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A high-resolution, multi-level, primitive equation ocean model has been used to in-
vestigate the combined role of seasonal wind forcing, seasonal thermohaline gradi-
ents, and coastlineirregularities on the formation of currents, meanders, eddies, and
filaments in the entire California Current System (CCS) region, from Baja to the
Washington-Canada border. Additional objectives are to further characterize the
meandering jet south of Cape Blanco and the seasonal variability off Baja. Model
results show the following: All of the major currents of the CCS (i.e., the California
Current, the California Undercurrent, the Davidson Current, the Southern Califor-
nia Countercurrent, and the Southern California Eddy) as well as filaments, mean-
ders and eddies are generated. The results are consistent with the generation of ed-
dies from instabilities of the southward current and northward undercurrent via
barotropic and baroclinicinstability processes. The meandering southward jet, which
divides coastally-influenced water from water of offshore origin, isa continuous fea-
turein the CCS, and covers an alongshore distance of over 2000 km from south of
CapeBlancoto Baja. Off Baja, thesouthward jet strengthens (weakens) during spring
and summer (fall and winter). The area off southern Baja is a highly dynamic envi-
ronment for meander s, filaments, and eddies, whiletheregion off Point Eugenia, which
representsthe largest coastline perturbation along the Baja peninsula, is shown to be
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a persistent cyclonic eddy generation region.

1. Introduction

The California Current System (CCS) is a classical
eastern boundary current (EBC) system located off the
west coast of North America extending approximately
from the Strait of Juan de Fuca southward to the tip of
the Baja Peninsula (Hickey, 1998). As in other EBC re-
gimes, satellite infrared sea surface temperature (SST)
imagery of the CCS (e.g., Strub et al., 1990, 1991) has
revealed a complex flow structure with seasonal varia-
tions. Dominant mechanisms responsible for the observed
large-scale structure within the CCS have been shown to
be seasonal variations in alongshore wind stress (Bakun
and Nelson, 1991), coastlineirregularities (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).

The CCS is comprised of several large-scale (>500
km) alongshore currentsincluding the California Current
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(CC), the California Undercurrent (CUC) and the
Davidson Current (DC) (Fig. 1). The predominant flow
isthe CC, which isabroad (~1000 km offshore), shallow
(surface to ~500 m), relatively slow (~10 cm/s), year-
round southward current. The CUC isarelatively narrow
(~10-40 km width), weak (~2—10 cm/s), subsurface north-
ward flow which is strongest at ~100-300 m depth and
varies seasonally. The DCisaweak, inshore, surface flow
north of Point Conception which flows northward during
fall and winter. Other northward surface flows include
the Southern California Countercurrent (SCC) south of
Point Conception and the Southern California Eddy (SCE)
shoreward of the Channel Islands within the Southern
California Bight (Hickey, 1979, 1998).

Studies using satelliteimagery (e.g., Bernsteinet al .,
1977; Chelton, 1984; Strub et al., 1991) have shown that
the CCSisnot the stable system of currents with the well-
defined, unchanging structure suggested by Fig. 1. Rather,
within the mean, large-scale structure of the CCS there
exist perturbations in the form of mesoscale meanders,
eddies, and filaments, which vary both spatially and tem-
porally. Numerical modeling efforts by Batteen (1997)
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Fig. 1. Model domain, coastline, and generalized classical cir-
culation of the California Current System (CCS). The do-
main isbounded by 22.5°N to 47.5°N, 107.5°W to 132.5°W.
The broad, slow surface southward California Current (CC)
overlies the narrow, northward California Undercurrent
(CUC). Surface southward flowsinclude the Davidson Cur-
rent (DC) north of Point Conception, and the Southern Cali-
fornia Eddy (SCE) and Southern California Countercurrent
(SCC) south of Point Conception.

simulated this complex eddy-mean flow interaction within
the northern CCS using a high-resolution, multi-level,
primitive equation (PE) ocean model, emphasizing the
role of wind-forcing and coastline irregularities. Specifi-
cally, the seasonal variation of the alongshore component
of wind stress was shown to be critical in generating re-
alistic horizontal and vertical structures for the surface
southward CC and the subsurface northward CUC. Both
baroclinic and barotropic instability mechanisms contrib-
uted to the generation of meanders, filaments, and ed-
dies. Additionally, coastline irregularities were shown to
help “anchor” upwelling filaments and to enhance the
growth of meanders and eddies. In particular, the region
off Cape Blanco was identified as the location where the
inshore edge of the CC leaves the coast and develops a
meandering jet to the south. Other studies with coastline
irregularities and/or bottom topography (e.g., Ikedaet al .,
1984; Haidvogel et al., 1991) also showed that while bot-
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tom topography and/or coastline irregularities can en-
hance the growth of instabilities, the basic instability still
results from the opposing alongshore currents. In recent
observational (Batteen et al., 1995) and modeling stud-
ies (Batteen and Vance, 1998) on the combined effect of
temperature and salinity on density, it was shown that,
even though the effects of wind forcing dominate the CCS,
the additional effects of thermohaline gradients are im-
portant in defining the large-scale structure and circula-
tion of the CCS. Although the modeling study of Batteen
and Vance (1998), which included wind forcing, coast-
line irregularities, and thermohaline gradients, was able
to reproduce some of the currents in the CCS (i.e., the
CC and CUC), the model did not generate the DC, SCC,
or SCE which are thought to originate south of the model
domain used by Batteen and Vance (1998).

Inthisstudy, the model of Batteen (1997) and Batteen
and Vance (1998), originally restricted to the latitudes
poleward of 35°N, is expanded by extending the model
domain southward to 22.5°N. As aresult, the entire CCS
region from Baja to the Washington-Canada border isin-
cluded, which allows the generation of all of the major
currents of the CCS shown in Fig. 1 aswell asfilaments,
meanders, and eddies.

Besides investigating the combined role of seasonal
wind forcing, thermohaline gradients, and arealistic coast-
line in the generation of these features, a key issue that
has not yet been resolved is addressed using the results
of the model simulations. Thisissueisthe seasonal vari-
ability off the Baja peninsula, which, with the possible
exception of northern Baja (which has been regularly sam-
pled by the California Cooperative Fisheries Investiga-
tion, CalCOFI, and covers the region north of Point Baja
to the U.S.-Mexico border), remains a data sparse region
with a poorly known seasonal cycle (Hickey, 1998).

2. Model Forcing Conditions and Energy Analysis

Technique

The model ocean is essentially the same as the PE
model described by Batteen (1997) and Batteen and Vance
(1998), and so only a brief description of the forcing con-
ditions and experimental design for the expanded model
domain is presented here. The model domain (Fig. 1) en-
compasses the west coast of the United States and the
Baja Peninsula, from 22.5°N to 47.5°N (2816 km
alongshore), and from 107.5°W to 132.5°W offshore
(2304 km cross-shore). Bottom topography has been
omitted to focus on the roles of seasonal wind forcing,
seasonal thermohaline gradients, and coastlineirregulari-
ties. (The additional inclusion of bottom topography and
its effects on the CCS are considered a separate study.)
The eastern boundary is modeled as a coastal wall. The
constant depth used in the model is 4500 m.
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Fig. 2. Climatological winds over the California Current Sys-
tem used to force the model. The climatological (1980—
1989) ECMWF winds are shown here for (a) January,
(b) April, (c) July, and (d) October.

2.1 Model forcing conditions

The effects of seasonal wind forcing are included
using monthly varying climatological wind fields from
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) near-surface wind analyses from 1980—
1989 (Trenberth et al., 1990). Note that the use of monthly
varying climatological winds allows the seasonal cycle
of winds to be isolated and explored (forcing with daily
winds, weekly winds, or winds with interannual variabil-
ity are considered in separate studies). The wind fields,
which are on a2.5 x 2.5 degree grid, have been interpo-
lated spatially to the 9 x 11 km model resolution.

Sample monthly wind fields used in the study are
shownin Fig. 2, which depicts the seasonal influence and
migration of flow around the North Pacific Subtropical
High over the area encompassed by the model domain.
Figure 2(a) shows adivergence of flow at the coast in the
vicinity of ~40°N during the winter as the winds circu-
late anticyclonically around the Subtropical High to the
south and cyclonically around the Aleutian Low to the
north. By spring (Fig. 2(b)), the Subtropical High has
begun its westward and northward expansion, producing
increased southward winds over most of the model do-
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Fig. 3. Time series plots of monthly temperature fields used as
seasonal forcing in the basic simulation. The “*” symbol
represents data at 22.5°N, 132.5°W, while the “+” symbol
represents data at 47.5°N, 132.5°W for 13 m depth.

main and causing the divergence of flow to move north
to ~44°N, off the Washington coast. In July (Fig. 2(c)),
southward, upwelling-favorable winds dominate along the
entire coastline as the Subtropical High reaches its maxi-
mum extent. Figure 2(d) shows a decrease in magnitude
of southward winds during fall as the Subtropical High
begins to recede southward.

The effects of thermohaline gradientsin the CCSare
incorporated using monthly temperature and salinity cli-
matology from Levitus et al. (1994) and Levitus and
Boyer (1994). Forcing occurs over the upper seven lev-
els, which areinitially assumed to be zonally homogene-
ous. Since the lower three levels do not exhibit any sig-
nificant horizontal variation in temperature and salinity,
constants are assumed for each level. Temperature val-
ues used for levels 8 (1416 m), 9 (2283 m), and 10 (3656
m) are 2.56°C, 2.08°C, and 2.00°C, respectively, while
the salinity constant used for the lower threelevelsis 34.7.
Only the upper layer (13 m and 46 m) temperature forc-
ing conditions for the northern (47.5°N) and southern
(22.5°N) boundaries show significant seasonal variabil-
ity, with atemperature maximum in late summer to early
fall and aminimum in late winter to early spring through-
out the region (e.g., Fig. 3). Below these depths, both the
seasonal temperature fluctuations and temperature gradi-
ent weaken. Conversely, salinity forcing conditions at all
seven levels, which show less (more) saline water to the
north (south), have no significant seasonal cycle (not
shown). The monthly values of temperature and salinity
at the western boundary (132.5°W) have been linearly
interpolated to daily values and are used to force the model
once a day.
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The design of the study isasfollows. A realistic North
American coastline is used to include the effects of ir-
regular coastline geometry over the entire CCS region.
Model integrations start from a state of rest. The model
isupdated once amonth with the seasonal ECMWF winds.
At the western boundary the model is updated daily with
the seasonal temperature and salinity fields. The model
isrun for three yearsto allow it to reach a state of quasi-
equilibrium.

2.2 Energy analysis techniques

The energy analysis technique used is the same as
that used and described by Batteen et al. (1992) and is
based on that of Han (1975) and Semtner and Mintz
(1977). Thisanalysisis done to gain a better understand-
ing of the types of energy transfer during unstable flow
in the CCS. A brief summary of the method follows.

Kinetic energy is calculated for the horizontal com-
ponents. After a quasi-steady state is reached in which
the total kinetic energy is nearly constant, the time mean
kinetic energy (MKE) and eddy kinetic energy (EKE) are
calculated using the sum of squared mean and horizontal
fields, respectively. Next, the available potential energy
is calculated and used to determine when a quasi-steady
state is reached and when statistics should be collected.
The temporal mean and eddy available potential energies
are then computed. The baroclinic and barotropic energy
transfers, defined by Batteen et al. (1992), are used to
argue for the type of instability mechanism (e.g.,
baroclinic, barotropic, or mixed) leading to theinitial eddy
generation (see the Appendix for a more complete de-
scription of the calculations used in the energy analysis
technique).

3. Results

3.1 Spin-up phase

Due to the combination of thermohaline gradients
and wind forcing, different oceanic responses are expected
and occur in the CCS depending on the season, i.e., de-
pending on whether it is winter, the upwelling season
(~April to September), or the fall. Here we describe the
different oceanic responses for each season.

In the winter, in the northward end of the model do-
main, the large meridional high to low atmospheric pres-
sure gradient due to the decrease of temperature north-
ward (Fig. 3) establishes an onshore geostrophic flow,
while the northward wind stress results in an onshore
Ekman flow. On approaching the eastern boundary, the
onshore flow turns and forms a northward coastal cur-
rent (e.g., Fig. 4(a)). In the southward end of the model
domain the smaller pressure gradient (due to the smaller
warm to cold temperature gradient) and the southward
wind stress resultsin weak onshore geostrophic flow, off-
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shore Ekman flow, and a coastal southward surface cur-
rent (e.g., Fig. 5(a)). Typical cross-sections of meridional
velocity taken to the north (Fig. 6(a)) and south (Fig. 7(a))
show, in the north (south), a predominantly northward
(southward) flow overlying an inshore southward (north-
ward) flow.

During the upwelling season, the combination of a
weakened pressure gradient and increased southward
winds over the entire model domain lead to a strengthen-
ing of southward flow all along the coast and a weaken-
ing (strengthening) of onshore (offshore) flow. A south-
ward coastal jet is discernible as a relatively narrow
coastal flow inthe north (e.g., Fig. 4(b)). Dueto the pres-
ence of irregular coastline features such as capes, the jet
broadens in scope as it progresses southward (e.g., Fig.
5(b)). Maximum speeds in the northern half of the do-
main are ~20 cm/s whereas current speeds associated with
cyclonic eddy activity in the south are ~30-50 cm/s. There
isalso an inshore northward undercurrent with maximum
speeds of ~15-20 cm/s which can be traced northward
across the entire model domain (not shown). Typical
cross-sections of meridional velocity taken to the north
(Fig. 6(b)) and south (Fig. 7(b)) show the vertical struc-
ture of the currents with southward flow overlying anorth-
ward undercurrent.

Asthe coastal jet and undercurrent become fully es-
tablished (from day ~180 to day ~285), the currents be-
come unstable and form meanders (e.g., Figs. 4(c) and
5(c)) as well as cold, upwelling filaments (not shown).
As the meanders intensify, eddies are formed in the
coastal, southward region of the domain (e.g., Fig. 5(c)).
The eddies are predominantly cold core and cyclonic, on
the order of 100 km in diameter, and regularly extend to
~50-100 km off the coast. Throughout the upwelling sea-
son, which corresponds to the period of maximum south-
ward wind stress (Fig. 2), meanders, filaments, and ed-
dies continue to devel op southward of ~44°N (not shown).

In the fall, the Aleutian Low begins to deepen and
the Subtropical High migrates toward its wintertime po-
sition in the south. With this transition, northward wind
stress returns to the northern portion of the model do-
main asthe regional pressure gradient strengthens. A typi-
cal cross-section of meridional velocity taken to the north
(Fig. 6(c)) illustrates that during this transition the north-
ward undercurrent surfaces while the surface coastal
southward jet moves offshore. In the southern part of the
model domain, asin the other seasons, the surface coastal
southward current continues to overlie the northward
undercurrent (Fig. 7(c)).

3.2 Quasi-equilibrium phase

Longer run times (~3 years) with model output fields
averaged every 3 days for the months of January, April,
July, and October illustrate the seasonal variability and



DEPTH : 13m DEPTH : 13m

T (DAY) : 45 T (DAY) : 285
1 ! L !
,,,,,,,,,,,,,,,, DR
,,,,,,,,,,,,,,,, e
450N — T T T T g
,,,,,,,,,,,,,, ooy
,,,,,,,,,,,,, Cee gy
Ao ey
,,,,,,,,,,,, iy
43.0°N e I S
,,,,,,,,,, iy
,,,,,,,,,,, Vi o1y
[ s iy
......... Y N
Ly 41.0°N watoen— 0T treri e
g 5 * LI I S '///
£ £ e Vg iy
= 5 i IR AR
sy
L T [ ’11\\
. 39.0°N
e ey i N Ty
N,
I I [
»»»»»»»»»»» TV Y Y A
<<<<<< Caaa v
. 37.0°N e e Coan s
<<<<<<< NSO,
S I I I U B Y
e e R R
N \‘«\H;v‘tr///"
35.0°N i 35.0°N I T t T i I I I I T
131.0°W 129.0° 127.0° 125.00 123.00W 121.0% 131.0°W 129.00 1270 (250 1230w ranom
v 50.0 LONGITUDE u,v—=  100. LONGITUDE
Density
DEPTH : 13m
T (DAY) : 195

45.0°N

43.0°N

41.0°N

LATITUDE

39.0°N

37.0°n

35.0°N T
131.0° 129.0°wW 127.0°w 125.0°W 123.0°W 121.0°W
U, v 100. LONGITUDE
Density

Fig. 4. Velocity vectors at 13 m depth in the northern half of the model domain at days (a) 45, (b) 195, and (c) 285. Maximum
velocity vector is 50 cm/sin (a) and 100 cm/sin (b). Density contours are also shown in (@) and (b). Contour interval is 0.1
g/cm®in (a) and 0.2 g/cm3 in (b).

A Large-Scale Seasonal Modeling Study of the California Current System 549



DEPTH : 13m
T (DAY) : 45

LATITUDE

APE SAN

LAZARO

128°W 124°W 120°W T16°W
u,v—>  50.0 LONGITUDE
Density
DEPTH : i3m
T (DAY) : 195
- L ! L | i

e £ POINT CONCEPTI
N,

54.0°N —| R RN IS
B B CRERCCEITRRTERRE:

L 30.0°N —

=T PO

)

=

= T seheni e Vo -

<

=5 U A% uyuuuu?%//“' \
.................... RARRRRRRREL ' NS SRl 1

AAAAAAAA Sl S AL

2B.0°N —

28.0°N

24.0°N

120°W
LONGITUDE

128°% 124°W
u,v—3> 100

Density

Fig. 5. Velocity vectors at 13 m depth in the southern half of the model domain at days (a) 45, (b) 195, and (c) 285. Maximum
velocity vector is 50 cm/sin (a) and 100 cm/sin (b). Density contours are also shown in (@) and (b). Contour interval is 0.1

g/em®in (a) and 0.2 g/cm3in (b).

550 M. L. Batteen et al.

LATITUDE

34.0°N

32.0°N

30.0°N

28.0°N

26.0°N

24.0°N

DEPTH : 13m
T (DAY) : 285

I ! I \ . ‘ ' L
...... SNSRI pOT

........ RN

‘‘‘‘‘‘ |\|»v\\\\\v“"!//\-\
v

.

FEstevia T

O S ST
Sy
Sy

<<<<<<<<< R AT

B

IR S S

‘‘‘‘‘ "“"'”““"'””HIL\' :
U
THesanaatiaaas R T A I Tl
AAAAAAAAAA R N T SR TN RN

‘‘‘‘‘‘‘‘‘‘‘‘ R R RN R R R AN NN
UL N e
.......... RN R R NNNY!
— v T ey g
......... ,H.v-uun«uuu;///'—-’/uy”‘\
<<<<<<<<<<<< e e NN s 7
R A

AR RRRNNN

Py

g NN

~~~~~~~~~~~~~~~~~~~~ N \\\\\ﬁ»“ﬁ”\\\\
o e \\\\‘
orsrassamen T e W CAPE SAN

iy  JLAZARO

h OV . ﬁ_

JURPENNN

G
v

T T T T T I
120°W
100. LONGITUDE

128°W
U, v——>



LATITUDE : 40.5N

LATITUDE : 43N

T (DAY) : 45 T (DAY) : 285
| | | [ [
i
< L
N
100 o 100 o & ~
¥
— 1= - .
200 — 200~ r
T B . ~ |
= =
g i
o o
300 - 300 — =
|
%
400 — 400 — r
500 — 500 | r
Vi A I <
T T I L A
127.0°W  126.6°W  126.2°W  125.8°W  125.4°W 12509  124.6°W  124.2°W 127.4°W  127.0°W 126.6°W 126.2°W 125.8°W 125.4°W 12500 124.6°W
LONGITUDE LONGITUDE
MERID VELOCITY (cm/sec) MERID VELOCITY (cm/sec)
LATITUDE : 41N
T (DAY) : 195
|
2 | !
N 4 ;
n 2 :
| '
‘ i
100 < &
4
:
200 —
- 4
=
o
[
[=)
300 — ;
I
L @
Vi @
iy
— <, o
@« =]
,/ K
400 —
500
7 T T T T
127.5%W 26,5 125.5°W 124.5°W
LONGITUDE

MERID VELOCITY (cm/sec)

Fig. 6. Cross-shore sections of meridional velocity (v) at (a) 40.5°N (off Cape Mendocino) on day 45, (b) 41°N on day 195, and
(c) 43°N on day 285. Northward (southward) flow is denoted by solid (dashed) lines. The contour interval is 2 cm/s (2 cm/s)
for northward (southward) flow in (a), and 2.5 cm/s (5 cm/s) for northward (southward) flow in (b) and (c).

A Large-Scale Seasonal Modeling Study of the California Current System 551



LATITUDE : 28.5N LATITUDE : 25N

T (DAY) : 105 T (DAY) : 285
1 ! | ) 1
:w O
; i
100+ A 100 ;
,/ i
Y
4~ - . il
b ;
. \ )
e
200 —| 200 —
S i
2
T n T = \
= =
o o
Ll Lo
[} L, O
300~ .7 300 o
400 - 400
0 - 500 —
. =
T T T T T T T
117.5% 116.5%W 115.5°W 1 116.0%W 115.00W 11400 113.0W 112.0%
LONGITUDE LONGITUDE
MERID VELOCITY (cm/sec) MERID VELOCITY (cm/sec)
LATITUDE : 32.5N
T (DAY) : 195
! i
100 -
200
- i
T
o
Ll
(=)
300 -
400
500
UL LI L

120.0°W  119.6°W  119.2°W  118.8°W 118.4°W 118.0°W 117.6°W 117.2°W
LONGITUDE

MERID VELOCITY (cm/sec)
Fig. 7. Cross-shore sections of meridional velocity (v) at (a) 28.5°N (north of Point Eugenia) on day 105, (b) 32.5°N on day 195,

and (c) 25°N on day 285. Northward (southward) flow is denoted by solid (dashed) lines. The contour interval is1 cm/sin (a),
2.5 cm/s (5 cm/s) for northward (southward) flow in (b), and 5 cm/s (10 cm/s) for northward (southward) flow in (c).

552 M. L. Batteen et al.



CEPFTH i 13m

44°N

40°N

LATITUDE

28°N

24°N =
126"W 1225 118°W 1149 110°W
u, v—> 00 LONGITUDE

MEAN TEMPERATURE (deg C)
DEFTH : 13m

CAPE BLANCO

POINT ARENA
SAN FRANCISCO

POINT CONCEPTION [

LATITUDE

126°W 122°W 11R"W
S v—=  100. LONGITUDE

MEAN TEMPERATURE (deg ()

LATITUDE

DEPTH : 13m

445N | :
} CaPEBLANCO
| CAPE MENDOCINO
40°N ]
POINT ARENAS :
~ POINT SUR
36N :
POINT CONCEPTION
32N
28N —
24°N - — e
130%W 126°W 122° 1180w 11amy 110
ULv— 00, LONGITLIOE

MEAN TEMPERATURE (deg C)

DEPTH : 13m

CAPE MEND«
40°N OCG

.

SAN FRANCISCO

CAPE co
y [ poINT SUR
36°N L 3

POINT CONCEPTION

28°N

130%W 126°W 122°W 118°W 114w
u,v— 100. LONGITJDE

MEAN TEMPERATURE (deg C)

Fig. 8. Mean temperature and velocity vectors at 13 m depth for (a) January, (b) April, (c) July, and (d) October of model year 3.
Contour interval is 0.1°C; maximum velocity vector is 100 cm/s.

A Large-Scale Seasonal Modeling Study of the California Current System 553



complex structure of the CCS. By year 3, the model CC
core takes the form of a meandering jet embedded with
numerous eddies and upwelling filaments (Figs. 8(a)—(d)).
Although the mean direction of the CC remains south-
ward near the surface, the circulation contains large zonal
components with relatively intense onshore and offshore
transports.

Model results show that in winter (e.g., Fig. 8(a),
flow at the coast meanders southward and advects colder
water near the coast offshore and warmer water from the
west onshore throughout the model domain. Both cyclonic
and anticyclonic eddies exist on either side of the south-
ward coastal jet and closed, cold-core eddies on the order
of 100 km in diameter are present off San Francisco at
~38°N, 126°W, and in the southwest corner of the do-
main at ~25°N, 129.5°W. The coldest water found in the
model is located adjacent to the southern Baja coastline
coincident with persistent northwesterly winds dueto the
wintertime position of the Subtropical High (Fig. 2(a)).
Average current speeds of the southward surfacejet range
from ~10-50 cm/s, consistent with observations of the
CC using drifters (Davis, 1985).

In spring (e.g., Fig. 8(b)), meander activity is more
pronounced along the model coastline and more closed
eddies exist offshore within the core of the southward
model CC. Eddies present in January have propagated
westward at speeds of ~1-3 km/day, consistent with
Rossby wave propagation speeds. In the north, theinshore
surface current has reversed in direction from northward
to southward flow. In the south, the coldest water has
moved north up the Baja and Southern California coast-
line in conjunction with the seasonal migration of the
Subtropical High and subsequent expansion of upwelling-
favorable winds. Also in the south, model results show
an increase in magnitude of the southward surface jet from
speeds present in January, consistent with observations
of the CC using Cal COFI data (Lynn and Simpson, 1987).

In summer (e.g., Fig. 8(c)), temperatures adjacent to
the coast in the northern portion of the model (i.e., above
~40°N) have decreased as upwelling-favorable winds now
approximately parallel the coastline throughout the do-
main (Fig. 2(c)). Evidence of cold, offshore-flowing,
upwelling filaments existsin the vicinity of Cape Blanco,
Cape Mendocino, south of Point Sur, in the Southern
California Bight, and below Point Eugenia. These fila-
ments extend ~80-200 km offshore and merge with the
meandering southward jet that has speeds of ~30-50
cm/s and alongshore wavel engths of ~100-300 km, con-
sistent with the findings of Brink and Cowles (1991). Dur-
ing the summer the undercurrent develops and spreads
north, giving rise to the strong vertical shear and the
nonlinear nature of theinstabilitiesin summer. An exam-
ple of amesoscal e disturbance embedded within the CCS
isillustrated by the cyclonic meander that forms off Point
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Eugenia in January (Fig. 8(a)), intensifies in April (Fig.
8(b)), and breaks away by July (Fig. 8(c)) to propagate
southwestward in the CC. Bernstein et al. (1977) noted
similar mesoscale activity off Point Eugenia using data
from CalCOFI surveys of the CCS taken from April to
July, 1952. In the vicinity of ~32.5°N within the South-
ern California Bight, a division of flow is evident, con-
sistent with the report by Reid (1963), in the southward
jet asaportion of the jet turns shoreward (Fig. 8(c)). This
division of flow is consistent with the summertime for-
mation of the SCE (Lynn and Simpson, 1987).

The spring and summer results are in good agree-
ment with recent satellite imagery (Strub et al., 1991;
Strub and James, 1995), field studies using Lagrangian
drifters (Barth et al., 1994; Barth and Smith, 1996a, b),
and with the hypothesis that the offshore separation of
the southward coastal jet in the vicinity of Cape Blanco
marks the start of a continuous meander along atempera-
ture front that can be traced southward throughout the
entire CCS during spring and summer. By spring (e.g.,
Fig. 8(b)), when the predominant wind direction transi-
tions southward across the entire CCS, the maximum
southward flow off the Oregon coast wanders southwest-
ward in the vicinity of Cape Blanco and subsequently
turns shoreward to meander near the coast of Cape
Mendocino. The flow then undergoes alternating offshore
and onshore excursions, shedding westward-propagating
eddies which form a temperature front near the coast, as
it proceeds southward. By summer (e.g., Fig. 8(c)), an
upwelling front has formed inshore north of Cape Blanco
and remains relatively uniform in association with only
mild variations in coastline orientation. South of Cape
Blanco, the region of cold water near the coast gradually
widenswith distance southward as coastal water is pulled
farther offshore with increased meander activity.

By early fall (e.g., Fig. 8(d)), as the upwelling sys-
tem begins to weaken with the southward migration of
the Subtropical High, the sharp nearshore temperature
front present during summer north of Cape Blanco has
become more diffuse. The coastal southward surface jet
in this region is now oriented farther offshore and em-
bedded streams of colder water flow southwestward into
acold-core eddy west of Cape Mendocino. South of Point
Conception, the division of flow is more pronounced as a
branch of the southward surface jet rotates onshore and
northward while the main portion of the jet continues
southward offshore. Thisflow structure within the South-
ern California Bight coincides with a seasonal maximum
in the SCE from summer to early fall (Hickey, 1998). As
in January (Fig. 8(a)), in the vicinity of Point Eugenia, a
cyclonic meander in the southward jet is discernible. In
time (not shown), this meander intensifies, closes off, and
propagates southwestward through the stream.



DEPTH : 13m

[ \ H
45.0°N — C/

43.0°N —

4}

3

2
I

LATITUDE

39.0°N o

@
200,

Q
s
37.0°N —

35.0°N T T T T
131.0° 129.0°W 127.0°W

125.0°W
LONGITUDE

MEAN KINETIC ENERGY ((em/sec)**2)

123.0%W 121.0°W

DEPTH : 13m

! ! | !
OINT CONCEPTIO

34.0°N —
32.0°N —
30.0°N —

26.0°N —

LATITUDE

ICAPE SAN
1 ILAZARO

o X B
24.0°N f T T T f

128°W 124°W 120°W 118°W 112°wW
LONGITUDE

MEAN KINETIC ENERGY ((cm/sec)**2)

Fig. 9. Horizontal maps at 13 m depth of mean kinetic energy (MKE) for the northern (a) and southern (b) portions of the domain
in model year 3 averaged for the month of July. Contour interval is 200 cm?/s>.

3.3 Analysis of energetics

Horizontal maps of the upper layer mean kinetic en-
ergy (MKE) and eddy kinetic energy (EKE) suggest where
the mean and eddy energy sources are to be found (Hol-
land et al., 1983). Using Egs. (A2) and (A3) in the Ap-
pendix, maps of MKE and EKE have been averaged
monthly in the quasi-equilibrium phase.

A comparison of maps of MKE (e.g., Figs. 9(a) and
(b)) with the corresponding mean velocity field (Fig. 8(c))
showsthat high values of MKE are found along the coastal
and offshore axes of the meandering southward jet, and
in the offshore regions south of ~43°N. Regions of high
model EKE values (e.g., Figs. 10(a) and (b)) are shown
off Cape Blanco, offshore and downstream of Cape
Mendocino, Point Arena, and Point Baja, in the Southern
California Bight, and in the coastal indentations on ei-
ther side of Point Eugenia. These regions of high model
EKE values correspond to areas where eddies are likely
to be generated. Maps of EKE for each month during the
upwelling season (not shown) depict higher values of EKE
present during late summer. For example, the maximum
values of EKE for the eddy located at ~38°N, 129°W in
July increased from ~25-50 cm?/s?, (Fig. 10(a)), to ~75
cm?/s? by September (not shown).

A comparison of MKE (Fig. 9) with EKE (Fig. 10)
shows that maximum MKE and EKE values generally
occur in the same vicinity. Note that the MKE values are
generally larger than the EKE values. This is consistent
with the results of the model simulations, which show
that eddies are generated from instabilities of the mean
CC and CUC via baroclinic and/or barotropic instability
processes.

Kelly et al. (1998) examined altimeter, moored
ADCP, and drifter data for the CCS to determine the spa-
tial and temporal structure of eddy fields and to investi-
gate the variability of near-surface EKE in the CCS west
of 124°W between 33°N—40.5°N. A qualitative and guan-
titative comparison of EKE resultsfrom the present study
shows a good correlation with their observations. Both
the findings of Kelly et al. (1998) and the model results
show higher values of EKE in late summer to early fall
between ~36°N—40°N and west of ~124°W, coincident
with increased southward flow, along with minimum val-
ues in the spring (not shown). Specifically, maximum
(minimum) EKE values observed by Kelly et al. (1998)
within their study area were ~200 cm?/s? (100 cm?/s?)
while maximum (minimum) values in the model were
~300 cm?/s? (100 cm?/s%). These values are also similar
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to Strub et al. (1997). Additionally, both studies reveal a
tendency of EKE maximato propagate westward in time.
For example, atime series of EKE from July (Fig. 10(a))
to October (not shown) shows that the offshore EKE
maxima have propagated westward or southwestward in
time. Thus, the results of the model instability analysis
are consistent with the report of Kelly et al. (1998).

4. Seasonal Variability off the Baja Peninsula

An additional goal of this study is to utilize model
results to address a key issue that has not yet been re-
solved, viz., to address the seasonal variability off the
Baja peninsula, which remains a data-sparse region with
a poorly known seasonal cycle (Hickey, 1998).

Lynn and Simpson (1987) have described the flow
and water mass characteristics off the Baja Peninsula
based on analyses of 23 years of CalCOFI data. Surface
southward flow is strongest along the coast, showing sig-
nificant seasonal variability, with maximum flow of ~20
cm/s occurring in March and April. This inshore
equatorward flow is present most of the year with no
spring transition as observed north of the border. The near-
surface water mass characteristics described by Lynn and
Simpson (1987) include a low-salinity minimum at ~50—
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100 m depth (Reid et al., 1958) close to the coast which
indicates the core of the CC.

In the model, the flow results show, consistent with
Lynn and Simpson (1987), the presence of southward flow
off the Baja Peninsula with significant seasonal variabil-
ity. For example, in spring and summer (e.g., Figs. 8(b)
and (c)), the southward surface jet off the Baja Peninsula
isstrong along the coast, while during fall and winter (e.g.,
Figs. 8(a) and (d)) the jet weakens, meanders farther off-
shore, and is embedded in a more chaotic flow regime.
The model also supports maximum southward current
speeds of ~20-30 cm/s offshore during spring (e.g., Fig.
8(b)), coincident with the strongest southward wind
speeds (Fig. 3(b)). Consistent with the findings of Lynn
and Simpson (1987) and Reid et al. (1958), the water mass
characteristics of the model simulation show that, south
of Point Eugenia, alow salinity minimum of ~33.7 (not
shown) is present to ~50 m depth.

The region in the vicinity of Point Eugenia, which
represents the largest coastline perturbation along the Baja
Peninsula, is the location of a seasonally intensifying
cyclonic eddy (Lynn and Simpson, 1987). The model up-
holds Point Eugenia and the region to the south asan area
of seasonally intensifying cyclonic meanders and eddies.
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For example, in January of year 3 (Fig. 8(a)), acyclonic
meander off Point Eugeniaisdiscernibleinshore of where
a branch of the southward surface jet has turned away
from the coast to rejoin the main stream offshore. In April
(Fig. 8(b)), the cyclonic meander has intensified and has
begun to detach from the vicinity of Point Eugenia. The
meander subsequently closes off to form a cold-core eddy
and propagates southwestward (not shown), so that by
July (Fig. 8(c)), itisfound centered at ~25°N, 118°W. By
October (Fig. 8(d)), cyclonic turning to the west-north-
west by the southward surface jet has further intensified
and approaches the pattern shown for January (Fig. 8(a)).
Note that in January (Fig. 8(a)), acyclonic eddy centered
at ~26°N, 123°W is discernible. This eddy also formed
as a meander off Point Eugenia the previous year and
subsequently propagated southwestward (not shown).
Thus, according to model results, Point Eugenia appears
to play asignificant rolein cyclonic eddy generation and
subsequent southwestward propagation.

Although a data sparse region, the area off southern
Bajais believed to be a highly dynamic environment for
meanders, filaments, and eddies (Lynn and Simpson,
1987; Poulain and Niiler, 1989; Niiler et al., 1989;
Poulain, 1990). Model results support this description for
the region south of Point Eugenia. Shoreward anticyclonic
meandersin the southward surfacejet (Figs. 8(a) and (b)),
sharp temperature fronts alongshore and offshore-flow-
ing cold filaments (Figs. 8(c) and (d)), combined with
the flow field effects of cyclonic eddies detaching from
Point Eugenia to propagate southwestward, all contrib-
uteto ahighly variable and complicated current structure
in the model.

An example of near-surface and subsurface variabil-
ity in the model for this areaisillustrated through cross-
sections of mean meridional velocity taken at 25°N, in
the vicinity of Cape San Lazaro. In January (Fig. 11(a)),
southward flow persists near the surface with core ve-
locities of ~25 cm/s nearshore and ~35 cm/s farther off-
shore. A northward undercurrent structure is present
within ~60 km of the coast with a maximum of ~10 cm/s
below ~300 m depth. In April (Fig. 11(b)), southward flow
isstill present nearshore but adjacent northward flow off-
shore is now surface-intensified to ~25 cm/s and extends
throughout the upper water column, indicating the pres-
ence of an anticyclonic eddy nearshore. Farther offshore,
the southward jet has intensified to ~50 cm/s in response
to the occurrence of maximum southward windsin spring.
By July (Fig. 11(c)), alternating northward and southward
flow patterns are discernible, which are consistent with
the presence of acyclonic eddy near the coast and an anti-
cyclonic eddy offshore. By October (Fig. 11(d)), the
nearshore cyclonic eddy has migrated slightly westward,
giving way to anarrow band of surface-intensified south-
ward flow of ~15 cm/s alongshore.
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5. Summary and Discussion

This study was designed to investigate the combined
role of seasonal wind forcing, seasonal thermohaline gra-
dients, and coastline irregularities on the formation of
currents, meanders, eddies, and filaments in the entire
California Current System region, from Bgjato the Wash-
ington-Canada border. Additional objectiveswere to fur-
ther characterize the meandering jet south of Cape Blanco
and the seasonal variability off Baja. Toward these ends,
a high resolution, multi-level primitive equation model
using a realistic North American coastline, was forced
from rest with spatially and temporally varying winds,
temperatures, and salinities. The migration pattern of the
North Pacific High, and its effects on the seasonal vari-
ability on alongshore winds, was shown to play asignifi-
cant role in the generation, maintenance, and duration of
observed current features throughout the model domain.

Due to the combination of thermohaline gradients
and wind forces, different oceanic responses occurred,
depending on the season and region. In the winter, in the
northward end of the model domain, the combination of
onshore geostrophic flow and the onshore Ekman flow
resulted in a northward surface coastal current overlying
an inshore southward undercurrent, while to the south,
weaker onshore geostrophic flow and southward winds
resulted in a southward surface coastal current overlying
an inshore northward undercurrent. During the upwelling
season, the combination of a weakened alongshore pres-
sure gradient and increased southward winds over the
entire domain led to a southward surface coastal current
overlying an inshore northward undercurrent all along the
coast. As the coastal jet and undercurrent became fully
established, the currents became unstable and formed
meanders, aswell as filaments and eddies. In the fall, the
return of the northward wind stress and the strengthening
of the regional pressure gradientsin the northern portion
of the model domain resulted in a surfacing of the north-
ward undercurrent and a displacement of the coastal south-
ward jet offshore. To the south, in the fall asin the other
seasons, the surface coastal southward jet continued to
overlie the northward undercurrent.

The dynamical reasons for the generation and sta-
bility of the eddieswere also examined using energy trans-
fer analyses. From such analyses, the location and mag-
nitude of barotropic and baroclinic transfers could be
found and examined to argue for the type of instability
mechanisms which led to theinitial eddy generation. The
eddies were shown to be generated from instabilities of
the California Current and California Undercurrent via
barotropic and baroclinic instability processes. For ex-
ample, inthe early eddy generation period, the baroclinic
instability process dominated throughout the coastal re-
gion except for the region near Point Eugenia, which had
barotropic processes comparable to those of baroclinic
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instability (not shown). In the later eddy generation pe-
riod (near the end of the upwelling season), the barotropic
instability process was the dominant instability mecha-
nism (i.e., compare Figs. 12(a) and (b)).

Longer run times illustrated the seasonal variability
and complex structure of the California Current System.
By year 3, the southward surface flow was embedded with
numerous eddies, meanders, and upwelling filaments con-
sistent with real-world observations. These eddies and
meanders, which propagated westward at Rossby wave
speeds, induced relatively large onshore and offshore
transports in the southward surface jet. Springtime con-
ditions in the model marked an increase in magnitude of
the jet, consistent with Lynn and Simpson (1987). Dur-
ing summer, when upwelling-favorable winds paralleled
the coastline throughout the model domain, offshore flow-
ing cold filaments of realistic spatial scales (e.g., Brink
and Cowles, 1991) existed in the vicinity of many coast-
line perturbations. By fall the upwelling system weak-
ened and within the California Bight, a division of flow
in the southward jet, first observed in summer, was more
pronounced, consistent with a seasonal maxima in the
Southern California Eddy (Hickey, 1998).

The coldest water in the model was consistently lo-
cated adjacent to the southern Baja coastline, coincident
with persistent northwesterly windsin the area. The model
results support conclusions by Bakun and Nelson (1991)
regarding the effects of cyclonic wind stress curl in that
the most intense upwelling was |ocated adjacent to capes
during spring and summer, and within coastal bights dur-
ing fall and winter.

Nearshore northward flow occurred throughout the
model domain at various depths and intensities during
different seasons. These results supported both observa-
tional and physical descriptions of seasonal variationsin
depth, intensity, and extent of northward flow within the
California Current System (e.g., Lynn and Simpson, 1987;
Hickey, 1998). Specifically, during winter, northward flow
primarily maintained an undercurrent structure with a
deep core, whereas in summer this flow strengthened and
shoaled in many locations.

Maps of mean kinetic energy and eddy kinetic en-
ergy were used to indicate mean and eddy energy source
locations (Holland et al., 1983). The relatively large
magnitudes of mean kinetic energy compared to those for
eddy kinetic energy were consistent with the hypothesis
that eddies are driven by the mean flow instead of the
mean flow driving the eddies. Model results showed
maxima in mean and eddy kinetic energy during the
upwelling season wherever flow velocity increased, such
as along the meandering axis of the southward coastal jet
aswell asinthevicinity of westward propagating eddies.
The eddy kinetic energy maxima tended to propagate
westward with time, consistent with Kelly et al. (1998),
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and disclosed eddy generation areas off Cape Blanco,
offshore and downstream of Cape Mendocino and Point
Arena, inthe Southern CaliforniaBight, and in the coastal
indentations on either side of Point Eugenia.

With the larger model domain, the model results sup-
ported the meandering southward jet as a continuous fea-
ture from south of Cape Blanco to Baja. The jet also
marked a division between cold, upwelled, coastally-in-
fluenced water and water of offshore origin. The jet re-
mained within close proximity of the coast north of Cape
Blanco. South of Cape Blanco, the jet underwent a series
of cyclonic and anticyclonic excursions as coastline
perturbations became more pronounced. As it proceeded
southward, meander activity increased and the region of
coastally influenced water widened. Mixing of coastal and
offshore waterstook place through offshore-flowing cold
filaments and westward propagating eddies.

The model reproduced many surface, near-surface,
and subsurface characteristics off the Baja Peninsula de-
scribed by Lynn and Simpson (1987). In spring and sum-
mer, the southward surface jet off Baja was strong and
located closer to the coast. Conversely, during fall and
winter, the jet weakened, meandered farther offshore, and
was embedded in a more chaotic flow regime. Vertical
salinity distributions (not shown) illustrated the fresher,
near-surface flow of the southward jet offshore, as well
astheinflux of more saline Southern Water with the north-
ward undercurrent near the coast. The belief that strong
seasonal variationsin positions and intensities of atmos-
pheric forcing mechanisms produced a complex and
highly variable flow regime off southern Baja was well
supported by the model. The area off southern Baja was
shown to be ahighly dynamic environment for meanders,
filaments, and eddies, while the area off Point Eugenia,
which represents the largest coastline perturbation along
the Baja peninsula, was shown to be a persistent cyclonic
eddy generation region.

Overall, the results from this model simulation
showed that the inclusion of arealistic coastline from Baja
to the Washington-Canada border, spatially and tempo-
rally varying wind forcing, and thermohaline gradients
are key mechanisms for the generation, evolution, and
maintenance of all of the major currents of the California
Current System (i.e., the California Current, the Califor-
nia Undercurrent, the Davidson Current, the Southern
California Countercurrent, and the Southern California
Eddy), as well as for the generation of intense and com-
plex meander, eddy and filament structures in the Cali-
fornia Current System.

Appendix: Energy Analysis

An energy analysis based on that of Han (1975),
Semtner and Mintz (1977) and Batteen et al. (1992) is
made to gain a better understanding of the energy trans-



fers in the unstable flow. The energy transfers are pre-
sented using the Semtner and Mintz (1977) notation:

(7)) time average

()" time deviation

(") horizontal space average

()* horizontal space deviation.
The kinetic energy (K') is calculated by
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and presented in atime series plot. After reaching aquasi-
steady state in which the total kinetic energy is nearly
constant, the time mean and time eddy kinetic energy are
calculated by
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and plotted in a time series to determine when a quasi-
steady state is reached and statistics can be collected. The
temporal mean and eddy available potential energy are
then calculated by
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The transfers between the energy types are defined, after
Semtner and Mintz (1977), by
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Using the energy transfers cal culated above and the tem-
poral mean and eddy kinetic and available potential en-
ergy values, energy transfers are calculated for those pe-
riods in which the total energies are nearly constant and
used to argue for the instability mechanism that leads to
theinitial eddy generation (e.g., see Figs. 12(a) and (b)).
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