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ABSTRACT |

To study the combined effects of. thermohaline gradients and the Columbia River
plume on the ocean circulation of the California Current System (CCS), results from three
numerical experiments of increasing complexity are e;canﬂncd. In all three experiments,
seasonal climatological winds are used to force the model. In the first experiment, the
effects of seasonal thermohaline gradients along the western boundary are evaluated. In
the second experiment, the additional effects of thermohaline gradients along the northern
and southern boundaries are investigated, while in the third experiment, the effect of the
Columbia River plume on the CCS is explored. The results from the first two
experiments show that thermohaline gradients associated with the North Pacific Centlfal,
Pacific sub-Arctic, and Southern waters help to maintain more realistic femperatures and
salinities in the CCS, particularly in the coastal regions. The third experiment shows that
the Columbia River plume exhibits a strong seasonal signal with poleward flow close to
the coast in winter and equatorward flow farther offshore in summer. The plume also has
a significant impact on the near-surface stratification and baroclinic structure of the

velocity field of the CCS from Washington to San Francisco.
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I. INTRODUCTION

The west coast of North America from the Strait of Juan de Fuca to the tip of Baja
California is part of an eastern boundary current system known as the California Current
Systemn (CCS) (Hickey, 1998). The CCS is comprised of three large-scale currents (see
Figure 1): the California Current (CC), the California Undercurrent (CUC), and the
Inshore Countercurrent (IC) (Batteen and Vance, 1998).

The CC is a broad (~1000 km), relatively slow (~10-30 cm/s), equatorward year-
round surface flow. The current is strongest at the sea surface and generally extends over
the upper 500 m of the water column. It has a seasonal maximum in summer to early fall |
(Hickey, 1998; Batteen and Vance, 1998).

The CUC is a narrow (~10-40 km), relatively weak (~2-10 cm/s), poleward
subsurface flow over the continental slope. The current is strongest at depths of ~100-300
m from the surface. It has a seasonal maximum in late spring and summer with peak
speeds of ~30-50 cm/s (Hickey, 1998; Batteen and Vance, 1998).

The IC, which is known as the Davidson Current (DC) north of Point
Conception, is a broader (~200 km), weak (~5 cm/s), poleward surface flow in fali and
winter with a seasonal maximum in winter. There are other ICs known as the Southern
California Countercurrent (SCC) to the south, and the Southern California Eddy (SCE)
_ inshore of the Channel Islands within the California Bight (Hickey, 1979, 1998; Batteen

and Vance, 1998).




Three types of water masses are found in the CCS: Pacific sub-Arctic, North
Pacific Central, and Southern waters. The Pacific sub-Arctic water, characterized by low
salinity and temperature and high oxygen and nutrients, is advected equatorward in the
CCS by the CC. North Pacific Central water, characterized by high salinity and
temperature and low oxygen and nutrients, enters the CCS from the west. Soﬁthem water
characterized by high salinity, temperature and nutrients, and low oxygen, enters the CCS
from the south by the CUC (Lynn and Simpson, 1987).

The only large river plume off the west coast of the U.S. is from the Columbia
River (Huyer, 1983; Hickey, 1998). The Columbia River provides over 77% of the
drainage between the Strait of Juan de Fuca and San Francisco Bay. On a seasonal basis,
the plume flows poleward over the shelf and slope in fall and winter, and equatorward
well offshore of the shelf in spring and summer. The Columbia pluﬁle is barely visible at
a depth of 20 m from the sea surface (Hickey, 1998).

Recent observational studies have shown that the CCS is not the quiescent, stable
system of currents with a well-defined, unchanging structure as suggested by Figure 1.
Rather, the flow fluctuates greatly in both time and space (Batteen and Vance, 1998).
Satellite infrared sea surface temperature (SST) imagery of ‘the CCS has revealed a
distinct complex flow structure with seasonal variations. Within the mean, large-scale
structure of the CCS there exist perturbations in the form of mesoscale meanders, eddies,
filaments, and jets which vary in both space and time (Bernstein et al., 1977; Chelton,
1984; Strub et al., 1991). Dominant mechanisms responsible for the observed 1argc-Scale

structure within the CCS have been shown to be seasonal variations in alongshore wind




stress (Bakun and Nelson, 1991), coastline irregularities (e.g., Batteen, 1997), bottom
topography (e.g., Ikeda et al., 1984), and temperature and salinity variations (Batteen et

al., 1995; Batteen and Vance, 1998).

Previous modeling studies (e.g., Batteen et\al., 1989; Batteen, 1997) have shown
the seasonal variation of the alongshore component of wind stress to be critical in
generating realistic horizontal and vertical structures for the CC and CUC. Both
baroclinic and barotropic instability mechanisms contributed to the generation of
meanders, filaments, and eddies. Additionally, coastline irregularities were shown to help
"anchor” upwelling filaments and to enhance growth of meanders and eddies.

In recent observational (Batteen er al., 1995) and numerical modeling studies
(Batteen and Vance, 1998) on the combined effect of temperature and salinity on density,
it was shown that the distribution of salinity as well as temperature is important in
defining the large-scale structure and circulation of the CCS. The modeling study of
Batteen and Vance (1998) included wind forcing, coastline irregularities, and seasonal
temperature and salinity thermohaline gradients on the western boundary.

In this study, the role of thermohaline gradients on the CCS will be expanded to
include seasonal temperature and salinity forcing on the northern and southern
boundaries of the model domain. This will allow the influences of the three major water
masses (i.e. the Pacific sub-Arctic, North Pacific Central, and Southern waters) on the
CCS to be studied. Additionally, the Columbia River plume will be added to the model

domain in order to examine its effect on the CCS.




The study is organized as follows: section 2 describes the numerical model, the
forcing, and the experimental conditions used in the basic experiment; section 3 includes

analysis of the results of the model simulations, and section 4 summarizes the results.




II. MODEL DESCRIPTION

A. MODEL EQUATIONS

The numerical model in this study was originally a coarse resolution model used
in closed basin studies by Haney (1974). It has recently been adapted by Batteen (1997)
for eddy-resolving, limited EBC regions with open boundaries to the north, south, and
west. The model is multi-level, uses non-adiabatic pﬁnﬁtive equations, and the beta-
plane approximation. It has both baroclinic and barotropic velocity components and uses
the hydrostatic and Boussinesq approximations as well as a rigid lid. The governing

equations are as follows:

%—:;—:%+fv—AMV4u+ KM% 1
| %:%}%—ﬁz—AMV"v+KM% 2)
%+%+%=0 3)

2 o @
p=poll—0(T =T,)+B(S ~S,)] S
‘i—f = QA,,V‘T +K, ‘Z—f (6)
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In the above equations, ¢ is time and (x,,2) is a right-handed Cartesian coordinate system
with x'pointing toward shore, y alongshore, and z upward. The corresponding velocity
components are (w,v,w). T, S, and p are temperature, salinity and pressure, respectively,
and p is density. Table 1 provides a list of other symbols found in the model eqﬁations, as
well as values of constants used throughout the study.

A space-staggered B-scheme (Arakawa and Lamb, 1977) is used for the
horizontal finite differencing. This scheme has been shown by Batteen and Han (1981) to
be appropriate when grid spacing is approximately the same order as, or less than, the
Rossby radius of deformation. The horizontal grid spacing is 8 km in the east-west
direction and 11 km in the north-south direction, while the internal Rossby radius of
deformation is ~30 km. This horizontal grid resolution should allow realistic spatial
resolution of mesoscale features in the CCS, which have typical wavelengths of the order
of 100 km (Breaker and Mooers, 1986).

The model uses ten vertical layers, with constant z-levels, at depths of 10, 30,
75, 150, 250, 400, 600, 1226, 2283, and 3656 m. This vertical scheme is designed to
concentrate more layers above the thermocline in the dynamically active portion of the
ocean, consistent with Haney (1974).

The model domain (Figure 2) is a rectangular region encompassing the west coast
of the United States, from 35.0° N to 47.5° N (1408 km alongshore), and from 120.0° W
to 132.5° W (1024 km cross-shore). The coastal boundary of the model domain is closed,
and has both tangential and normal velocity components set to zero. As in other wind-

forced process-oriented studies, bottom topography has been omitted to focus on the roles




played by wind forcing and thermohaline gradients. The constant depth used in the model
is 4500 m.

A modified version of the radiation boundary conditions of Camerlengo and
O'Brien (1980) is used for the open ocean domain boundaries to the north, south, and
west. In particular, whether a boundary grid point is treated as an inflow point or an
outflow point for a particular prognostic variable is determined by the sign of a
dynamically computed effective group velocity. This group velocity is defined as the
ratio of the local time derivative and the local space derivative nonnai to the boundary. If
the boundary grid point is thereby determined to be an inflow point, then the value of the
prognostic variable is set to its value at the previous timestep. If the boundary point is
determined to be an outflow point, its value is set to that of the nearest interior point.
Spatial smoothing is also applied with a 1-2-1 weighting window within five grid points
(~50 km) of the open boundaries.

The model uses biharmonic lateral heat é.nd momentum diffusion with the same
choice of coefficients (i.e., 2.0 x 10'” cm%/s) as in Batteen et al. (1989). Holland (1978)
showed that the highly scale-selective biharmonic diffusion acts prédominantly on
submesoscales, while Holland and Batteen (1986) found that baroclinic mesoscale
processes can be dqmped by Laplacian lateral heat diffusion. As a result, the use of
biharmonic lateral diffusion should allow mesoscale eddy generation via barotropic
(horizontal shear) and/or baroclinic (vertical shear) instability mechanisms. Aé in Batteen

et al. (1989), weak (0.5 cm?/s) eddy viscosities and conductivity are used. Bottom stress




is parameterized by a simplified quadratic drag law (Weatherly, 1972), as in Ba.tteen et al.
(1989).

The method of solution is straightforward with the rigid lid and flat bottom
assumptions because the vertically integrated horizontal velocity is subsequently
nondivergent. The vertical mean flow can be described by a streamfunction which can be
predicted from the vorticity equation, while the vertical shear currents can be predicted
after the vertical mean flow is subtracted from the original equations. The other variables,
i.e., temperature, salinity, vertical velocity, and pressure, can be explicitly obtained from
the thermodynamic energy equation (6), salinity equation (7), continuity equation (3), and

hydrostatic equation (4), respectively.
B. METHOD OF SOLUTION

Equations (i) through (7) comprise a closed system of seven scalar equations and
seven unknowns, u, v, w, p, p, T, and S. The variables, u, v, T, and S are prognostic
variables whose time rates of change are predicted from (1), (2), (6) and (7), respectively.
Although the diagnostic variables w, p, and p can be determined from (3), (4), and (5),
respectively, additional constraints are imposed on p and w by the choice of the rigid lid
boundary condition. Specifically, the vertically integrated pressure can no loriger be
obtained by integrating the hydrostatic equation (4) for the free surface, and the
vertically-integrated horizontal velocity is subsequently constrained to be hon-divergent,

ie.,




P2+ 2o ®

which is obtained by integrating (3) and applying the vertical boundary conditions where

€ is a dummy variable representing the vertical coordinate.

For any quantity g, let its vertical average be denoted by g and its departure
(vertical shear) by g’ . From (8) the vertical mean flow can then be described by a stream

function y , such that:
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The stream function y is predicted from the vorticity equation, which is derived

from the vertical average of (1) and (2). Applying the curl operator and using (9) and (10)

the vorticity equation becomes

[2‘5} (ayZ) s %ay]
12553 a
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where G and F represent the collective contributions of nonlinear and viscous terms from

equations (1) and (2).




The vorticity equation (1) is solved by obtaining an updated value of ¢ by

applying the leapfrog (or every 11 time steps, the Euler-backward) time-differencing

scheme. The associated value of y can then be obtained from:

1(3%w) 1(d* ) dwoH' dy oH™
== — -, 12
¢ H(8x2)+H(8y2 Tx ax oy o (12)
which is an elliptic. equation. A solution to (1) is fully prescribed by specifying the values

of y on the open and closed boundaries of the model domain. Currently, to solve (1), the

model uses successive over-relaxation techniques.
The vertical shear current (', v') is predicted from (1) and (2) after subtracting the

vertical mean flow. The results are:

ou’ b—lr')p' . *u = 7
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In (13) and (14), p’, which represents the departure of the pressure from the

vertical average, is, using (4), expressed in terms of p as:

p’=j.pgd8 —%T [}pgde)dz. (15)

-H\ z

The method of solution consists of predicting sz/,y/,u’,v',T, and S from (11),

(12), (13), (14), (6) and (7), respectively. The total current is then obtained by adding the

vertical shear part to the vertical average part, after the latter is obtained from ¥ using
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(9) and (10). The diagnostics p, w, and p' are then obtained explicitly from the equation

of state (5), continuity equation (8), and hydrostatic relation (15) respectively.
C. FORCING CONDITIONS

The model is forced from rest with climatological wind fields from a 2.5° by 2.5°
grid of European Centre for Medium-Range Weather Forecasts (ECMWEF) near-surface
wind analyses (Trenberth et al., 1990). The monthly mean stresses based on twice daily
wind analyses from 1980-1989 have been interpolated spatially to the 8 by 11 km model
resolution and temporally to daily wind values.

Sample wind fields used in the basic study are shown in Figure 2, which depicts
the seasonal influence and migration of ﬂow around the North Pacific Subtropical High
over the area encompassed by thé model domain. The atmospheric pressure pattern for
January (Figure 2a) has a low (i.e., the Aleutian Low) to the north and a- high (i.e., the
North Pacific High) to the south, which results in a wind divergence near 40° N as winds
circulate anticyclonically around the Subtropical High and cyclonically around the
Aleutian Low. This pattern of poleward winds north of 40° N and equatorward winds to
the south continues through February and March. During April (Figure 2b) and May, the
Subtropical High has begun its westward and northward expansion, producing increased
equatorward winds over most of the model domain and causing the divergence of flow to
move north off the Washington coast. In July (Figure 2c), equatorward, upwelling-

favorable winds dominate along the entire coastline as the Subtropical High reaches its
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maximum extent. By October (Figure‘ 2d), the winds decrease in magﬂitude throughout
the model domain as the Subtropical High once again begins to recede southward. By
December, the wind di_vergence has returned to ~ 40° N.

The effects of thermohaline gradients in the CCS along the western (132.5° W),
northern (47.5° N), and southem (35.0° N) boundaries are included using monthly
temperature and salinity climatological conditions for the upper seven levels from
Levitus et al. (1994) and Levitus and Boyer (1994) to initialize the modél, and every 10
days to force the model at the boundaries. The seasonal temperature and salinity forcing
conditions for the upper seven layers, which are initially assumed to be zonally
homogeneous, are shown in Figures 3-5 for the western, northern and southern
boundaries, respectively. Since the lower three levels do not exhibit significant horizontal
variation in temperature and salinity, constants are assumed for each level. Temperature
values used for levels 8, 9, and 10 are 2.56° C, 2.08° C, and 2.00° C, respectively, while
the salinity constant used for the lower three levels is 34.7.

Along the boundaries, the temperatures to the south and offshore are generally
warmer than those to the north and inshore. Only the upper level temperature conditions
(Figures 3a, 4a, and Sa) show significant seasonal variability with a temperature
maximum in September and a temperature minimum in February. Below ~150 m, both
the seasonal temperature fluctuations and temperature gradient weaken. Salinity forcing
conditions (Figures 3b, 4b, and 5b), which show less saline water to the north and inshore

in the upper 75 m, have no significant seasonal cycle.
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The effects of the Columbia River plume on the CCS are included using monthly
mean surface salinity conditions. The data used was recorded at the Columbia River
Lightship (46.2 N, 124.2 W), located at the mouth of the Columbia River (Bourke and
Glénne, 1971). The monthly data (Figure 6) was interpolated to daily values to force the
model. The lowest salinities are 6bserved in late spring and early summer due to the

annual snow melt (Landry and Hickey, 1989).

D. EXPERIMENTAL DESIGN

Experiment 1 examines the model response to seasonal wind forcing (Figure 2)
and thermohaline gradients along the western boundary (Figure 3). Model integrations
start from a state of rest and, once a day, the model is updated with ECMWF winds and,
every 10 days, the model is updated along the western boundary with temperature and
salinity. In Experiment 2, thermohaline gradients along the northern (Figure 4) and
southern (Figure 5) boundaries are added to Experiment 1 to investigéte the impact of the
three major water masses on the CCS. In Experiment 3, the Columbia River plume is
added to Experiment 2 to study its effect on the CCS. All three experiments are run for

three years to allow the model to reach a state of quasi-equilibrium.
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III. RESULTS

A. EXPERIMENT 1
1. Spin-up Phase

Due to the combination of climatological wind fofcing and thermohaline gradients
along the western boundary, different oceanic responses are expected depending on the
season. During winter, in the poleward end of the model domain, the large high-to-low
pressure gradient due to the warm-to-cold temperature gradient establishes an onshore
geostrophic flow, while the poleward wind stress results in onshore Ekman flow. On
approaching the eastern boundary, the onshore flow turns and forms a poleward boundary
current (e.g., Figure 7a). In the equatorward end of the model domain, the smaller
pressure gradient and the equatorward wind stress results in weak onshore geostrophic
flow, offshore Ekman flow, and a coastal equatorward surface current (e.g., Figure 7b).

As spring approaches and the North Pacific High begins to build, the poleward
boundary current along the coast in the northern part of the model domain gradually
weakens and turns equatorward (e.g., Figure 7c). Coastal upwelling is first noticeable
along the coast south of Cape Mendocino and Point Arena (e.g., Figure 7c).

In summer, the primary upwelling season, the combination of a weakened
pressure gradient and increased equatorward winds over the entire model domain lead to
a strengthening of equatorward flow all along the coast and a weakening (strengthening)

of onshore (offshore) flow. Coastal upwelling becomes more pronounced along the coast,
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but has the coldest water found near coastal promontories (e.g., Cape Blanco and Cape
Mendocino in Figure 7d). Since promontories are areas of the irregulaf coastline where
the alongshore component of the wind stress is at a local maximum, the CC, upwelling,
and growth of filaments should be enhanced in these regions during the upwelling season
(Batteen, 1997). The filaments that develop are “anchored” in the vicinity of Cape Blanco
and Cape Mendocino (e.g., Figure 7d). The equatorward CC also forms meanders in the
vicinity of capes, which intensify and develop into predominantly cyclonic eddies (e.g.,
Figure 7e).

The subsurface structure of the currents (e.g., Figure 8a) shows that the poleward
undercurrent is within ~50 km of the coast and has a core velocity of ~5-10 cm/s centered
at ~300 m depth. The core of the surface coastal equatorward current is within ~100 km
of the coast and has a typical core velocity of ~50-60 cm/s.

During fall, as expected, the surface poleward flow strengthens in the coastal
poleward end of the model domain in response to both the strengthening of the pressure
gradient and the return of poleward wind stress in the region. The subsurface structure of
the currents (e.g., Figure 8b) shows that in the coastal, poleward end of the model
domain, there is an equatorward undercurrent. The undercurrent is within ~30 km of the
coast, extends from ~100-500 m depth, and has a core velocity of ~1 cm/s. The core of
the surface poleward current is within ~100 km of the coast and has a typical core
velocity of ~5 cm/s. The fall model simulation in the poleward end of the model domain
is consistent with the observed depths and velocities of both the surface poleward current

and the equatorward undercurrent near the coast of Washington (Hickey, 1979, 1998).
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2. Quasi-equilibrium Phase

Longer experimental runs show that the system has reached a quasi-steady state
and that these features continue to be generated and maintained. Using the results of the
longer experimental runs (i.e., year 3 of model simulation time), the model output is time-
averaged for the months of May, August, and December to see the seasonal structure of
features in the CCS (Figures 9a-9c). The spring results (e.g., Figure 9a) show that
equatorward flow along with upwelling is present along the coast, as well as many
features such as meanders, eddies, a temperature front, and filaments. By late summer,
coastal upwelling is at its maximum with temperatures along the coast as low as 7° C
near the coastal promontories (e.g., Figure 9b). During fall (not shown) and winter (e.g.,
Figure 9c), a coastal, poleward flow is discernible in the northern portion of the model
domain. A continuous, meandering, equatorward jet embedded with eddies is also present
offshére. |

Horizontal maps of the upper layer mean kinetic energy (MKE) and eddy kinetic
energy (EKE) are time-averaged for each month during the duration of the upwelling
season. Maps of MKE and EKE are suggestive of where the mean and eddy energy
sources are to be found (Holland et al., 1983). Typical MKE and EKE results during the
upwelling season (e.g., Figures 10a and 10b) show that high values of MKE and EKE are
found all along the coastal and offshore axes of the equatorward jet (e.g., compare
Figures 10a and 10b with Figure 9b). A comparison of Figures 10a and 10b shows that

maximum values of MKE and EKE occur in the same region, i.e., inshore of ~129° W
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and equatorward of ~45° N with high values offshore of the coastal promontories of Capé
Blanco and Cape Mendocino. Note that the MKE values are larger than the EKE values
in the region. This is consistent with the results of Batteen (1997), which showed that the
eddies are generated from instabilities of the mean equatorward current and the poleward
undercurrent via baroclinic and/or barotropic instability processes. |

The combination of wind forcing and thermohaline gradients results in seasonal
changes in the currents in the poleward end of thé model domain. In particular, in the fall,
the reversal of winds from equatorward to poleward combined with the intensification of
the alongshore pressure gradient results in a shoaling of the poleward undercurrent off the
coast of Oregon and Washington (e.g., Figures 11a-c). These results are consistent with
the hypothesis of Hickey (1979, 1998) that a surface poleward current can result from a

shoaling of the undercurrent.

B. EXPERIMENT 2

In this experiment, the role of thermohaline gradients on the CCS is expanded to
include seasonal temperature and salinity forcing on the northern and southern
boundaries of the model domain. This allows the influences of all three water masses
(i.e., the North Pacific Central, Pacific sub-Arctic, and Southern waters) on the CCS to be

studied.
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1. Spin-up Phase

The North Pacific Central water mass continues to input warm water in the upper
layers from the west. The signature of the Pacific sub-Arctic water mass is to bring low
salinity water in £h6 upper layers from the north. For example, Figure 12 shows a tongue
of relatively low salinity water (as a result of the Pacific sub-Arctic water mass along the
northern boundary) along the coast in the northern portion of the model domain in the
region of coastal, equatorward flow during the spring.

The signature of the Southern water mass is to bring relatively high temperature
in the upper layers and higher salinity into the southern portion of the model domain. As
a result of the relatively high temperature associated with the Southern waters, the water
along the coast is generally warmer in Experiment 2, particﬁlarly in regions of upwelling
south of Cape Mendocino during the summer (e.g., compare Figure 13 from Experiment
2 with Figure 7d from Experiment 1). As a result, the equatorward flow is slightly weaker
in Experiment 2, due to the reduced onshore-offshore temperature gradient. For example,
maximum equatorward speeds reach ~55 cm/s in the summer (e.g., Figure 14a) compared
to maximum speeds of ~65 cm/s in Experiment 1 (e.g., Figure 14b). Filaments, meanders,
and eddies also develop earlier in Experiment 2 (e.g., Figure 13 at day 237 resembles
Figure 7e at day 270 for Experiment 1 more than Figure 7& at day 237 for Experiment 1).

In the southern portion of the model domain, the CUC develops earlier and is

stronger than the CUC in Experiment 1 (e.g., compare Figure 15a from Experiment 2
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with Figure 15b from Experiment 1). The earlier development and strbnger velocities of
the CUC can be attributed to the influx of the Southern waters. Consistent with the results
from the southern portion of the model domain, the CUC develops earlier and is stronger
in the northern portion as well (e.g., compare Figure 16a from Experiment 2 with Figure

16b from Experiment 1).
2. Quasi-equilibrium Phase

Longer run times (~ 3 years) of the model simulation show that all of the features
simulated in Experiment 1, such as the seasonal cycle of the surface coastal equatorward
and poleward currents, upwelling, subsurface poleward and equatorward undercurrents,
meanders, eddies, and filaments are-also simulated in Experiment 2. As a result of the
influence of the Southern waters, the coastal temperatures are considerably warmer (e. g,
by 2-3 K in the summer) than Experiment 1 (e.g., compare Figure 17 from Experiment 2
with Figure 9b from Experiment 1). As in Experiment 1, the coldest temperatures are still
found offshore of the coastal promontories of Cape Blanco, Cape Mendocino, and Point
Arena (e.g.,.Figure 17).

The mean speeds for the CC are greater in Experiment 2 than in Experiment 1.
For example, for the month of July, core velocities are ~20 c¢cm/s for Experirhent 2 at
42.5° N (e.g., Figure 18a), while mean speeds are ~50 cm/s for Experiment 1 at the same
latitude (e.g., Figure 18b). The mean speeds for the CUC are also greater in Experiment 1

than in Experiment 2. For example, mean speeds of ~12 cm/s are obtained in Experiment
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2 (e.g., Figure 18a) compared with mean velocities of ~6 cm/s in Experirhent 1 (e.g.,
Figure 18b).

MKE and EKE values, as expected, are higher for Experiment 1 than Experiment
2 (e.g., compare Figures 192 and 19b from Experiment 2 with Figures 10a and 10b from
Experiment 1). Both experiments still exhibit high values of MKE and EKE extending
from the coastal promontories.

This experiment illustrates the important role that thermohaline gradients play in
the CCS. In particular, the Nonh Pacific Central water mass and the Southern water mass
are important sources for input of surface warm waters into the CCS region. The
Southern (Pacific sub-Arctic) water mass is an important source of high (low) salinity
water in the southern (northern) coastal regions of the model domain. These water masses
help to maintain more realistic temperatures and salinities in the CCS, particularly in the

coastal regions.

C. EXPERIMENT 3

In this experiment, the effect of the fresh water plume of the Columbia River on
the CCS is explored by incorporating monthly mean surface salinity conditions, which
have been interpolated to daily values, to force the model at the mouth of the Columbia
River. The Columbia River plume, which is ~5-20 m thick, has been observed to extend
to ~300 km offshore, as far north as the Strait of Juan de Fuca and as far south as San

Francisco (e.g., Hickey, 1998). In general, the Columbia River plume flows northward
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close to the coast in the winter and offshore to the southwest in the summer (e. g., Bourke
and Glenne, 1971). Fluctuations in the Columbia River plume are thought to be largely
wind-driven (e.g., Hickey et al., 1998). It is speculated that the wind-driven frictional
currents cause the flow along the plume axis to veer to the right for northward winds or to
the left of the plume axis for southward winds. As a result, the plume tends to extend
farther offshore during the summer than winter (e.g., Berdeal et al., 2000; Hickey et al.,

1998).
1. Spin-up Phase

During winter, the predominantly poleward flow carries the Columbia River
plume poleward along thé coast (e.g., Figure 20a). During the early part of spring, in
response to the spring transition from poleward to equatorward winds, the plume begins
to expand offshore (e.g. Figure 20b) as it transitions to the south from a predominantly
poleward flow to a predominantly equatorward flow. By late spring, as the equatorward
flow intensifies in response to the predominantly equatorward winds, the plume widens
and extends farther south to ~ Cape Blanco (e.g. Figure 20c). In summer, the fresh water
plume extends offshore from Cape Blanco to the south (e.g., as denoted by the 31.75
isohaline iﬁ Figure 20d). Inshore of the fresh water plume, higher salinity water, as a
result of upwelling of the Southern water mass below, is present along the coast (e.g.,

Figure 20d).
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Cross-sections of salinity and meridional velocity (e.g., Figures 21-23) are shown
north of, in the vicinity of, and south of the mouth of the Columbia River to illustrate the
subsurface structure of the Columbia River plume during the different seasons. During
winter, when the Columbia River plume is carried poleward along the coast (e.g., Figures
21a-21d), the plume is ~30 km wide and extends to ~45 m depth (Figures 21a and 21c¢)
inshore of the core of the poleward flow (e.g., Figures 21b and 21d). During the early part
of spring, the plume widens to ~50 km and extends to ~ 50 m depth (e.g., Figure 22). By
late spring, when the Columbia River plume is carried equatorward down the coast (e.g.,
Figures 23a and 23b), the plume expands to a width of ~75 km and extends to ~55 m
depth (e.g., Figure 23a) offshore of the core of the coastal equatorward flow (e.g., Figure
23b). In summer, the plume continues southward with the equatorward flow (e.g., Figure
20d). South of Cape Blanco, the plume is pushed farther offshore by the upwelled

Southern water mass (e.g., Figures 24a and 24b).
2. Quasi-equilibrium Phase

Similar to the previous two experiments, the model reaches quasi-equilibrium by
year three, and shows that most features continue to be generated and maintained. The
Columbia River plume tends to behave in a manner consistent with the spin-up phase

results.
In winter, the Columbia River plume travels poleward inshore of the core of the

poleward coastal current and extends ~30 km off the coast to ~40 m depth (e.g., Figures
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25a and 25b). After the spring transition.(not shown), the plume begins to move offshore
down the coast with the equatorward CC. During summer, the core of the plume extends
south offshore of Cape Blanco (e.g., Figure 26). A cross-section of the plume at 45° N
shows the plume extending ~50 km from the coast (e.g., Figure 27a), while a cross-
section at 42° N show the plume offshore along ~125° W with a width of ~70 km (e.g.,
Figure 27b).

This experiment shows that the Columbia River plays an important role in the
near-surface stratification of the CCS from Washington in winter to as far south as San
Francisco in summer. In particular, the Columbia River plume can extend to ~50 m depth
and is found inshore of the poleward flow in winter and offshore of the core of the CC in
summer. The offshore extent of the plume is likely due to the cross-shore Ekman flux, as
suggested by Berdeal et al. (2000), since the plume occurs farthest offshore in late

summer, coinciding with the period of strongest upwelling-favorable winds.
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IV. SUMMARY

This study was designed to investigate the role of thermohaline gradients and the
Columbia River plume on the CCS. A high-resolution, multi-level, PE model using a
realistic coastline, was forced from rest with spatially and temporally varying
climatological winds, temperatures and salinities. The Columbia River plume was input
into the model by incorporating monthly mean surface salinity conditions, which have
been interpolated to daily values, at the mouth of the Columbia River. Towards this end,
results from three numerical experiments of increasing complexity were examined.

In Experiment 1, the western boundary of the model domain was forced with
seasonal temperature and salinity conditions, which showed that the North Pacific Central
water mass was an important source for warm surface waters into the CCS region. The
results also showed features found in a classical eastern boundary current system such as
an offshore surface equatorward meandering current, a surface equatorward coastal jet, a
surface poleward coastal current, a poleward undercurrent, upwelling, a temperature
front, meanders, eddies, and filaments.

In Experiment 2, seasonal temperature and salinity forcing were added to the
northern ahd southern boundaries of the model domain. Model results showed that the
Southern water mass was also an important source for the input of wérm surface waters
into the CCS region. The Southern (Pacific sub-Arctic) water mass was an important
source of high (low) salinity water into the southern (northern) coastal regions of the

model domain.
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In Experiment 3, the Columbia River plume, the only large river plume off the

west coast of the U.S., was added. Model results showed that the Columbia River plume

exhibited a strong seasonal signal. During winter, the plume. traveled poleward along the

coast. In spring, the plume expanded off the coast as it transitioned from a predominantly

poleward flow to a predominantly equatorward flow. By the end of summer, the plume

traveled equatorward and offshore with the CC. The plume was found to be mainly a
surface feature extending to ~50 m dépth during all seasons.

These experiments illustrate the important roles that thermohaline gradients and
the Columbia River plume play in the CCS. The thermohaline gradients help to maintain
more realistic temperatures and salinities throughout the water column. The Columbia
River has a significant impact on both the near-surface stratification and baroclinic
structure of the veiocity field of the CCS. The influences of the Columbia River plume
can extend from the coast of Washington in winter to as far south as San Francisco in

summer.
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Figure 1. Generalized classical circulation of the California Current System (CCS). The
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Temperature Forcing Along Western Boundary (132.5 W)
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Figure 3. Plots of Levitus climatological fields used as seasonal forcing along the
western boundary (132.5 W) for: (a) temperature and (b) salinity.
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Salinity Forcing Along Western Boundary (132.5W)
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Temperature Forcing Along Northern Boundary (47.5 N)
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Figure 4. Plots of Levitus climatological fields used as seasonal forcing along the
northern boundary (47.5 N) for: (a) temperature and (b) salinity.
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Salinity Forcing Along Northern Boundary (47.5 N}
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Figure 4 continued.
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Temperature Forcing Along Southern Boundary (35.0 N)
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Figure S. Plots of Levitus climatological fields used as seasonal forcing along the
southern boundary (35.0 N) for: (a) temperature and (b) salinity.

36




Salinity Forcing Along Southern Boundary (35.0 N)
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Figure 5 continued.

(b

37




Mean Salinity Values for the Columbia River
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Figure 6. Monthly mean surface salinity conditions recorded at the Columbia River
Lightship (46.2 N, 124.2 W), located at the mouth of the Columbia River (Bourke and
Glenne, 1971).
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Figure 7. Temperature contours and velocity vectors at 10 m depth for Experiment 1 at
days (a) 45, (b) 84, (c) 123, (d) 237, and (e) 270. In all velocity fields presented, to avoid

clutter, velocity vectors are plotted every third (fifth) grid point in the cross-shore
(alongshore) direction. Contour interval is 1° C; maximum velocity vector is 100 cm/s.
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Figure 7 continued.
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Figure 7 continued.
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Figure 7 continued.

(e

43




LATITUDE : 46N
T (DAY) : 237

1 [ i L
H
00 — :
\‘ .‘
300 — 5
\\‘ .\
\\ ‘3
\ *
-
— [~4
500 —
‘\\ "’ o
700 —
900 —
T T T T T T T T T T I
126 0°W 125 6°W 125 2°W 124 8°W 124 4°W 124 0°W.
LONGITUDE

Meridional Velocity (cm/s)

(@)

Figure 8. Cross-shore section of meridional velocity (v) at 46° N for Experiment 1at
days (2) 237 and (b) 321. In (a), contour interval is 5 cm/s (10 cm/s) for poleward
(equatorward) flow. In (b), contour interval for velocities greater than (less than) 5 cm/s

is 10 cm/s (2 cm/s).
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Figure 8 continued.
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Figure 9. Temperature contours and velocity vectors at 10 m depth for Experiment 1 in

the third year of model simulation, time-averaged over the months of (a) May, (b)

August, and (c) December. Contour interval is 1° C; maximum velocity vector is 100
cm/s.
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Figure 9 continued.
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Figure 9 continued.
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Figure 10. Horizontal maps at 10 m depth of (a) mean kinetic energy (MKE), and (b)
eddy kinetic energy (EKE) for Experiment 1 in the third year of model simulation, time-
averaged for the month of August. Contour interval is 1000 (cm/s)? for (a), and 250
(cr/s)? for (b).
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Figure 10 continued.
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Figure 11. Cross-shore section of meridional velocity (v) at 46° N for Experiment 1 in
the third year of model simulation time-averaged for the months of (a) October, (b)

November, and (¢) December. Contour interval is 15 cm/s. The 30 cm/s contour for the
coastal, poleward flow shows shoaling of the CUC from October (a) — December (c).
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Figure 11 continued.
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Figure 11 continued.
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Figure 12. Salinity contours and velocity vectors at 10 m depth for Experiment 2 on day
126. Contour interval is 0.25 psu; maximum velocity vector is 100 cm/s. The 32.5 and
32.75 isohalines are present off the coast of Washington and Oregon.
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Figure 13. Temperature contours and velocity vectors at 10 m depth for Experiment 2 on
day 237. Contour interval is 1° C; maximum velocity vector is 100 cm/s.
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Figure 14. Cross-shore section of meridional velocity (v) at 47° N on day 183 for (a)
Experiment 2 and (b) Experiment 1. Contour interval is 10 cm/s for (a) and (b).
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Figure 14 continued.
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Figure 15. Cross-shore section of meridional velocity (v) at 37° N on day 141 for (a)
Experiment 2 and (b) Experiment 1. Contour interval is 10 cm/s for equatorward flow
and 5 cm/s for poleward flow.
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Figure 16. Cross-shore section of meridional velocity (v) at 47° N on day 201 for (a)
Experiment 2 and (b) Experiment 1. Contour interval is 10 cm/s for equatorward flow in
(a) and (b). For poleward flow, the contour interval is 5 cm/s in (a) and 1 cm/s in (b).
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Figure 16 continued.
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Figure 17. Temperature contours and velocity vectors at 10 m depth for Experiment 2 in
the third year of model simulation, time-averaged over the month of August. Contour
interval is 1° C; maximum velocity vector is 100 cm/s.
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Figure 18. Cross-shore section of meridional velocity (v) at 42.5° N in the third year of .
model simulation time-averaged over the month of July for (a) Experiment 2 and (b)
Experiment 1. Contour interval is 10 cm/s for equatorward flow and 6 cm/s for poleward
flow.
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Figure 18 continued.
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Figure 19. Horizontal maps at 10 m depth of (a) mean kinetic energy (MKE), and (b)
eddy kinetic energy (EKE) for Experiment 2 in the third year of model simulation, time-
averaged for the month of August. Contour interval is 1000 (cm/s)? for (a), and 250
(cm/s)’ for (b).
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Figure 19 continued.
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Figure 20. Salinity contours and velocity vectors at.10 m depth for Experiment 3 on day
(a) 54, (b) 99, (c) 126, and (d) 201. Contour interval is 0.25 psu; maximum velocity
vector is 100 cm/s. Salinity at the mouth of the Columbia River is ~31.72 psu for (a)—(d).
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Figure 20 continued.
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Figure 20 continued.
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Figure 20 continued.
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Figure 21. Cross-shore section for Experiment 3 on day 54 at 47° N for (a) and (c)
salinity to 900 m and 150m depth, respectively; (b) and (d) meridional velocity (v) to 900
m and 150m depth, respectively. Contour interval is 0.25 psu for salinity and 5 cm/s for
V.
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Figure 21 continued.
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Figure 21 continued.
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Figure 21 continued.
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Figure 22. Cross-shore section for Experiment 3 on day 99 at 46.2° N of salinity.
Contour interval is 0.25 psu.
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Figure 23. Cross-shore section for Experiment 3 on day 126 at 45° N for (a) salinity and
(b) meridional velocity (v). Contour interval for salinity is 0.25 psu. Contour interval for
vis 5 cm/s. '
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Figure 23 continued.
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Figure 24. Cross-shore section of salinity for Experiment 3 on day 201 at (a) 43° N and
(b) 42° N. Contour interval for salinity is 0.25 psu.
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Figure 25. Cross-shore section for Experiment 3 time-averaged over the month of

January at 47° N for (a) salinity and (b) meridional velocity (v). Contour interval for
salinity is 0.25 psu. Contour interval for v is 5 cm/s.
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Figure 25 continued.
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Figure 26. Salinity contours and velocity vectors at 10 m depth for Experiment 3 time-
averaged for the month of July. Contour interval is 0.2 psu; maximum velocity vector is
100 cm/s. Tongue of Columbia River plume is represented by the 32.0 isohaline.
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Figure 27. Cross-shore section of salinity for Experiment 3 time-averaged for the month
of July at (a) 45° N and (b) 42° N. Contour interval for salinity is 0.25 psu.
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Figure 27 continued.
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Table 1. Values of Constants Used in the Model

Constant | Value Definition

1, 278.2°K Constant Reference Temperature

So 34.7 Constant Reference Salinity

Po 1.0276 gm cm™ Density of Sea Water At T; and S,

o 2.4 x 10™ (°K)?* Thermal Expansion Coefficient

B 7.5x 10 Saline Expansion Coefficient

K 10 Number of Levels In Vertical

Ax 9.0 x 10°cm Cross-Shore Grid Spacing

Ay 1.1x 10°cm Alongshore Grid Spacing

H 4.5 x 10°cm Total Ocean Depth

At 800 s Time Step

fo 0.84 x 105 Mean Coriolis Parameter

g 980 cm s Acceleration of Gravity

Ay 2 x 107 cm*s™ Biharmonic Momentum Diffusion Coefficient
Ay 2 x 107 cm*s™ Biharmonic Heat Diffusion Coefficient
K, 0.5cm”s™ Vertical Eddy Viscosity

Ky 0.5cm’s™ Vertical Eddy Conductivity
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