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Wind-forced modeling studies of currents, meanders, and eddies 
in the California Current system 

Mary L. Batteen 
Department of Oceanography, Naval Postgraduate School, Monterey, California 

Abstract. This process-oriented study of the California Current system (CCS) uses a 
high-resolution, multilevel, primitive equation ocean model on a/3 plane to isolate the 
response of that eastern boundary oceanic regime to temporal and spatially varying wind 
forcing. To study the generation, evolution, and maintenance of many of the observed 
features such as currents, meanders, and eddies in the CCS, the model is forced from rest 
with seasonal climatological winds. In response to the prevailing wind direction, surface 
equatorward currents develop, along with upwelling of cooler water along the coast and a 
poleward undercurrent. Baroclinic/barotropic instabilities in the equatorward surface 
current and poleward undercurrent result in the generation of meanders near the coast. 
As the meanders intensify, cold upwelling filaments develop along the coast and 
subsequently extend farther offshore. In time, the meanders form both cyclonic and 
anticyclonic eddies, which subsequently propagate farther offshore,, Longer. simulation 
times (-3-4 years), in which a quasi-equilibrium state for the CCS is reached, show a 
seasonal cycle in response to the wind forcing for the coastal currents, upwelling, and 
filaments. The meanders and eddies, however, Can be quasi-permanent as well as seasonal 
features. The quasi-permanent features play a significant role in modifying coastal 
currents, upwelling, and filaments, which leads to large temporal and spatial variability in 
the CCS. In a sensitivity study, the results from several numerical experiments are used to 
examine the dependence of the generation of the currents, meanders, and eddies on the 
type of Coriolis parameterization, wind forcing, and coastline geometry. Both the 
meridional variability of f (/3 plane) and the alongshore component of the wind stress are 
shown to be key ingredients for generating realistic vertical and horizontal structures for 
the cores of the surface equatorward and the subsurface poleward currents. With such 
structures the currents are baroclinically and barotropically unstable, resulting in the 
generation of meanders, filaments, and eddies. Irregularities in the coastline geometry are 
shown to be important for "anchoring" upwelling and filaments as well as for enhancing 
the growth of meanders and eddies. Cyclonic eddies tend to form in the vicinity of capes, 
while anticyclonic eddies tend to form in the coastal indentations between capes. The 
region off Cape Blanco is identified as the location where the coastal, equatorward flow 
off Oregon leaves the coast to develop a meandering jet off California. The results from 
these experiments support the hypothesis that wind forcing and coastline irregularities on 
a beta plane are important mechanisms for the generation of many of the observed 
features of the CCS. 

1. Introduction 

1.1. Observational and Modeling Background 
ß 

The climatological mean California Current system (CCS) is 
a classical eastern boundary current (EBC) system, which con- 
sists of several large-scale currents (see Figure 1). The pre- 
dominant flow is the California Current (CC), which, in the 
mean, is a broad (-1000 km), relatively slow (-10-30 cm/s), 
equatorward surface flow. It flows year-round, and extends to 
•500 m depth. The second basic flow is the California Under- 
current (CUC), which is a narrower (-10-40 km), relatively 
weak (-2-10 cm/s), poleward subsurface flow. It can vary 
seasonally and is strongest at -300 m depth. The third flow 
component is the Inshore Current (IC), which is known as the 
Davidson Current (DC) north of Point Conception. This is also 
This paper is not subject to U.S. copyright. Published in 1997 by the 
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a relatively weak (-5 cm/s) poleward flow, which is found at 
the surface and near the coast. There are other ICs known as 

the Southern California Countercurrent (SCC) to the south, 
and the SOuthern California Eddy (SCE) inshore of the Chan- 
nel Islands within the California Bight [Hickey, 1979, 1996]. 

Recent studies have shown that the CCS is not the quiescent, 
stable system of currents with a well-defined, unchanging struc- 
ture suggested by Figure 1. Rather, the flow fluctuates greatly 
in both time and space [Chelton, 1984]. Irregularities in the 
flow were noted as early as 1950 [Reid, 1988]. Thei'e exist 
mesoscale meanders, eddies, filaments and jet-like surface cur- 
rents, which are superimposed on the large-scale flow [Bern- 
stein et al., 1977; Chelton, 1984; Mooers and Robinson, 1984; 
Robinson et al., 1984; Rienecker et al., 1985, 1988; Rienecker and 
Mooers, 1989; Brink and Cowles, 1991; Strub et al., 1991]. Eddy- 
like features with wavelengths of the order of 100 km [Freit ag 
and Halperu, 1981; Bernstein et al., 1977] have been docu- 
mented and are prevalent in most satellite observations [e.g., 
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Figure 1. Generalized circulation schematic of the classical 
climatological California Current system (CCS). The broad, 
slow surface equatorWard California Current (CC) overlies the 
poleward California Undercurrent (CUC) along with the In- 
shore Current (IC), known as the Davidson Current (DC) 
north of Point Conception and as the Southern California 
Eddy (SCE) south of Point Conception. The box shows the 
domain of the model for the basic study (experiment 1) off the 
western coast of the United States of America. The domain is 
bounded by 35 ø to 47.5øN and from the coast to 12.5 ø offshore 
and COvers an area 1024 km (1408 km) in the cross-shore 
(alongshore) direction. The cross-shore (alongshore) resolu- 
tion is 8 km (11 km). 

ikeda and Emery, 1984; Ikeda et al., 1984a, b; Kelly, 1985]. The 
current itself may take the form of a meandering jet, with 
wavelengths of ---100 to 300 km [Bernstein et al., 1977]. Cold, 
offshore flowing filaments, which can exhibit a 1ø-3øC temper- 
ature change across their boundaries [Bernstein et al., 1977], 
are associated with these meanders. The filaments can extend 

to ---100-200 m depth, with a width of ---20-100 km at the 
surface, and with peak speeds of ---50-100 cm/s [Mooers and 
Robinson, 1984; Rienecker et al., 1985; Rienecker and Mooers, 
1989; Flament et al., 1985; Kosro and Huyer, 1986; Brink and 
Cowles, 1991]. The combination of these features has led to a 
new conceptualization of the CCS as a system of currents with 
filamented jets and mesoscale eddies modifying the mean flow 
[Mooers and Robinson, 1984]. 

The dynamical processes responsible for the generation and 
evolution of these intense and complex meander, eddy, and 
filament structures in the CCS have yet to be fully identified 
[Strub et al., 199!]. A possible generafive mechanism arises 
from the baroclinic and/or barotropic instability of the mean 
coastal cCS, which, during the upwelling season (approximate- 
ly April through September) consists of the equatorWard CC 
overlying the poleward CUC. This generative mechanism was 
explored first in modeling studies by Ikeda and Emery [1984] 
and Ikeda et al. [1984a, b], and most recently by Haidvogel et al. 
[1991]. In these studies, externally prescribed, longshore cur- 
rents (representing the coastal jet and/or undercurrent) have 
been imposed and subSeqUently studied by analyzing the con- 
ditions that cause these currents tO become unstable. The 

linear stability analysis of Ikeda et al. [1984a] has suggested that 
baroclinic instabili .ty can be an important process for generat- 
ing meanders. Studies by Ikeda et al, [1984a, b], which incor- 
porated the additional features of bumps to represent capes 

and ridges, have shown that the bumps can help trigger ba- 
roclinic instability, but the basic instability still results from the 
opposing alongshore currents. Haidvogel et al. [1991] pre- 
scribed an equatorWard coastal jet in a model with bottom 
topography and irregular coastline geometry incorporated. 
Their results showed that the growth of instabilities was en- 
hanced by coastline and/or topographic irregularities. An ex- 
amination of these and other stability analyses [e.g., Pierce et 
al., 1991; Allen et al., 1991], laboratory modeling [e.g., Nari- 
mousa and Maxworthy, 1985, 1989], and numerical modeling 
[e.g., Walstad et al., 1991] of filament dynamics have led to the 
conclusion that finite amplitude instabilities of the CC can 
account for the origin and much of the behavior of observed 
filaments in the CCS [Brink and Cowles, 1991]. 

Another generative mechanism for the observed features in 
the CCS is wind forcing, which may be the most important 
mechanism for the generation of the currents as well as for the 
intense and complex meander, eddy, jet, and filament struc- 
tures in the CCS. The wind forcing can set up the coastal 
currents, which can subsequently become unstable and lead to 
the formation of many of the features observed in the CCS. (In 
the modeling stbdies discussed above, the CC was prescribed 
rather than generated.) Satellite infrared imagery has shown 
evidence of these features during periods of winds favorable 
for upwelling, which suggests that wind forcing is a possible 
important mechanism for the formation of these features. 

This generative mechanism in the CCS has been explored by 
Batteen et al. [1989], McCreary et al. [1991],Auad et al. [1991], 
and Pares-Sierra et al. [1993]. In these model studies, externally 
imposed currents are not necessary; rather, the wind-forced 
models develop their own currents, which can subsequently 
become unstable. Here we briefly highlight some of the results 
from these studies, since they are relevant to the present study. 

In the 10-level, primitive equation (PE) modeling study of 
Batteen et al. [1989], the response to wind forcing in the central 
CCS region was examined Using a band of steady, equatorWard 
(upwelling favorable) winds. After about 30-40 days a wind- 
driven equatorWard coastal jet and poleward undercurrent de- 
veloped. Owing to both barotroPic and baroclinic instability 
processes, the coastal jet and undercurrent became unstable 
and led to the development of a meandering coastal jet and 
several relatively weak eddies of 50 km or less in diameter. 
Note that although this was the first wind-forced model to 
generate a meandering jet and eddies in the CCS, nO large- 
scale eddies or elongated filaments were generated, presum- 
ably on account of the relatively short simulation time of 90 
days for each experiment. 

McCreary et al. [1991] used a 21/2-layer PE model with a band 
of steady, equatorward winds. Since the model was a layer 
rather than a level model, it included entrainment of cool 
water into the upper layer. The entrainment cooled the sea 
surface temperature, provided interfacial stress, and prevented 
the interface from surfacing in upwelling regions. The back- 
ground of a sharp coastal front was also incorporated into the 
model to allow frontal instabilities to be studied. The results 

showed that a surface jet, an undercurrent, and an upwelling 
front could be generated. Due to frontal instabilities (which 
McCreary et al. [1991] said required an upper layer tempera- 
ture gradient), small-scale, fingerlike disturbances were gener- 
ated, which subsequently grew in amplitude and scale. Even- 
tually, upwelling filaments and eddies were also generated by 
the model. 

Pares-Sierra et al. [1993] used both an 8-layer, quasi- 
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geostrophic (QG) model and a 11/2-layer PE model to study the 
generation of coastal, mesoscale eddy activity in the CCS. 
While the QG model could represent baroclinic instability but 
not the coastal response to winds, the PE model could repre- 
sent the coastal response to winds but not baroclinic instability 
(being a l¾2-1ayer model). With these limitations, the results 
showed, as expected, that baroclinic instability dominated the 
response of the QG CCS model, while local wind forcing at the 
coast dominated the response of the PE CCS model. Similar 
results with the OG model were obtained byAuad et al. [1991]. 

1.2. Present Research 

This process-oriented study builds on the previous studies by 
using a multilevel PE model to isolate the effects of temporally 
and spatially varying wind forcing on the generation, evolution, 
and maintenance of currents, meanders, and eddies in the 
CCS. In a sensitivity study, results from several numerical 
experiments will be examined to understand the dependence of 
the generation of the currents, meanders, and eddies on the 
type of wind forcing, Coriolis parameterization, and coastline 
geometry used. 

The use of a 10-level model rather than a 1V2-1ayer model (as 
used by Pares-Sierra et al. [1993]) allows baroclinic instability 
processes to be studied, while the use of a PE rather than a QG 
model (as used by Auad et al. [1991]) allows the coastal re- 
sponse to winds to be represented. To isolate the effects of 
baroclinic/barotropic instability from possible coupled effects 
of wind forcing with frontal instability processes (which Mc- 
Creary et al. [1991] investigated), the model will be initialized 
with a horizontally uniform climatological temperature profile. 
Note that since the model is level, entrainment of cool water 
into the upper layer(s) is not necessary. To allow larger-scale 
eddies and elongated filaments to be generated, simulation 
times longer (i.e., ---3-4 years) than 90 days (which Batteen et 
al. [1989] was limited to) will be used. 

This study is organized as follows: The PE model and the 
experimental conditions used in the basic study are presented 
in section 2. The results of the basic model simulations are 

described in section 3, while section 4 explores the dependence 
of the generation of currents, meanders, and eddies on the type 
of Coriolis parameterization, wind forcing, and coastline ge- 
ometry used. A summary and a discussion are presented in 
section 5. 

2. Model Description 
2.1. Model Equations 

The numerical model in this study was originally used for a 
coarse-resolution, closed basin by Haney [1974] and later 
adapted for eddy-resolving, limited-area EBC regions with 
open borders on the northern, western, and southern bound- 
aries by Batteen [1989], Batteen and Rutherford [1990], and 
Batteen et al. [1989, 1992a, b, 1995]. The limited-area EBC 
model is multilevel, uses nonadiabatic primitive equations on a 
/3-plane, and has both baroclinic and barotropic velocity com- 
ponents. The model is based on the hydrostatic and Boussinesq 
approximations. The governing equations are as follows: 

du -10p 02u 
dt= po Ox + fv --AMV4u + KM •z 2 + 8a(u) (1) 
dv -10p 02v 
dW = p-•- o• - fu - AMV4V + gm •ZSZ2 + 6d(V) (2) 

Table 1. Values of Constants Used in the Model 

Constant Value Definition 

T o 278.2øK constant reference temperature 
Pa 1.23 X 10 -3 g cm -3 density of air 
Po 1.0276 g cm -3 density of seawater at To 
a 2.4 X 10 -4 (øK) -1 thermal expansion coefficient 
C 0.958 cal g-1 (OK)-1 specific heat of seawater 
CD 1.225 X 10 -3 bottom drag coefficient 
K 10 number of levels in vertical 

Ax 8 X l0 s cm cross-shore grid spacing 
Ay 1.1 X 106 cm alongshore grid spacing 
H 4.5 x l0 s cm total ocean depth 
At 800 s time step 
fo 0.96 X 104 s-1 mean Coriolis parameter 
# 980 cm s -2 acceleration of gravity 
A,u 2 X 1017 cm 4 s -1 biharmonic momentum 

diffusion coefficient 

A H 2 X 1017 cm 4 s -1 biharmonic heat diffusion 
coefficient 

K:u 0.5 cm 2 s-1 vertical eddy viscosity 
KH 0.5 cm 2 S -1 vertical eddy conductivity 

Ou Ov Ow 

+ + = 0 (3) ox 

oz - -Pg (4) 

p = po[ - To)] 

dT 02T 

dt= -AHV4T + KH •z 2 + 8d(r) (6) 

In the above equations; t is time, (x, y, z) is a right-handed 
Cartesian coordinate system with x pointing toward shore, y 
alongshore, and z upward; (u, v, w) are the corresponding 
velocity components; T is temperature; p is density; and p is 
pressure. Table 1 provides a list of other symbols found in the 
model equations, as well as values of constants used through- 
out the study. 

The terms 8a(u ), 8a(v ) and 8a(r) in equations (1), (2), and 
(6), respectively, represent the vertical turbulent mixing of 
momentum and heat due to surface layer processes, by a dy- 
namic adjustment mechanism. This adjustment, a generaliza- 
tion of the convective adjustment mechanism, is based on the 
assumption of a critical Richardson number, and it serves to 
maintain dynamic stability in the water column [Adamec et al., 
1981; Adamec, 1986]. 

The boundary conditions at the top (z = 0) of the model 

0// T x 

= p0 (7) 
Ov r y 

KM 0% = Po (8) 
OT 

KU•zz = Qs- QB (9) 

ocean are 

w=0 

In (7) and (8), r • and r y are the cross-shore and alongshore 
components, respectively, of the surface wind stress. In (9), QB 
is the net upward flux of longwave radiation and sensible and 
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latent heat flux across the sea surface, and Qs = (1/poC)(oS/oz) 
is the heating due to solar radiation, with 

S = So(Re z/z• + (1 - R)e z/z2) (11) 

Here S o is the downward flux of solar radiation at the surface, 
R = 0.62 is the fraction of solar radiation absorbed in the 

upper few meters (zl = 1.5 m), and (1 - R) = 0.38 is the 
fraction that penetrates to somewhat deeper levels (z2 = 20 
m), as given by Paulson and Simpson [1977]. Equation (10) is 
the rigid lid approximation, which filters out external gravity 
waves and allows a longer time step, determined by the phase 
speed of internal waves, to be used. 

The bottom (z = -H) boundary conditions are as follows: 

Ou 

KM •zz = Cz>(u 2 + v2)l/2(U COS 'y- V sin y) (12) 

KM •zz = Cz>(u2 + v2)l/2(V COS •/ n t- U sin y) (•3) 

OT 

Kn•z =0 (14) 

OH OH 

w = -u 37- • oy (•5) 
In (12) and (13), CD is a bottom drag coefficient and y = 10 ø 
is the geostrophic inflow angle [Weatherly, 1972]. The bottom 
stress in (12) and (13) represents one of the simplest param- 
eterizations of a bottom Ekman layer. The boundary condi- 
tions on the ocean bottom in (14) and (15) are those of no 
vertical heat flux and flow required to parallel the slope. 

2.2. Method of Solution 

Equations (1)-(6) constitute a closed system of six scalar 
equations and six unknowns, u, v, w, p, p, and T. The 
variables u, v, and T are prognostic variables whose time rates 
of change are predicted from (1), (2), and (6), respectively. 
Although the diagnostic variables w, p, and p can be deter- 
mined from (3), (4), and (5), respectively, there are additional 
constraints imposed on p and w by the choice of the rigid lid 
boundary conditions. The vertically integrated pressure can no 
longer be obtained by integrating the hydrostatic equation (4) 
for the free surface. Further, the vertically integrated horizon- 
tal velocity is constrained to be nondivergent, i.e., 

i 0 •xx + de =0 (16) 
-H 

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

For any quantity q, let its vertical average be denoted by// 
and its departure (vertical shear) be denoted by q'. From (16) 
the vertical mean flow can then be described by a stream 
function ½, such that 

1 0½ 

• = U oy (•7) 
1 0½ 

• = • ox (18) 

The stream function ½ is predicted from the vortici• equation, 
which is derived from the vertical average of (1) and (2). 

Applying the curl operator to the vertical average of (1) and 
(2), and using (17) and (18), the vorticity equation is 

07 =or • ox •1+ • oy •1 +o-2 o--• -+ oy oy j 

O fO½ _O 

- •xx ff•Po -H •-ydedz 

O y •P•P o •-• d e d z ] 
-H '• 

+ •xx • G dz - •-• • F d z 
-H -H 

(19) 

where G and F represent the collected contributions of the 
nonlinear and viscous terms in (1) and (2). 

The vorticity equation (19) is solved by obtaining an updated 
value of; by application of the leapfrog (or, every 11 time 
steps, the Euler-backward) time-differencing scheme. The as- 
sociated value of ½ can then be obtained from 

1 (02½h 1 (02½• O½OH -• O½OH -• = (20) • • Ox•J +• Oy•J +Ox Ox +oy oy 
which is an elliptic equation. A solution to (20) is fully pre- 
scribed by specifying the values of ½ on the open and closed 
boundaries of the model domain. Currently, to solve (20), the 
model uses an elliptic solver when there are no variations in 
coastline geometry, and/or topography, and successive overre- 
laxation techniques when there are variations in coastline ge- 
ometry and/or topography. 

The vertical shear current (u', v') is predicted from (1) and 
(2) after subtracting the vertical mean. The results are 

Ou' -1 Op' O2u ' 
.... + fv' -AuV4u ' +Ku•+F-• Ot Po Ox poH 

(21) 

Or' - 1 Op' 0%' 
0•-= P00y fu'-AuV 4v' +K3••+G-0 p0H 

(22) 

In (21) and (22), p', which represents the departure of the 
pressure from the vertical average, is, using (4), expressed in 
terms of p as 

fz ø 1 Iø (fzø) p ' = p# d e - • p# d e dz (23) 
-H 

where e is a dummy variable representing the vertical coordi- 
nate. 

The method of solution consists of predicting V2½, ½, u', 
v', and r from (19), (20), (21), (22), and (6), respectively. The 
total current is then obtained by adding the vertical shear part 
to the vertical average part after the latter is obtained from ½ 
using (17) and (18). The diagnostics p, w, andp' are obtained 
from (5), (16), and (23), respectively. 
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2.3. Finite Difference Scheme and Resolution 

In the horizontal a space-staggered B scheme [Arakawa and 
Lamb, 1977] is used. This scheme gives a superior representa- 
tion of the geostrophic adjustment process for multilevel mod- 
els [Batteen and Hah, 1981]. The horizontal grid spacing is 8 km 
in the cross-shore direction and 11 km alongshore. This hori- 
zontal resolution allows realistic spatial resolution of me- 
soscale features in the CCS, which have typical wavelengths of 
the order of 100 km [Breaker and Mooers, 1986]. 

In the vertical there are 10 layers separated by constant z 
levels of 13, 46, 98, 182, 316, 529, 870, 1416, 2283, and 3656 m. 
This spacing scheme concentrates more layers in the upper, 
dynamically active part of the ocean, above the thermocline. 

2.4. Domain Size and Boundary Conditions 

The model domain for the basic study (Figure 1) extends 
12.5 ø off the west coast of the United States, from 35 ø to 
47.5øN. This covers an area 1408 km in the alongshore direc- 
tion and 1024 km in the cross-shore direction. The eastern 

boundary of the model domain is closed, and has both the 
tangential and cross-shore components of velocity set to zero. 
As in other wind-forced, process-oriented modeling studies 
[e.g., McCreary et al., 1991], to isolate the role of wind forcing 
in the generation of eddies, the eastern boundary is initially 
modeled as a straight, vertical wall (in a sensitivity study in 
section 4, the straight coastline will be replaced by irregular 
coastline geometry), and there are no topographic variations. 
The constant depth used in the model is 4500 m. 

The northern, southern and western borders are open 
boundaries, which use a modified version of the radiation 
boundary conditions of Camerlengo and O'Brien [1980]. In 
particular, whether a boundary grid point is treated as an 
inflow point or as 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 
normal to the boundary. If the boundary grid point is thereby 
determined to be an inflow point, then the value of the prog- 
nostic variable at the boundary grid point is set to its value at 
the previous time step. If the boundary grid point is deter- 
mined to be an outflow point, its value is set equal to that of the 
nearest interior grid point. Some spatial smoothing is also 
applied within five grid points (-50 km) of the open bound- 
aries. 

2.5. Heat and Momentum Diffusion 

Because this study is designed to investigate the generation 
of mesoscale eddies, the type of diffusion used in the model 
equations is an important issue. Laplacian lateral heat diffu- 
sion tends to suppress the formation of mesoscale eddies by 
diminishing baroclinic signals at that scale, thus making it more 
difficult for baroclinic instabilities to overcome diffusive damp- 
ing [Holland and Batteen, 1986]. Biharmonic diffusion, on the 
other hand, tends to allow the formation of mesoscale insta- 
bilities because it tends to damp at scales smaller than me- 
soscale eddies [Holland, 1978]. As a result, the use of bihar- 
monic lateral diffusion should allow mesoscale eddy generation 
via barotropic (horizontal shear) and/or baroclinic (vertical 
shear) instability mechanisms. For these reasons, biharmonic 
lateral heat and momentum diffusion are used in the model. 

Weak vertical eddy viscosities and conductivities are also used. 
(See Table 1 for the choice of coefficients.) 

2.6. Initial Conditions 

The initial mean stratification used in all experiments is an 
exponential temperature profile with a vertical length scale of 
h = 450 m. The exact form is 

T(z) = TB + ATe z/h. (24) 

The approximation assumes T B = 2øC to be the temperature 
at great depth. AT = 13øC is the increase in temperature 
between the bottom of the ocean and the surface. This tem- 

perature profile is the same profile used by Batteen [1989] and 
Batteen et al. [1989] and was derived by Blumberg and Mellor 
[1987] from available CCS observations of the long-term, mean 
climatological temperature stratification for the CCS region as 
a whole. 

2.7. Surface Thermal Forcing 

To isolate the effects of wind forcing in this process-oriented 
study, the net heat flux at the sea surface should initially be 
zero. In this way, any heat flux that is discernible will have been 
generated by an increase or decrease of sea surface tempera- 
ture resulting from wind-forcing effects [Batteen et al., 1989]. 
To accomplish this, an initial air temperature is chosen that 
forces the net flux of longwave radiation, sensible heat, and 
latent heat to balance the heating due to solar radiation. This 
air temperature is then used in the model for all experiments. 
Any subsequent surface heat flux forcing is therefore a second- 
ary effect of the changes to sea surface temperature due to the 
wind forcing. 

2.8. Wind Forcing 

The model is forced from rest with wind fields on a 2.5 ø by 
2.5 ø grid from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) "surface" wind analyses [Tren- 
berth et al., 1990], which are 1000-mbar rather than surface 
analyses. (According to Trenberth et al. [1990], the surface and 
1000-mbar wind data can be assumed to be the same because 

ship winds at ECMWF prior to September 1985 were effec- 
tively assigned to the 1000-mbar level. Comparisons at ocean 
weather ship Lima showed good agreement between the 1000- 
mbar and observed wind speeds.) 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. Note that such coarse hori- 
zontal spacing in the stresses cannot adequately resolve finer 
(i.e., less than 2.5 ø ) horizontal scales of the wind field, such as 
the wind stress curl near the coast. 

Figure 2 depicts the seasonal winds starting with January 15 
(day 15). The atmospheric pressure pattern for January (Fig- 
ure 2a) has a low (i.e., the Aleutian Low) to the north and a 
high (the North Pacific High) to the south, which results in a 
wind divergence near 40øN. This pattern of poleward winds 
north of 40øN and equatorward winds to the south continues 
through February and March. During April (Figure 2b) and 
May the divergence in the wind field migrates poleward. By 
June an equatorward component in the wind field is observed 
along the entire domain. The strongest equatorward winds are 
discernible from July (Figure 2c) through August. By October 
(Figure 2d) the winds start to weaken throughout the domain, 
and a divergence in the wind field is observed in the north. This 
divergent wind pattern continues through November. By De- 
cember the wind divergence has returned to -40øN. 
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Figure 2. Climatological (1980-1989) ECMWF winds used in experiments 1 and 2 in m/s for (a) January, 
(b) April, (c) July, and (d) October. Maximum wind vector is 20 m/s. 

2.9. Energy Analysis Technique (MKE) and eddy kinetic energy (EKE) are calculated using 
The energy technique used is the same as that used and the sum of squared mean and horizontal fields, respectively. 

described by Batteen et al. [1992a] and is based on that of Han Next, the available potential energy is calculated and used to 
[1975] and Semnter and Mintz [1977]. This analysis is done to determine when a quasi-steady state is reached and when 
gain a better understanding of the types of energy transfer statistics should be collected. Then both mean and eddy 
during unstable flow in the CCS. A brief summary of the available energies are computed. The barotropic and ba- 
method follows. roclinic energy transfers, defined by Batteen et al. [1992a], 

Kinetic energy is calculated for the horizontal compo- are used to argue for the type of instability mechanism (e.g., 
nents. After a quasi-steady state is reached where the total barotropic, baroclinic, or mixed) leading to the initial eddy 
kinetic energy is nearly constant, mean kinetic energy generation in each experiment. 
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3. Results of the Basic Study 
3.1. Spin-Up Phase 

Here we describe the oceanic response to the climatological 
wind pattern (Figure 2) that is used to force the model from 
rest. Initially, the solution spins up linearly. In response to the 
prevailing poleward winds in the north, a poleward coastal 
surface current of •3 cm/s develops in the poleward end of the 
model domain within •100 km of the coast. After being 
present for •45 days, it retreats farther poleward following the 
migration of the Aleutian Low. As expected, equatorward wind 

forcing in the south results in an equatorward surface current 
in the equatorward end of the model domain. By spring, with 
the arrival of the North Pacific High along the west coast of 
North America, the current extends all along the coast. A 
coastal, poleward undercurrent develops below the surface 
equatorward current, initially in the equatorward end of the 
model domain, and, during the upwelling season, along the 
entire coast. 

A cross section of meridional velocity (Figure 3a) shows the 
typical vertical structure of the equatorward coastal jet and 
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poleward undercurrent during the upwelling season. The cooler water along the coast (for example, see Figure 4a, which 
coastal jet axis is within ---50 km of the coast and extends from shows that the initial conditions of a horizontally uniform tem- 
---100 m depth near the coast to ---200-400 m depth offshore. perature field are changed by the presence of colder upwelled 
Core velocities range from ---30 to 40 cm/s. A weaker under- water near the coast.). In spring the upwelling is confined to 
current with a core velocity of ---3 cm/s is also seen. The the south, while in summer it is present all along the coast. 
offshore extent of the core of the undercurrent is confined to As the coastal jet and undercurrent become fully established 
---30 km of the coast. Typical core velocities for the undercur- (for example, see Figure 3b, which shows the structure of the 
rent range from ---3 to 10 cm/s. currents just prior to meander formation), the currents become 

As the wind turns equatorward and exerts stress on the water unstable and form meanders (Figure 4a). Cold, upwelling ill- 
surface, Ekman transport offshore results in the upwelling of aments also develop. As the meanders intensify, eddies are 
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formed in the coastal, equatorward region of the domain (e.g., vertical shear in the currents. As Figures 3a and 3b show, there 
Figures 4b and 4c), due to vertical and horizontal shear insta- is considerable horizontal and vertical shear in the upper layer 
bilities between the equatorward jet and the poleward under- currents. As a result, both types of instability (mixed) can be 
current. The eddies are predominantly cold core and cyclonic, present simultaneously. Energy transfer calculations, which 
O(100 km) in diameter, and extend ---50-100 km off the coast. consist of barotropic (mean kinetic energy to eddy kinetic 
Throughout the summer, which corresponds to the period of energy) and baroclinic (mean potential energy to eddy poten- 
maximum equatorwardwind stress (e.g., Figure 2c), meanders, tial energy to eddy kinetic energy) components were per- 
filaments, and eddies continue to develop equatorward of formed for the time period (i.e., days 225-255) when the me- 
---44øN (e.g., Figure 4c)with alongshore spacings of---150 km anders and eddies developed. The results for the instability 
between eddies. analysis (not shown) show that both barotropic and baroclinic 

To determine the type of instability that could generate the instabilities are present in the coastal, equatorward region of 
meander and eddy features, more detailed analysis was per- the domain. As expected, the transfers are strongest in the 
formed. Barotropic instability can result from horizontal shear regions of meander and eddy development. 
in the currents, while baroclinic instability can result from In fall the cold, upwelled water near the coast disappears 
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along with the filaments, first at the poleward end of the model 
domain and then progressively southward. A surface, poleward 
current, as at the start of the model simulation, reappears in 
the poleward end of the model domain close to the coast and 
remains throughout the winter (e.g., Figures 4d and 5). To the 
south the offshore equatorward surface current and cyclonic 
eddies remain present. The equatorward current has taken the 
form of a meandering jet, with wavelengths of several hundred 
kilometers, which is embedded with more cyclonic eddies than 
anticyclonic eddies (e.g., Figure 4d). Throughout the winter, 
the equatorward jet continues to meander downstream. Since 
the equatorward jet speeds (-10-30 km/d) are faster than the 
westward propagating eddy speeds (-5 km/d), the eddies ap- 
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Figure 5. Cross-shore section at 45øN of v in the coastal 
region for experiment 1 at day 405 (day 40 of year 2). Contour 
interval is 2.5 cm/s (5 cm/s) for poleward (equatorward) flow. 

pear to meander both equatorward and westward, as part of 
the meandering jet. 

In spring, with the return of the North Pacific High along the 
west coast, upwelling of cooler water along the coast redevel- 
ops. Inshore of cyclonic meanders of the equatorward jet, 
upwelling filaments develop. Throughout the upwelling season, 
cold, cyclonic eddies tend to form offshore of the filaments, 
while warm, anticyclonic eddies tend to develop downstream of 
the filaments in regions where the equatorward jet meanders 
anticyclonically (e.g., Figure 4e). In fall, as expected, the fila- 
ments and cold, upwelled water near the coast, disappear. A 
surface poleward current reappears in the poleward end of the 
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Figure 6. Mean kinetic energy time series for experiment 1 
at 46 m depth. 

model domain, while to the south, the equatorward jet, em- 
bedded with eddies, continues to meander downstream. 

Longer experimental runs show that the system has reached 
a quasi-steady state and that these features continue to be 
generated and maintained. In particular, the mean kinetic en- 
ergy has reached a quasi-equilibrium of the annual cycle by the 
end of 2 years of model simulation time (Figure 6). This quasi- 
equilibrium is expected, since the source for the mean kinetic 
energy (i.e., the wind forcing) is seasonal. 

3.2. Quasi-Equilibrium Phase 

Using year 3 of the longer experimental runs, we time aver- 
age the model output fields every 3 days for the months of 
January, April, July, and October to see the seasonal structure 
of features in the CCS. We use year 3 because Figure 6 clearly 
shows that a quasi-equilibrium state has been reached by the 
start of year 3. 

The results show that in winter (e.g., Figure 7a) there is an 
equatorward jet with speeds of ---20 cm/s that meanders both 
cyclonically and anticyclonically. Strong equatorward flow at 
the coast occurs only in regions where the jet bends anticy- 
clonically near the coast (e.g., between 40øN and 42øN in Fig- 
ure 7a). Several cyclonic and anticyclonic eddies of O(100 km) 
diameter are discernible on the offshore side of the jet, while a 
cyclonic eddy is seen inshore of the jet at ---39øN. 

In spring (e.g., Figure 7b), a weak (---10 cm/s) coastal, equa- 
torward current develops south of---45øN. It flows near the 
coast until ---41øN, where it veers offshore of the cyclonic eddy 
at 39øN. The current then joins the stronger (---20-30 cm/s) 
equatorward jet, which meanders both cyclonically and anticy- 
clonically. The jet has alongshore wavelengths of several hun- 
dred kilometers. South of ---43øN, cyclonic eddies of O(100 
km) diameter are discernible both offshore and inshore of the 
meandering jet. 

In summer (e.g., Figure 7c), upwelling of cooler water is 
present all along the coast, with evidence of cold, offshore 
flowing, upwelling filaments at ---44øN, 42.8øN, 41øN, and 39øN, 
where the coldest water is found. There is both a coastal, 
equatorward flow present along the coast and an offshore 
equatorward jet. In areas where the upwelling filaments de- 
velop (e.g., south of ---44øN), the coastal current meanders 
cyclonically and anticyclonically. At ---39øN the coastal current 

veers offshore of the cyclonic eddy to merge with the mean- 
dering jet. The offshore eddy of O(100 km) diameter at ---43øN, 
125.5øW, is seen to be the same eddy found earlier (i.e., at 
---43øN, 124øW, in Figure 7b). The eddy has propagated west- 
ward at speeds of---5 km/d, consistent with Rossby wave prop- 
agation speeds. 

The results (Figure 8) of averaging the temperature and 
current fields over the duration of the upwelling season (ap- 
proximately April through September) shows that an equator- 
ward meandering jet offshore, an equatorward coastal jet in- 
shore, a poleward undercurrent, filaments, and eddies are 
regular features of the CCS during the upwelling season. The 
jet meanders both cyclonically and anticyclonically; has along- 
shore wavelengths of several hundred kilometers, cross-shore 
excursions of ---100-300 km, and speeds of---20-30 cm/s; and 
extends from ---400 to 600 m depth (e.g., Figures 8b and 8c). 
The coastal current flows near the coast until ---43øN, where it 
develops meanders of---150 km wavelength. Between ---39øN 
and 40øN it veers offshore to merge with the jet. The coastal 
current has speeds of ---10-30 cm/s and extends from ---100 to 
200 m depth (e.g., Figures 8b and 8c). The filaments extend 
from ---150 km offshore, have widths of---30-100 km, and 
extend to --•100 m depth (not shown). The eddies tend to be 
O(100 km) in size and extend to depths of ---400-800 m or 
deeper (e.g., Figure 8b). Below the coastal current (e.g., Figure 
8c) there is a poleward undercurrent, with speeds of---5 cm/s, 
which is present all along the coast throughout the upwelling 
season (e.g., Figure 8d). The undercurrent meanders within 
---100 km of the coast. Offshore of the undercurrent are both 

cyclonic and anticyclonic eddies of O(100 km) diameter. 
Horizontal maps of the upper layer mean kinetic energy and 

eddy kinetic energy, averaged over the duration of the up- 
welling season, are shown in Figures 9a and 9b. Maps of MKE 
and EKE are suggestive of where the mean and eddy energy 
sources are to be found [Holland et al., 1983]. A comparison of 
Figures 8a and 9a shows that high values of MKE are found all 
along the axis of the offshore equatorward jet, in the coastal 
regions where the coastal current is strongest, and in the region 
of the cyclonic eddy offshore of the jet at ---43øN. Maximum 
values of MKE are found in the region of the strong equator- 
ward jet south of ---40øN, after the coastal current has veered 
offshore to join the jet. 

A comparison of Figures 8a and 9b shows maximum values 
of EKE south of ---39øN, in the vicinity of the large cyclonic 
meander of the jet. High values are also found along the axes 
of the equatorward jet and the coastal current and in the 
region of the cyclonic eddy at ---43øN, offshore of the jet. 

A comparison of Figures 9a and 9b shows that overall, the 
MKE is larger than the EKE during the upwelling season. This 
is consistent with the results of the model simulations, which 
showed that the eddies are generated from instabilities of the 
mean CC and CUC via baroclinic and/or barotropic instability 
processes. 

After the upwelling season, i.e., in fall (e.g., Figure 7d), the 
coastal current, south of 45øN, continues to meander cycloni- 
cally and anticyclonically and joins the equatorward jet at 
---39øN. Several hundred kilometers off the coast, the stronger 
(---30-40 cm/s) equatorward jet also continues to meander 
both cyclonically and anticyclonically. The same eddy seen 
earlier in the upwelling season at ---43øN has continued to 
propagate westward at speeds of---5 km/d. The same cyclonic 
eddy seen earlier at 39øN has also propagated westward at 
speeds of---10 km/d. 
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Figure 7. Temperature contours and velocity vectors at 46 m depth in the coastal region for experiment 1 
in the third year of model simulation time-averaged over the months of (a) January, (b) April, (c) July, and 
(d) October. Contour interval is iøC, maximum velocity vector is 50 cm/s. 

On the basis of these results, it is seen that there is a seasonal 
cycle, as expected from the wind forcing, for the coastal cur- 
rents, upwelling, and filaments. The meanders and eddies, 
however, can be quasi-permanent as well as seasonal features. 
The quasi-permanent features play a significant role in modi- 
fying coastal currents, upwelling, and filaments, which leads to 
large temporal and spatial variability in the CCS. 

4. Sensitivity Studies 
In a sensitivity study, the results of several numerical exper- 

iments are examined to understand the relationship of the 

generation of the currents, meanders, and eddies on the type of 
Coriolis parameterization, wind forcing, and coastline geome- 
try used. To facilitate discussion of the results, Table 2 shows 
the three experiments (including the basic case discussed in the 
preceding section, which we hereinafter refer to as experiment 
1) and the choices for the several parameters. 

Like other model sensitivity studies [e.g., Holland and Lin, 
1975; Batteen et al., 1992b], the basic approach in carrying out 
these experiments is to change only one parameter for each 
case. By contrasting the results of each experiment with the 
results of experiment 1, we gain a better understanding of the 
importance of each parameter. 
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4.1. Effect of the Coriolis Parameterization 

In experiment 1 a/3 plane was used. In experiment 2a the 
effect of an f plane is investigated. All other model parameters 
are the same as those in experiment 1. 

The flow patterns in experiment 2a (Figures 10 and 11) show 
that a surface equatorward current (referred to as the CC in 
Table 2) develops that is stronger and deeper than that in 
experiment 1 (Figures 3 and 4). For example, the core of the 
CC intensifies to values exceeding 50 cm/s (Figures 10 and 11) 
compared with those of ---20-40 cm/s (Figure 4 and 5) and 
deepens to ---500-1500 m depth (Figure 10) compared with 
---200-400 m depth in experiment 1 (Figure 3). The poleward 
undercurrent (referred to as the CUC in Table 2) that forms 

beneath the CC is much deeper (core depth at --•2000 m or 
deeper compared with ---200-400 m in experiment 1). Most 
notably, in contrast to experiment 1, no meanders, eddies, or 
upwelling filaments develop (for example, compare Figures 4 
and 11). 

This experiment illustrates the important role that the /3 
effect plays, in the presence of temporal and spatially varying 
wind fields, in setting up more realistic coastal currents, which 
subsequently become unstable. The /3 effect allows the exis- 
tence of freely propagating waves, i.e., Rossby waves. The 
offshore propagation of these waves contributes to the gener- 
ation of an alongshore pressure gradient field, which aids the 
generation of a realistic undercurrent (i.e., the CUC) along an 
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eastern boundary. (An interesting contrast is that according to 
McCreary and Kundu [1985], along a western boundary, the/3 
effect, in the presence of steady northward (favorable for up- 
welling) wind-driven flow (with and without curl) prevents an 
undercurrent from forming beneath the surface current. This is 
because western boundary Rossby waves propagate in the on- 
shore rather than in the offshore direction.) 

As a result, the/3 effect changes both the vertical and hori- 
zontal structures of the currents. In particular, the results of 
experiment 1 show that as the core of the CUC (which initially 

lies beneath the CC) intensifies, it shallows and displaces the 
core of the CC offshore (for example, compare Figures 3a and 
3b). As a result, there are strong vertical and horizontal shears 
in the upper layers between the CC and the CUC. Because this 
current structure is baroclinically and barotropically unstable, 
meanders, upwelling filaments, and eddies subsequently de- 
velop. 

In contrast, the results of experiment 2a show that as the 
core of the CC (rather than the CUC) intensifies, the core of 
the CUC deepens (for example, compare Figures 10a and 
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Figure 8. (continued) 

lob). As a result, there are no strong vertical and horizontal 
shears in the upper layers between the CC and the CUC; 
consequently, no meanders, filaments or eddies develop. 

4.2. Effects of Wind Forcing 

In previous wind-forcing studies [e.g., Batteen et al., 1989], 
realistic currents, meanders, and eddies were generated even 
when an f plane was used. Here we simplify the wind forcing 
used in experiment 2a to identify the dependence of the gen- 
eration of the currents, meanders, and eddies in the CCS on 
the type of wind forcing used. 

Since the wind stress is predominantly alongshore in the 
CCS (Figure 3), in experiment 2b (see Table 2) we first isolate 

the alongshore component of the wind stress (•Y(x, y, t)) by 
setting the cross-shore component (Y•(x, y, t)) to zero. All 
other model parameters are the same as those in experiment 
2a. 

The results are quite similar to those of experiment 2a: i.e., 
an intensified CC and upwelling develop, the CUC is too deep, 
and no meanders, filaments, or eddies develop. 

Since the CC is generated by the equatorward component of 
the wind stress, in experiment 2c (see Table 2) we use a con- 
stant equatorward wind stress (-1 dyn/cm2), which is uniform 
in both the alongshore and cross-shore directions. The results 
show, as in experiments 2a and 2b, that the CC that develops 
is too strong and too deep, the CUC that forms beneath the 
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Figure 9. (a) Mean and (b) eddy kinetic energy for experiment 1 at 46 m depth in the coastal region. 
Contour interval is 50 cm2/s 2 in Figure 8a and 25 cm2/s • in Figure 8b. 

CC is also unrealistically deep, and no meanders, filaments, or 
eddies are generated. 

These results suggest that, on an f plane, in addition to 
equatorward (upwelling favorable) winds, which result in a 
surface, equatorward CC, spatial variability in the wind stress is 
needed to obtain a more realistic CUC. An examination of the 

cross-shore structure of the equatorward wind field, i.e., v y (x), 
shows that the wind fields have a predominantly cyclonic wind 
stress curl structure near the coast (see Figure 2), which, if 
dominant over the other components of v y, would result in 
poleward flow along the coast. Results from running the model 
with vY(x, t) only showed results similar to those of experi- 

ments 2a and 2b: i.e., an intensified CC and upwelling, a CUC 
that is too deep, and no meanders, filaments, or eddies. 

This leaves the alongshore variability of the wind stress, i.e., 
vY(y), as the most probable key ingredient for generating a 
more realistic CUC. To investigate the role of this component 
of the wind stress, in the last f plane, wind-forcing experiment 
(experiment 2d in Table 2) we use the same type of equator- 
ward wind forcing as in experiment 2c but impose the forcing 
only in the interior of the model domain, ---100 km from either 
the northern or southern boundary. The exact form used is •- = 
%Y(y), where % is the wind stress (here equal to 1 dyn/cm 2) 
and Y(y) is an imposed latitudinal variation that is needed to 
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Table 2. Types of Coriolis Parameterization, Wind Forcing, 
and Coastal Geometry for the Experiments Described in 
Section 4 

Coriolis 

Experi- Parame- Wind Coastline 
ment terization Forcing Geometry Result 

1 /3 plane r(x,y,t) straight 

2a f plane ,(x,y,t) straight 

2b f plane ,Y (x,y ,t) straight 
2c f plane •-Y straight 
2d f plane ,Y (y) straight 
3 /3 plane r(x,y,t) irregular 

basic model: CC, CUC, 
upwelling, filaments, 
meanders and eddies 

present 
intensified CC and 

upwelling; CUC too 
deep; no filaments, 
meanders, or eddies 

similar to 2a 
similar to 2a 
similar to 1 
similar results to 1 but 

anchoring of 
upwelling and 
filaments off capes 
along with enhanced 
growth of meanders 
and eddies off capes 

make r = 0 on the northern and southern boundaries. The 

wind band forcing function is given by 

1 36øN <y < 47øN Y(Y) = 0 otherwise 
This type of forcing is similar to that used by Batteen et al. 
[1989] and McCreary et al. [1991]. 

The results show that both a CC and a CUC develop, with 
flow and temperature structures similar to Experiment 1. Up- 
welling, filaments, meanders, and eddies are generated. The 
main difference from experiment 1 is that since the wind forc- 
ing is equatorward (upwelling favorable) at the onset of the 
experiment, the currents and eddy features develop and be- 
come unstable much earlier (e.g., the currents are unstable as 
early as day 70 compared with approximately day 210 in ex- 
periment 1). 

Although this experiment identifies the meridional variation 
of the alongshore component of the wind stress, i.e., rY(y), as 
a key ingredient in generating realistic currents, filaments, and 
eddies in an eastern boundary current regime, this conclusion 
is valid, on an f plane, only when the wind field is x-indepen- 
dent. When the x dependence of the wind field is included, 
different results are obtained depending on whether an f plane 
or /3 plane is used. On an f plane, as is demonstrated in 
experiment 2a, the wind field intensifies the CC and deepens 
and weakens the CUC. In contrast, on a/3 plane, as is dem- 
onstrated by experiment 1, in the presence of primarily equa- 
torward winds, the/3 effect detensifies the CC and shallows and 
enhances the CUC. These results identify both the/3 plane and 
the meridional variability of the alongshore component of the 
wind stress as key ingredients for generating currents, fila- 
ments, meanders, and eddies in eastern boundary current re- 
gimes. 

4.3. Effects of Irregular Geometry 

In experiment 1 a straight coastline was used. In experiment 
3 the effect of irregular coastline geometry is investigated. The 
same temporal and spatially varying wind forcing is used in 

experiment 3, except that instead of interpolating the winds to 
a uniformly straight coastline (Figure 2), the winds are inter- 
polated to irregular coastline geometry north of Monterey Bay. 
South of Monterey Bay, for a distance of ---100 km, a uniformly 
straight coastline is used. All other model parameters are the 
same as those in experiment 1. 

The flow and temperature (Figures 12 and 13) patterns in 
experiment 3 show that a CC and a CUC, with flow structures 
similar to those in experiment 1, develop. For example, as the 
core of the CUC intensifies, it shallows and displaces the core 
of the CC farther offshore (for example, compare Figures 12a 
and 12b). As a result, there are strong vertical and horizontal 
shears in the upper layers between the CC and the CUC. 
Because this current is baroclinically and barotropically unsta- 
ble, meanders, filaments, and eddies subsequently develop. 

In experiment 1, upwelling occurred fairly uniformly along 
the coast, in conjunction with the arrival of the equatorward 
CC (e.g., Figure 4a). In contrast, in experiment 3, although the 
equatorward CC develops fairly uniformly along the coast, the 
upwelling is relatively patchy. In particular, the coldest, up- 
welled water is often found at or equatorward of large prom- 
ontories (e.g., Cape Mendocino in Figures 13a to 13c). Since 
promontories are areas of the irregular coastline where the 
alongshore component of the wind stress, r y, is at a local 
maximum, the CC, upwelling, and growth of filaments should 
be enhanced in these regions during the upwelling season. 

The tendency for the cooler water to occur at or equator- 
ward of promontories can be explained as follows. Following 
Arthur [1965], let the (vertical component of) relative vorticity 
equation be approximated by the horizontal divergence and 
planetary vorticity terms. Substituting vertical divergence from 
the continuity equation for horizontal divergence in the vor- 
ticity equation and solving for the vertical divergence, we ob- 
tain 

fOw/Oz = D•/Dt + 13v (25) 

where the left-hand side (term 1) is the vertical divergence, the 
first term on the right-hand side (term 2) is the change in 
relative vorticity, and the second term on the right-hand side 
(term 3) is the planetary vorticity. Considering the contribution 
of term 3 to term 1 first, for equatorward flow, term 3 would be 
less than zero, contributing to upwelling in term 1, while for 
poleward flow, term 3 would be greater than zero, contributing 
to downwelling in term 1. 

Considering the contribution of term 2 to term 1, in the 
vicinity of capes, the vorticity can be conveniently determined 
using natural coordinates as 

g = V/Rc- OV/On (26) 

where V is the speed, R c, is the radius of curvature of the 
streamline, and 0 V/On is the velocity gradient perpendicular to 
the streamline. By the convention of signs, cyclonic (counter- 
clockwise in the northern hemisphere) flow is taken as positive. 
Following Arthur [1965], we assume that in the vicinity of 
coastal irregularities, the curvature contribution is more im- 
portant than the shear contribution. As a result, (26) can be 
approximated as 

•= V/Rc 

Using the above approximation and considering the change in 
relative vorticity along a streamline near capes for equator- 
ward flow, term 3 in (25) is found to be positive north of capes 
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and negative south of capes. Consequently, terms 2 and 3 in 
(25) will be negative south of capes, contributing to upwelling, 
while they will have opposite signs north of capes. As a result, 
when the flow is predominantly equatorward, as in the CCS in 
the summertime, upwelling should be enhanced south of capes. 
(Alternatively, when the flow is poleward, both terms are positive 
north of capes, contributing to downwelling, while south of capes 
the terms will have opposite signs. As a result, when the flow is 
poleward, downwelling should be enhanced north of capes.) 

In experiment 1 there was no geographical preference for 
filament formation, meanders, or eddies. In contrast, in exper- 

iment 3 the filaments that develop are often "anchored" off of 
Cape Blanco, Cape Mendocino, and Point Arena (e.g., Figure 
13b). Also, in experiment 3 the equatorward CC develops 
meanders in the vicinity of capes, which intensify and develop 
into predominantly cyclonic eddies (e.g., Figure 13). In time, 
these eddies coalesce with other cyclonic eddies to form rela- 
tively large (--•100-300 km diameter) eddies. After the up- 
welling season, as in experiment 1, the equatorward CC has 
taken the form of a meandering jet embedded with several 
cyclonic eddies (e.g., Figure 13d). 

As in experiment 1, longer experimental runs show that the 



BATTEEN: CURRENTS AND EDDIES IN THE CALIFORNIA CURRENT SYSTEM 1003 

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), we time average the model output every 3 days for the 
months of April, July, October, and December to see the 
seasonal structure of features in the CCS. 

The results show that in spring (Figure 14a) and summer 
(Figure 14b), and throughout the upwelling season (Figure 
15a), there is a coastal, equatorward flow with speeds of 
--•30-80 cm/s that leaves the coast between --•42øN and 43øN, 
in the vicinity of Cape Blanco, and meanders downstream. The 
current then takes the form of a meandering jet. The jet has 
alongshore wavelengths of several hundred kilometers and 
cross-shore excursions of several hundred kilometers, and it 
can extend to depths of--•700 m (e.g., Figure 15b). Note the 
temperature change (i.e., a temperature front) associated with 
the meander. Inshore of this jet is cooler, upwelled water, 
while offshore is warmer water and several cyclonic and anti- 
cyclonic eddies ranging from -50 to 200 km diameter, which 
extend to depths of 200 m or deeper (Figure 15b). South of 
--•43øN, inshore of the jet, there are both cyclonic and anticy- 
clonic eddies. The cyclonic eddies tend to form in the vicinity 
of the capes, while the anticyclonic eddies tend to form in the 
coastal indentations between the capes. A comparison of the 
spring (Figure 14a) and summer (Figure 14b) velocity and 
temperature fields shows that as the eddies move westward, 
they become embedded in the meandering jet. 

The results of the lower layer velocity fields, averaged over 
the upwelling season (Figure 15c) show that there is a coastal 
poleward undercurrent, with speeds of -10-20 cm/s, within 
--•100 km of the coast. Note the shallower depth (e.g., Figure 
15b) and the higher speeds of the undercurrent in this exper- 
iment compared with experiment 1 (for example, compare 
Figures 8b and 8d with Figures 15b and 15c). The features in 
experiment 3 seem more consistent with available CUC obser- 
vations [e.g., Huyer et al., 1991] than are those in experiment 1. 
Offshore of the undercurrent are both cyclonic and anticy- 
clonic eddies of O(100 km) diameter. 

Horizontal maps of the upper layer MKE and EKE, aver- 
aged over the duration of the upwelling season, are shown in 
Figures 16a and 16b, respectively. A comparison of Figures 15a 
and 16a shows that the largest values of MKE are found in the 
region of the strong equatorward jet. High values are also 
found in the vicinity of the anticyclonic and cyclonic eddies 
between --•45øN and 41øN. 

A comparison of Figures 15a and 16b shows that maximum 
values of EKE are found along the coast from --•44øN to 41øN, 
in the vicinity of Cape Blanco, and offshore south of --•39øN. 
High values are also found from --•124øW to 130øW between 
44øN and 41øN. A comparison of Figures 15a and 16b shows 
that this is where both cyclonic and anticyclonic eddies form. 
High values of EKE are also found offshore and downstream 
of Cape Mendocino and Point Arena. The regions where the 
EKE values are highest, as in the vicinity of Cape Blanco, can 
be interpreted as areas where eddies are likely to be generated 
throughout the upwelling season. A comparison of Figures 9b 
and 16b shows that the EKE values in this experiment are 
much larger (--•5 times) than those in experiment 1 and extend 
farther offshore. 

After the upwelling season, i.e., in fall (e.g., Figure 14c), a 
poleward flow, with speeds of --•10-20 cm/s, develops within 
--•100 km of the coast and subsequently replaces the coastal, 
equatorward flow. Offshore of the poleward flow are several 
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Figure 11. Temperature contours and velocity vectors at 
46 m depth in the coastal region for experiment 2 at day 255. 
Contour interval is iøC, maximum velocity vector is 50 cm/s. 

cyclonic eddies. Farther offshore, there is a relatively strong 
(--•50 cm/s) equatorward, meandering jet embedded with both 
cyclonic and anticyclonic eddies. 

In the winter (e.g., Figure 14d), in the poleward region of the 
model domain, the meandering jet has been displaced farther 
offshore by the westward propagation of cyclonic eddies. In the 
equatorward part of the model domain, the jet meanders 
closer to shore, i.e., from ---128øW at 41øN to --•125øW at 38øN. 
Offshore and inshore of the jet, both cyclonic and anticyclonic 
eddies fill much of the model domain. A relatively strong 



1004 BATTEEN: CURRENTS AND EDDIES IN THE CALIFORNIA CURRENT SYSTEM 

200 - 

400 - 

600 - 

800 -- 

! 
ß 

i 

i 

l 

200 - 

400 -- 

600 -- 

800 -- 

, 

i 

, 

I I I I I I 1 
126.00W 125.6øW 125.20W 124.80W 124.40W 124.00W 126.00W 125.60W 12 5.20W 124.80W 124.40W 

LONGITUDE b LONGITUDE 

(om/so) w:,ocn'¾ 

Figure 12. Cross-shore section at 41.3øN of v in the coastal region for experiment 3 at days (a) 180 and (b) 
195. Contour interval is 2 cm/s (5 cm/s) for poleward (equatorward) flow. 

124.0øW 

surface poleward flow near the coast is still present north of 
-41øN. 

This experiment identifies irregularities in the coastline ge- 
ometry as key elements for "anchoring" upwelling and fila- 
ments and for enhancing the growth of meanders and eddies. 
The cyclonic eddies tend to form in the vicinity of the capes, 
while anticyclonic eddies tend to form in the coastal indenta- 
tions between the capes. This experiment also identifies the 
region off Cape Blanco as the location where the coastal equa- 
torward flow leaves the coast and forms a jet that develops 
meanders along a temperature front off California. 

5. Summary and Discussion 

In section 1 we hypothesized that wind forcing may be the 
most important mechanism for the generation of the currents 
as well as for the intense and complex meander, eddy, jet, and 
filament structures in the CCS. In particular, we stated that the 
wind forcing can set up the coastal currents, which can subse- 
quently become unstable and lead to the formation of many of 
the observed features in the CCS. 

To investigate this hypothesis, the model was forced from 
rest with full spatial and temporally varying winds. The results 
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demonstrated that the wind forcing can set up both a CC and 
a CUC in the upper layers. Since there is both horizontal and 
vertical shear between the CC and the CUC that are gener- 
ated, the currents become unstable (via baroclinic and baro- 
tropic processes) and lead to the development of meanders, 
eddies, jets, and filaments. 

The temporal nature of the winds demonstrated that, as 
expected, there is a seasonal cycle for the coastal currents, 
upwelling, and filaments. In particular, during the upwelling 
season, a surface coastal, equatorward current overlying a 
poleward undercurrent develop, while in fall and winter a 
surface poleward current forms in the poleward end of the 
model domain. The meanders and eddies were demonstrated 

to be seasonal as well as quasi-permanent features. The quasi- 
permanent meandering jet and eddies played a significant role 
in modifying the coastal current, upwelling, and filaments as 
they seasonally developed. This led to large temporal and 
spatial variability in the CCS. 

Examining the spatial structure of the wind forcing, it was 
shown that the meridional variability of the winds was a key 
ingredient in generating realistic vertical and horizontal struc- 
tures for the CC and the CUC. An examination of the type of 
Coriolis parameterization used showed that the /3 plane also 
played an important role in generating realistic vertical and 
horizontal structures of the CC and the CUC. With such struc- 

tures the currents were baroclinically and barotropically unsta- 

ble, resulting in the generation of meanders, filaments, and 
eddies. 

Irregularities in the coastline geometry were shown to be 
important for anchoring upwelling and filaments as well as for 
enhancing the growth of meanders and eddies. The cyclonic 
eddies tended to form in the vicinity of capes, while the anti- 
cyclonic eddies tended to form in the coastal indentations 
between the capes. The equatorward current that developed 
during the upwelling season was also shown to flow along the 
coast until it reached the vicinity of Cape Blanco, where it 
veered offshore and formed meanders along a temperature 
front of[ California. In fall a surface poleward flow appeared 
within ---lee km of the coast, replacing the surface coastal, 
equatorward flow. 

Since the last experiment (i.e., experiment 3) incorporated 
spatial and temporally varying winds as well as irregular coast- 
line geometry and the/3 plane parameterization, it is useful to 
qualitatively compare the results of the model simulations with 
observational data. Since these studies are not model hindcasts 

but are idealized process-oriented studies, we cannot make 
direct comparisons with data; however, we can investigate 
whether the phenomenonological model behavior is qualita- 
tively similar to observational data in the CCS. 

Since Strub and James [1995] (hereinafter referred to as 
SJ95) have most recently shown observational results on the 
large-scale circulation of the CCS during the upwelling season, 
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we qualitatively compare some of the results of our model 
simulations with their observations. Let us first compare the 
results of our July model simulation (Figure 14b) with the SJ95 
July observations [SJ95, Figure 2a]. Both SJ95 and our results 
show the presence of a coastal, equatorward flow leaving the 
coast in the vicinity of Cape Blanco. Offshore of the jet is a 
relatively large anticyclonic eddy extending from -42øN to 
-44øN between -126øW and 128øW. Downstream from Cape 
Blanco, both SJ95 and our results show the equatorward jet 
meandering cyclonically offshore and then anticyclonically 
nearshore, in the vicinity of Cape Mendocino. The jet then 
veers offshore north of Point Arena and develops a cyclonic 
meander. Both SJ95 and our results show a band of cooler 

water of -7øC along the coast from Cape Blanco and south- 
ward along much of the coast, and an equatorward jet sepa- 
rating colder, inshore water from warmer, offshore water. This 
latter feature is also present in the springtime observations 
[SJ95, Figure 2a] and model simulations (e.g., Figure 14a). 
Finally, SJ95 and our results show that there is a connection 
between the equatorward flow off Oregon and the jet that 
meanders along a temperature front off California. In partic- 
ular, the equatorward flow off Oregon and the meandering jet 
are part of a continuous flow that originates from farther 
north. 

Extending beyond the spring and summer observations of 
SJ95 to other times of the year when observations tend to be 
sparse for the large-scale circulation of the CCS, the results of 
our model simulations suggest that the development of the 
Davidson Current (e.g., Figure 14c) in fall leads to a separation 
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Figure 16. (a) Mean and (b) eddy kinetic energy for experiment 3 at 46 m depth. Contour interval is 150 
cm2/s 2. 



BATTEEN: CURRENTS AND EDDIES IN THE CALIFORNIA CURRENT SYSTEM 1009 

of the meandering jet from the coastal waters off Oregon. With 
the return of upwelling favorable winds in the spring, the 
coastal equatorward current develops along the Oregon coast, 
flows offshore in the vicinity of Cape Blanco, and redevelops a 
meandering jet downstream. South of Cape Blanco and in- 
shore of the meandering jet, both anticyclonic and cyclonic 
eddies develop throughout the upwelling season (e.g., Figures 
14a and 14b). As they propagate westward, they become em- 
bedded in the meandering jet, leading to strong onshore and 
offshore transports in the coastal region. 

On the basis of these results, it is seen that the phenomeno- 
nological behavior of the model simulations is qualitatively 
similar to large-scale observational data in the CCS. This lends 
support to our hypothesis that both wind forcing and coastline 
irregularities are key mechanisms for the generation, evolu- 
tion, and maintenance of the currents, as well as for the intense 
and complex meander, eddy, jet, and filament structures in the 
CCS. 
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