, ..
cortt b AN !

=125 -124.5 -124

January3 1997
.n‘ 1 ““
okttt \\
sRERR YA/ /'
tt

111f f .-,_ \_,,« L :

”” ‘ ‘._“

M ! o) V -
i

i

rrrm\'\\\ \\\ Ty
RN\ :._\\
ottt
IHIHNHI ot
mur!mh .. :
;-:I””l‘\\
conrtinty
.uuu!l'f”
;Nfu!l””\
SURREREEA!

1] HIRED \
71 TR

January 5, 1997
1 LN i- : =T
VAN A At |
e ok J ?‘.

11!
111t

Pl :
“\\\\‘ : \\““
AW ]

Tt
TN
RIRLARRRR AV
renttttty l\:‘
ettt AN
NHHHHM
.-!“‘\\\

L\ \«I}\

aaa e .,\\\\\\..,

freean
L

~125 -124.5 -124

Figure 11. Maps of depth-averaged velocity north of Cape Mendocino. Wind stress at buoy 30
is indicated with a thick arrow. The eddy formation adjacent to the Eel and Klamath Rivers is

shown.

ity (Figure 11). The reversal of the coastal current
from poleward (January 2) to equatorward (January
5) is accompanied by a complicated pattern of eddies
and meanders. Notably, the eddies adjacent to the Eel
and Klamath Rivers start to form January 3. From the
behavior of the depth-averaged velocity vectors in the
vicinity of the Eel River it appears that the shelf and

slope bottom topographic variations associated with the
Eel River canyon just south of about 40.6°N play a ma-
jor role in the formation of the eddy in this region.

An east-west section of velocity cutting through the
eddy (see Figure 9 for location of the section) extending
about 60 km offshore shows the depth structure of the
eddy (Figure 12). The eddy reaches deeper than 500 m
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Figure 12. East-west section at 40.75°N of north-south velocity through the eddy pictured in
Figure 9. Units are cm s~!. The model simulation with rivers is shown. The sections extend

~60 km offshore.

and has a subsurface maximum of 25 cm s~ at about
100 m depth. The equatorward limb of the eddy forms
over the shelf by January 6. At later times the eddy
moves offshore and decays as upwelling favorable winds
influence the region (not shown). The eddy has a sim-
ilar depth structure during the first storm, though the
velocities are about 5-10 cm s~ weaker.

The eddy circulation associated with the Klamath
River to the north has very different characteristics.
That eddy occurs only when rivers are present in the
simulation and is situated over the shelf. Velocities in
that eddy are surface-intensified during both storms.

The signature of the eddy near the Eel River comes
through in the mean depth-averaged current (Plate 3),
as well as in the mean surface velocity (Plate 2). Maps
of the first and second mean product EOFs of sur-
face currents calculated with the mean values retained
(Plate 7) and corresponding amplitude time series (Fig-
ure 13) identify the eddy as part of a mode 2 (explain-
ing ~14% of the mean product) response to the relax-
ations/reversals of poleward winds. This second mode
is characterized during the wind relaxation by mostly
equatorward flow over the shelf. In this mode an an-
ticyclonic eddy is also found to the south, in the fold
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of Cape Mendocino. The relatively large amplitudes
and large fraction of local mean product explained in
the near-coastal surface currents south of Cape Mendo-
cino indicate that this mode, whose variability is sep-
arate from that of the mode 1 large scale wind-forced
response, makes a dominant contribution to the mean
southward currents south of Cape Mendocino (Plate 2).
The first mode EOF (explaining about 58% of the mean
product) represents a coastal current that has a larger
magnitude and represents a larger fraction of the local
mean product north of Cape Mendocino. The variabil-
ity of the first mode is clearly related to that of the wind
stress (Figure 13). The maximum time-lagged correla-
tion coefficient is 0.89 at a lag of 24 hours. This mode
represents a large alongshore-scale coastal circulation
response to wind forcing with greatest strength north
of Cape Mendocino. The portion of the surface velocity
mean product attributable to the other modes drops off
sharply; mode 3 contributes 7%. Thus two modes ex-
plain the majority of the surface velocity mean product
and characterize the coherent coastal surface current
response to storm events.

The depth-averaged velocity mode 1 EOF (Plate 8),
calculated as is usual with the mean values removed,
represents a large-scale coastal current fluctuation that
is strongest north of Cape Mendocino but that is also
appreciable both in relative amplitude and in fraction
of local variance represented, south of Cape Mendocino.
The amplitude time series of this mode is highly corre-
lated with the wind stress (r = 0.85) at a lag of 36
hours. Thus this mode represents a large-scale coher-
ent coastal current response to wind that extends from
about 39°N to north of 43°N. The extension of this co-
herent wind-driven response south of Cape Mendocino
was masked in the surface current mean product EOFs
in Plate 7 by the unrelated variability of the mode 2
coastal surface currents south of Cape Mendocino.

7. Discussion and Summary

We have conducted the first high-resolution numeri-
cal study of winter circulation around Cape Mendocino.
We have examined the contributions of major forcing
mechanisms to the circulation in the region using a sta-
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tistical approach. In the absence of river forcing the
asymmetry in flow variability north and south of Cape
Mendocino, with the flow exhibiting more energetic be-
havior to the north, is likely related to the alongshore
variations in wind forcing.

Primarily associated with the flood events, river dis-
charge bathes the near-surface (upper 5-10 m) waters
of the shelf, with light water enhancing the stratifica-
tion near the surface. The buoyancy input serves to
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amplify the wind-driven response in a thin surface layer
and increases the magnitude of velocity fluctuations in
the coastal jet.

Major and minor axes 50 m alongshore velocity cor-
relations along the 100 m isobath were computed at
points north and south of Cape Mendocino. Minor axis
(across-shore) correlation scales are about 10 km. Ma-
jor axis (alongshore) correlation scales are >100 km over
the broad shelf region to the north of Cape Mendo-
cino and shorter on the narrower shelf to the south of
Cape Mendocino. Alongshore velocity correlations are
reduced to the south of Cape Mendocino.

Good agreement is found between the amplitude and
time variability of the nested model major axis currents
and the observed ADCP major axis currents at three
depths at the S60 location during the 100 day simula-
tion. The nested model (3 km) performed better than
the PWC (9 km) model, especially at deeper depths. At
the shelf site, terms in the depth-integrated major axis
momentum balance displayed a common time evolution
to passing storms. This response includes the establish-
ment of an alongshore pressure gradient force that helps
initiate and sustain a current reversal over the shelf.
The current reversal at the shelf site develops into the
shoreward arm of an anticyclonic eddy. The eddy oc-
currence was verified by satellite altimetry. In addition,
the eddy was described as a local generic response to
traveling atmospheric cyclones through an EOF analy-
sis of velocity. The interaction of the Eel River plume
with the eddy and the implications of eddy circulation
for sediment transport on the shelf are addressed by
Pullen and Allen [2000).

Appendix A: River Input

River runoff from the Eel and Klamath Rivers is dis-
charged into all three model domains using the method
described by Kourafalou et al. [1996]. The modifica-
tions to the governing equations at the location of the
river input are reviewed here.

The vertically integrated continuity equation becomes

o , 90D , 87D
6t oz By
Here § = Q/AzAy, where Q is the river discharge (in

m? s~1) and Az and Ay are the horizontal grid spacing.
The three-dimensional continuity equation becomes

on  Ow 8UD _OVD _
Tt T —Tk)

where ¢’ (k) must satisfy the constraint

=q-,

> d(kAg(k) =g

k=1

Here k is an index for the vertical o level, K is the
number of ¢ levels, and Ao (k) is the spacing between
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adjacent o levels: o(k) — o(k + 1). Let P(k) be the
fraction of discharge, @, put in at o level k. Then we
find the value of ¢’(k) by

o) = o,

where

Z P(k) =

If the river is input uniformly with depth, then P(k) =
Ac(k). Whereas if the river is input only in the top
layer, as first described and implemented by Kourafalou
et al. [1996] and used in this paper, then P(1) = 1 and
P(k)=0for k # 1.

The salinity equation becomes

asD BSUD+3SVD dSw

5t " oz By | 8o
d |KydS
¢ (K)Siver + 5 [ iz 60] +Fs,

while the temperature equation becomes

8TD 4 8TUD & 8TVvVD 4 0Tw
at oz 8y 8o

q (k)Trwer e s [KH BT:I FT:

b0 | D b0

where Sriver and Triver are the salinity and temperature,
respectively, of the river discharge. In the application
described in this paper, Sriver = 0 and Tyjyer = 11.5°C
on all model domains. In the first nested model the river
discharge is put into the top layer at the innermost grid
cell of a two grid cell long inlet channel of one grid cell
width.
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