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-l I A reduced gravity model that incorporates the geometry of western Norlh Amenca has been used to ¥
L study the dynamics of the California Current system. Three experiments were performed: first the model | 4
\_' was run using 19 years of wind stress from the Comprehensive Ocean-Atmosphere Data Set (local !

" model); a second experiment (remote model) consisted of forcing the model through its southern bound- *". i
1+ ary using the results of a similar reduced gravity equatorial modet; in a third experiment, both forcings - i‘l .
were used simultanecusly (local plus remele model). The main objective of this work was 1o analyze the '“
low-Irequency variability on the Calilornia Current system in terms of its contributions from remote and ' "' "«
local forcing. Away from the coast, the basic (steady) state of the model is determined by the predomi- " 'n\
. nantly negative wind curl through a Sverdrup balance. The general scasonal cycle is in agreement with 4 ‘;/ﬁl b
: . " what has been described by other authors. Through cross-correlation and cross-spectral analysis between
" the model results and observed sea level data, it was established that most of the interannual variability .- '-1
in sea level height at the coast is due to disturbances of equatorial origin that propagate into the region
in the form of coastally trapped Kelvin waves. For the annual frequency variability, on the othel' hand. it ¢
. was found that both loml and remotely forced variability conlnbute to lhe iotal vansnce

1. INTRODUCTION
1. Motivation and Objectives

During the 1982-1983 El Nifio event, waters several degrees
warmer than normal were observed in the northeastern Pacific
Ocean. The biclogical and economic implications of this phe-
nomenon are enormous, The distribution and abundance of
fish and invertebrates changed remarkably in the coastal

waters of the northeastern Pacific Ocean [Wooster and Filu- .

harty, 1985]. Pearcy and Schoener [1987], for example, report
the appearance in the waters of Oregon and Alaska of 13
marine specics that had never before been reported north of
California. Simpson [1984a] showed that the anomalous warm

waters in the California Current during August 1982 werc

accompanied by negative salinity anomalies as welil as oxygen

anomalies. Although it is accepted that the 1982-1983 cpisode
-was an exceptionally strong El Nifio [e.g., Pearcy and Schoe-
ner, 1987], it certainly was not an isolated phenomenon. Other

anomalous warm events have been observed (for example in
1940-1941, [957-1958, 1969, and 1972 [Enfield and Allen,
1980;  Quinn et al, 1984]) and linked to tropical El
Niflo—-Southern Oscillation (ENSQ) phenomenon. -

In recent years a great amount of research relevant to the
interannual oceanic variability in the northeastern Pacific has
been done (e.g.. Enfield and Allen [1980], Cheltan and Davis

[1982], Christensen et al. [1983], and Simpson [1984a, b},

among others). In spite of all this work, fundamental questions
about the generation of this variability sull remain unan-
swered in the literature,

Emery and Hamilion [1985] cite two basic ways to cxp]ain
the connection between the anomaious warming of the north-

'"Now at Scripps Institulion of Oceanography, La Jolia, California.
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' Allen, 1980; Chelton and Davis, 1982] suggests that'much of ; -‘ A

‘cell. A number of observations and theoretical studies support. f..

" propagated to the region as cquatona]-coastal Kclv:n waves?.. ‘,l

}- AT “-‘-

. . Y "
eastern Pacific Ocean and the tropical EI Niiio phenomenon,.':*?é‘ -
one oceanic and the other atmospheric..‘ el gy *ff‘;

' For the first, poleward propagating waves generated in the ; # At e
tropics during an ENSQ episode carry the information to the ,.p fg.
extratopical regions. McCreary [1976] first suggested that the -‘"S‘Ll“ ""“i\
California coast might be remotely affected in this form. Theo*;» ‘Z ha ,("P
retical works of Moore [1968), Anderson' and Rowlands;‘ "‘1 ;' 3
[1976], and Clarke [1983] have demonstrated that .an equa-~timiy i
torial wave can generate, upon reflecting on an eastern bound-" ;47 i
ary, a poleward propagating water disturbance in the form of . -\qr;.h rﬁryp
coastil Kelvin waves. Observational evidence [e.g., Enﬁeld and i, i

Ny

A second, nonexclusive explanation for the’ co—occurrgnoe,"’-{;
between equatorial and mid-latitude anomalics invokes an at-f,‘},‘ﬂ %
mospheric teieconnection [Emery and Hamilton, 1985]. Undcrl,:'
this hypothesis, first presented by Bjerkness [1966], an atmo-;
spheric link is achieved between the tropical Pacific-sea sur-;
face temperature (SST) anomalies and the mid-latitude Pacific .',
anomalies via a momentum transfer from a variable Hadley °,

the importance of such an interaction [c.g., Namias, 1976, L"."'r 5
Emery and Hamilton, 1985, Simpson, 1983, {984a, b]. For the ru-:ﬂ _\;\F,g,"]
California Current region in particular, Simpson [1983, 1984, ’f 1
b] concluded that the intensification and expansion of the
Aleutian low and the decrease in strength of the Pacific high,
directly produced, through an enhanced basin wide atmo- ‘.
spheric circulation, some of the Californian El Nlnos es-:
pecially those of 1940-1941 and 1982-1983, o
The main objective of this research is to investigate the
dynamics of the California Current system and its oceanic =
connection with the equatorial region, not only its anomalous ' .-
El Nifio state, but also the regular average circulation. This .»°
research helps to answer questions such as, how much of the
interannual variability in the northeastern Pacific Ocean is " \i
due to variability in the local forcing (either in the wind stress .
or its curl}) and how much is due to equatorial variability _ «'z

g
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3160 PARES-SIERRA AND O'BRIEN: CALIFORNIA CURRENT VARIABILITY
frequency band between the northeastern Pacific Ocean and 2. Tue MoODEL -
the equatorial ENSO events duc to atmospheric or oceanic
teleconnections or both? 21.  Model Description
This paper is divided into five sections. A brief review of the We used a nonlinear, reduced gravity model in spherical
climatology of the California Curreat is given in section LI coordinates to model the California Current system. The
‘The model and its numerical implementation, boundary con- model consists of one dynamically active layer of density p
ditions, and characteristics of the forcing are explained in the and depth H on top of an infinitely deep layer of slightly
section 2. In section 3, general results of the numerical model  higher density p + &p, the interface between these two layers
are presented, and large-scale mean maps of upper layer thick- being a proxy of the ocean pycnocline. The equations were
ness and currenit are given. Comparison of model results with used in the transport mode to facilitate some of the numerical
observations in the annual and interannual frequency range impiementation. It was more convenient to use spherical coor-
are also given in section 3. A summary of the results is pre- dinates owing to the large latitudinal extent of the model and
sented in section 4, while in section 5 the results are discussed  because the forcing function as well as the coardinates defin-
and the conclusions are presented. ing the boundaries were given in degrees of latitude and lon- |
gitude. The equations defining the model are 155K
: : .":)E___l _.a_y_z 1o (UvV 23 sin WV Fig. 1
1.2. The California Current System o + 7 cos 0 30 ( H) + T (—H—) — (242 sin &) { bourar
The California Current (CC) is a wide and slow current that T analysis
flows in a general northeast to southwest direction following ——4 Ly avu (La) mark the
the coast of northwestern America. lts average speed is typi- 2a cos § 0¢ P
cally less than 25 cm/s [Reid and Schwartzlose, 1962]. Early gy 1 3 /uv 13 /[yt A les
descriptions of the CC system were given by Sverdrup et al. T3~ + 2cos 8 E’j (_H_) + 2 30 ("[{) + (262 sin YU 20-min
[1942] and Reid et al. [1958). A more recent and detailed time di
description of its characteristics is that of Hickey [1979]; since _ :_9_ a_fﬁ + ﬂ + AVIV b mode. ]
then, reviews of different aspects and time scales have been T 2a 06 ‘ (1b) scheme
made by numerous authors. Lynn and Simpson [1987] exam- using a
ined the scasonal variability of the CC system using 23 years oH + _ {QE + 2 (V cos 9)} =0 (l¢) | prior l
of California Cooperative Ocean Fisheries Investigations (Cal- ot acosd [0¢ 00 ference:
COF1) data. McCJI'eary et al. [1987] studied the.dynamlcs of  where 0 and ¢ are the fatitude and longitude, respectively: U numeri
the CC system using two ocean models, one with shelf and ;04 v are the transport (i.e., (U, V) = H(u, v)) in the east-west Alon
one without. ) and north-south directions, respectively; H is the depth of the geomet
The CC (an equatorward flow), together with the Davidson ui)per layer; g’ = (Ap/p) ¢ is the reduced gravity: (t%, 1*) are conditi
Curtent (a poleward countercurrent that occurs near the (b wind siresses applied throughout the upper layer as a 1 bound:
coast) and the California undercurrent (a poleward underflow  pody force; A is an eddy viscosity coeflicient: a is the radius of | feld ra
over the continental slope) form the CC system [Hickey, the Earth: and € is the angular velocity of rotation of the . scribed
1979). Hickey [1979]. shows that the sirongest equatorward  Earth. The values used for each coefficient are given in Table the ope
flow appears in spring and summer, whercas the Strongest | This model had been used before to simulate the wind- simple
poleward coastal counterflow appears in fall and winter.  §riven circulation in the Indian Ocean [Luther and O'Brien, region.
During spring and early summer the prevailing winds near the 1985] and the equtorial Pacific [Kubota and O'Brien, 19881, expecte
North American coast are north-northwesterly, giving rise to  Equations (1) were solved numerically on a 301 x 220 grid * of the
upwelling events that on the average {and with characteristic  covering the northeastern Pacific Ocean from 18°N to 50°N the ess:
spatial variability) last from March to July [Sverdrup et al,  and from 155°W to the American west coast (see Figure 0. namely
1942). The equations were discretized into a staggered grid {Arakawa betwee
Toward the end of the summer, owing to changing wind  C.grid). A one twelith of a degree resolution was used in both = disct
directions, the upwelling gradually ceases. Some theoretical  ,onal and meridional directions (defined as the U to V dis- l 5.
studies suggest that the mechanism for the relaxation of the  (ance in the staggered grid). !
cold upwelling region is in the form of westward radiation of 22, 1
Rossby waves [e.g, McCreary, 1976; Mysak, 1983]. By fall, a Thre
surface layer countercurrent develops (the Davidson Current) TABLE 1. Values of Parameters Used in the Model month)
which in November, December, and January runs north along 1 Ocean-
the coast to at least latitude 48°N [Sverdrup et al., 19427]. Lynn Parameter Symbol Valoe was de
and Slmpsor: [1987]', ina l_mtx:;rn dc.scn_p‘non (l:f :u: counter- | ivs of Earth . 6.3784 x 10 m model
current, point out.lts spatial |s.cont1r3ult1cs which often Eive  Ciefficient of eddy A 350 m/s imposi
the appearance of inshore cycionic eddies. viscosity I In a tl
In addition to this annual cycle, an interannual variability Drag coefficient Cp 1.5 x 107? neousl:
of anomalous cold or warm years occurs, an example of which Reduced gravity g 0.03 mjs’ ccosil
is the record-breaking event of 1982-1983. Although there are Upper layer depth H 200 m viscost
- ’ el Time step Af 20 min that tt
several possible causes for the interannual variability in an  Grid size (latitude A8, A i/12° were i1
castern boundary current [e.g, Gill. 1982, pp. 425-428] two and longitude) Jayer o'
mechanisms seem the most important: local anomalous gﬂ“!:)’ 0{_ ;ci::water p :gzlf x 110’ kg/m? For
Ekm?.n pumping and remotely forced equatorial-coastal E::_‘(:: ::)talion Pa 0:.’298":1!0_‘ o bound:
Kelvin waves. run usi

- ww ewrmx - -
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Fig. . Model domain. The western, northern, and southern
boundaries are open. The stations used by the alongshore variation
analysis are shown by dots and identified in Table 2. Larger dots
(1a) mark the siations used in the westward propagation analysis.
!
| A leapfrog scheme was used for the time integration with
20-min time steps. Every ninety-ninth time step, a forward
time differencing was employed to avoid the computational
(1b) mode. The viscous terms were treated using a DuFort-Frankel
¢ | scheme. The nonlinear and the Coriolis terms were averaged
using adjacent points to get values at the required mesh points
{1¢) | prior to computing standard second-order centered finite dif-
ferences. This procedure helps supress the nonlinear growth of
nU numerical noise in the model { Luther and O Brien, 1985},
wesl Along the castern boundary of the model, which follows the
(the | Ecometry ol the North American coast, a no-slip boundary
are | condition was imposed. The northern, southern, and western
1s a | boundaries are open boundaries. A variation of the Sommer-
s of | feld radiation condition implemented numerically, as " de-
“ the | scribed by Camerlengo and ('Brien [1980], was imposed on
able | the open boundaries. It is recognized that this model is very
ind- | simple and cannot account for all the processes in the coastal
rien, region. In particular, it is an inviscid model, and hence it i1s not
188]. expected to get the short-scale high-frequency characteristics
grid of the coastal currents correct. However, the model contains
ig°N | the essential physics to tackle the main question of this work,
e ) namely, Is there an oceanic or an atmospheric teleconnection
awa | between the equatorial and the northeastern Pacific regions?
both | A discussion of the limitations of the model is given in section
dis- | ¥
2.2, The Forcing
Three experiments were run: first, the model was forced by
monthly averaged wind stress data from the Comprehensive
—— | Ocean-Atmosphere Data Set (COADS). A second experiment
| was done in which the wind stress was set to zero and the
m model was forced only through the southern boundary by
imposing the results of a similar wind-forced equatorial model.
In a third experiment, both forcings were imposed simuita-
neously. In the three cases, the same parameters (time step,
viscosity coeflicient, etc.) and time of integration were used so
that the results were directly comparable. All experiments
were initiated rom a state of rest and with an initial upper
o/m? layer of 200 m.
) For the wind-forced model and the combined wind- and
g1 boundary-forced model, an initial 4-year spin-up period was
——| run using the iong-time monthly wind average. This time is
n“t i — P b e

Vi
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enough for the coastal region to reach its average upper layer
thickness and current values. After the initial spin-up period,
the three models were integra:cd in time with a time step of 20
min lrom January 1, 1961, to December 30, 1979.

A description f the forcing follows,

22.l. The wind. Nineteen years of wind stress data from
the COADS were used. This data for wind stress consist of
ship of opportunity observations averaged in time and space
every month and every 2° x 2° longitude-latitude squares. The
values are in units of pseudo wind stress, i.e.,

3 wind stress

poCo - Co

= 7l9]

where p, and C,, are the density of the air and drag coefficient
respectively. A value of 1.5 x 1077 was used for Cj,. Fortu-
nately, the area of interest has been well covered by commer-
cial ship lines, and the data present few holes. These were filled
by linearly interpolating each gap from its eight neighbors.
After filling up the gaps for each month, the data was
smocthed using a {-2-1 Hanning filter in both directions. Fi-
nally, an IMSL two-dimensional spline was used to intcrpo-
late to the resclution of the model. In time the wind was
linearly interpolated to a 20-min resolution.

The large-scale winds over the California Current region are
driven primarily by two synoptic scale, semipermanent atmo-
spheric pressure systems: the north Pacific high and the conti-
nental thermal low over California [Reid et al., 1958].

During the summer, northwesterly winds strengthen owing
to a stronger pressure gradient brought by a deepening of the
continental low [ Hickey, 1979]. The winds are mostly parallel
to the coast and northwesterly at all latitudes. This is a
strongly lavorable upwelling condition. Figure 2a shows the
19-year averaged July winds used in this study. In the winter
season the low weakens, the north Pacific high moves closer
to the coast, and the pressure gradient is reduced, weakening
the northwesterly wind south of about 40°N and reversing the
direction north of that latitude. During this season, the winds
are typically southwesterlies off Oregon and Washington
[Hickey, 1979]. This is a favorable downwelling situation.
Figure 2b shows the 19-year averaged January winds.

A dominant feature of the winds along the coast is that the
maximum magnitude and variance occur near Capc Men-
docino (40°N). The standard deviation at Cape Mendocino is
4 10 5 times larger than it is along the coast of northern Baja
California, southern California, or Washington [ Halliwell and
Allen, 1984]. The curl of the wind stress is characteristically
negative offshore of the California Current region. This is as-
sociated with the large-scale anticyclonic atmospheric circu-
lation over the mid-Pacific Ocean. The weakening of the cqua-
torward winds toward the coast creates a typically positive
wind curl near the coast. Neison [1977], using 122 years of
wind data, compiled an annual cycie of wind stress curl. He
shows that positive wind curl occurs along the coast through-
out most of the year [Nelson, 1977]. This band of positive
wind curl has been associated with upwelling events at the
coast and with the onsct and sustainment of the Davidson
Current [e.g, Munk, 1950; McCreary et al, 1987] and the
California undercurrent {e.g, Pedlosky, 1974]. A recent dis-
cussion of the mean and seasonal variability of the wind stress
curl in the North Pacific was given by Rienecker and Ehret
[1988].

222

Egquatorial model. The relevance of poleward prop-
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Fig. 2. Long-term averaged pscudo wind stress for (a) July and {4} January.

agating disturbances in the sea level variability along the west-
ern coast of North America has been made evident by the
works of Enfield and Allen (19807 and Chelton and Davis
[1982]. As was argued by Moore and Philander [1977] and
Clarke [1983), some of this encrgy can be accounted for by
coastal Kelvin waves generated when an easterly propagating
equatorial Kelvin wave reaches the coast. In order to include
this mechanism, our model was forced through its southern
boundary near the coast by imposing the results of a wind-
forced, reduced gravity equatorial modei [ Kubota and O’ Brien,
1988]. Kubota and O’Brien’s model domain includes the
equatorial Pacific from 20°S 10 20°N and was run from Janu-
ary 1961 through December 1984, Values of U, V, and H were
taken from this mode! along a band of 15° of longitude at
latitude 18°N every 6 days. A forced boundary effectively be-
haves a5 a closed boundary for incoming waves; i.e, waves
reflect on it. To minimize the contamination of the interior by
possible reflections on the southern boundary (for example,
from B-refracting Rossby waves propagating to the southwest),
it was decided to keep most of the southern boundary open
and force through only a small portion of the boundary. The
band had to be wide enough, however, to allow the propaga-
tion of coastally trapped waves, i.e, a smzil portion of the
boundary but wider than the Rossby radius of deformation;

15° seemed a good compromise (Figure 3). The data were
linearly interpolated in space {from one fourth to ene sixth of
a degree) and in time (from 30 to 20 min) to the resolution of
our modei.

3. REesuLTs

3.1. Locally Wind-Forced Model

3.1.1. General overview of model results. Figure 4 shows a
typicai result from our locally forced model, it corresponds to
a snapshot at day June 21, 1965. The most conspicuous fea-
ture away from the coast is the general decrease of upper layer
thickness (ULT) from west to east and its associated equator-
ward current. This of course is an expression of the domi-
nating Sverdrup balance that determines the mean currents.
Typical model currents are about 10-20 cm/s. Near the coast
and to the north of 45°N, the ULT is shallower than the initial
depth (20 m). At the coast this is an indication of the prevail-
ing equatorward wind stress and associated large-scale coastal
upwelling. In the northern region, this upwelling is most prob-
ably due to Ekman pumping due to a positive wind stress curl.
Figure 4 corresponds to a typical summer sitvation, i.e., up-
welling favorable winds. It shows that along the coast, the
strongest upwelling occurs from 40°N to 50°N. A strong fea-
ture of our model is the splitting of the equatorward current at
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Fig. 3. Domain of the Kubota and O'Brien [1988] equatonal

model used 10 force the remote model. U, ¥, and H values were taken
from a 15° transect at 18°N and imposed into our model southern
boundary {(heavy ling).

about 30°N to 125°W into a southward and an eastward cur-
rent. Upon reaching the boundary, most of the eastward cur-
rent continues south, but some turns north and flows along
the boundary at the California bight, reinforcing the Califor-
nia countercurrent (see also Figure 6). The position and axis of
separation change somchow through the year and from year
to year, but the fact that the main equatorward current
changes direction around 30°-35°N is a very consistent resuit.

The large-scale characteristics of the locally forced model
are shown in Figure 5: the 19-year long-term mean ULT. The
dominant wind curl—driven mechanism is evident in Figure 5.
Deepest ULT occurs west of 140°W and from 20° to 35°N,
where the curl of the wind is most nepative. ULT decreases to
the east and north of this region, creating an east-west pres-
sure gradient south of about 45°N and east of 140°W. West of
140°N and north of about 25°N there is a general north-south
pressure gradient. Tt is this pressure gradient pattern which
geostrophically drives the main gyre in our model (North Pa-
cific gyre).

N

ISO

YEAR=1966 |[45N
JUN 15 408
—

20 CH/SEC 35N
30N
25N
20N

T Ll T T T
150H 140U 1304 1204 LEOW 100W

Fig. 4. Upper layer thickness ULT (contours, in meters) and ve-
locity (arrows). Typical output rom the wind-forced model. Arrows
represent currents scaled according 1o the key in the figure. The con-
tour interval is 15 m. Currents slower than 1 cm/s are not plotted.
Note the area of ULT less than the initial 200 m along the coast and
in the northern region.

b

The ULT is shallower than the initial depth north of about
45°N, where the curl of the wind is prevalently positive, and
along the coast. Maximum upwelling occurs at 40°N consis-
tently with the latitude of maximum northwesterly winds in
summer. Conspicuously, the region of maximum upwelling is
not right at the coast but a few degrees from it. This is an
indication of the persistence of a negative pressurc gradient
just at the coast which drives the coastal interior counter-
current.

3.1.2. Seasonal variability. We use 1966 as a typical ycar
to describe the seasonal variability in our model. Four
months, representative of the four seasons are shown in Figure
6. Figure 6a shows the ULT and velocity for March 1966. In
this season, the northwesterly winds at the coast strengthen
and the regions of upwelling begin to develop all along the
coast with a maximum at about 45°N. The eastward sweep of
the southwesterly currents is evident at 30°N, 121°W, but
most of the easterly current turns south along the coast with-
out forming a gyre. The current along the coast is equator-
ward. There is a large gyre circulation near the coast from
40°N to 50°N due to the presence of an elongated region of
relatively higher ULT, This is due to a downwelling event
from the previous year. By June {Figure 6b), northwesterly
winds are strong around 45°N, and strong upwelling and
equatorial currents have developed in the north. Near the
southern California bight, the upwelling is alrcady relaxing,
and some countercurrent is beginning 1o develop. The spiit-
ting point for the equatorward current has moved some de-
grees to the west. By September (Figure 6¢c), the strong upwell-
ing has ceased and the ULT minimum advected away from
the coast. There is a well-developed negative pressurc gradient
near the coast, and the interior countercurrent is also well
established [rom southern Baja California to the northern part
of the domain with strong poleward current around 41°N
where the negalive pressure gradient is strongest. The Decem-
ber results {Figure 6d) show that the poleward countercurrent
persists only north of 30°N where the southern section of the
California eddy marks the southern reach and the eastern
turning of the equatorward current. The initial split of the
equatorward current is now further west at about 128°—
129°W. and a new splitting region is developing where the
southern section of the California eddy is forming. A strong
low-ULT area persists at around 40°N, but it has propagated
westward some degrees. An interesting large eddy has formed
at the tip of Baja California and is detaching from it and
propagating westward.

There are two areas of preferential eddy formation, at the
mouth of the Gull of California {20°N) and at the region of
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35N
30M

25N

1 ; T 20N
150W  140W  130W 120w 100W

Fig. 5. Long-term averaged ULT (in meters) from the local wind
driven model. The contour interval is 10 m.

110M




Jio4 PARES-StERRA AND (F'BRIEN: CALIFORMIA CURRENT VARIABILITY

SON
a
YEAR=1966 g
R HAR 15
3 F40N
-
20 CM/SEC

20N

SON

YERR=1966

SEP 15 LaON

—
20 CMsSEC

N -,
v a \:}‘éb\ p Ay

Ve oy hY

g
\ Sy |
LR s LN
BUARS N Y
SR R e Braht
PR N A k)
LEER R EE R ‘.‘A -
ahda i BL YRR 1 - |
ol i bbb AN PR, §
T

3y
T

1304 120 110W

5,
e

ZON

50N
b
4/} YERR= 1966 -
15
- 0N
—
20 tnsSEC »

20N

SON

YEAR= 1366 I

DEC 15 L4ON

-
20 CH/SEC

30N

. uhj._ v
v due B Y ARG '
.f.,.«.-,u) : ,rw\l\‘\ < ooy
130M 120W 1 LOW

Fig. 6. Upper layer thickness (contours, in meters) and velocity (arrows) from locai model for March 15, 1966. Only
the western 25° are plotted. Note the castward sweep of the southeasterly currents at around 32°N, 120°W. The contour
interval is 10 m. Arrows are scaled as key in figure. (b} Same as Figure 6a but for June 15, 1966. Maximum equatorward
current has moved westward compared with that in Figure 6a. {c) Same as Figure 65 but for September !5, 1966. The
countercurrent is well developed all along the coast. Note that the splitting of the southerly current has propagated
westward. (d) Like Figure 6a but for December 5, 1966. The bilurcation that was near the coast in March has propagated
to about 130°W, and a new splitting has developed. The countercurrent has retreated to north of the California bight.
Note that a large eddy has developed and is detaching from the tip of Baja California.

strong wind reversal (40°N). To analyze this point, long-term-
averaged monthly anomalies of ULT with respect to the long-

term annual mean are plotted in Figure 7 (only every other

month is shown).

Positive anomalies along the coast occur from October to
March, while negative anomalies occur from April through
August ot September. The larger negative anomaly is in June;
ULT starts increasing until it reaches the maximum in Janu-
ary. From January to June, the ULT decreases. It is clear f[rom
Figure 7 that this relaxation is not in the way of a standing
wave at the coast but by westward relaxations of the distur-
bance. Although this process happens all along the coast, as
was mentioned before, two regions seem dominant. Figure 7
clearly shows most of the annual energy emanating [rom 40°-
45°N and from around 20°-25°N. The 20°-25°N waves are
due to the effect of the gull. These two source regions coincide
with what has been identified by other authors (e.g., Cummins

et al., 1986, White and Saur, 1981]. An interesting feature is
the absence of waves of significant amplitude emanating from
the latitude band 30°-35°N. This later characteristic has been
noted belore [Cummins et al., 1986). Figure 7 also makes evi-
dent the existence of a critical latitude, south of which waves
can propagate westward in the form of {ree Rossby waves but
north of which they present a westward decaying component
{see, for example, McCreary and Kundu [1985]; McCreary et
al, 1987). The theoretical critical latitude (€, =tan™"'
[(g'H)'?/20a] [McCreary et al, 1987]) for an annual fre-
quency (o = 2a/1 year) is around 40°N. Grimshaw and Allen
[1988] found that when the boundary is sloping, the critical
latitude moves closer to the equator. Apparently, this is the
case in our model, as the critical latitude seems to be around
35°N (Figure 7). This probably is the reason why north of
35°N there is not a clear wave activity west ol 130°N as there
is south of this latitude.
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Fig. 7. Long-term monthly ULT anomaly from the local model. The long-term average was subtracted from the
long-term monthly means. The contour interval is 2 m. Strongest anomalies were generated near 40°N and from the
mouth of the Gulf of California. Note the westward propagation of anomalies through the year.

3.1.3.  Large-scale variability of ULT and wind stress along  the general direction of the coast at each station (Table 2).
the coast. Time series of ULT and wind stress were con-  Figures 8a and 8b show the monthly averaged time-latitude
structed for the 15 stations shown in Table 2 (see Figure 1).  plots for winds and ULY, respectively. The dominance of an
The wind series are of the alongshore component parallel to  annual cycle is evident. There are strong equatorward winds
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TABLE 2. Stations Used in the Alongshore ULT Variation Analysis
Distance Direction
From of
Station Latitude, CSL., Coast,
Number Station Name Key N km deg
1 Cape San Lucas CSL 230 0 0
2 San Carlos 5C 24.1 249 36
3 26.1 537 4]
4 Sevastian Viscaino Bay SVB 27.6 797 90
5 293 995 34
6 Ensenada EN 3.5 1224 62
7 San Diego SD 32.7 1397 62
8 Long Beach LB 136 1566 24
9 Avila Beach AB 35.2 1878 56
10 San Francisco SF 37.8 2234 40
11 39.3 2468 70
12 Crescent City CS 41.8 2727 7
13 South Beach SB 44,1 3003 S0
14 Astoria AS 46.1 3208 9%
15 Neah Bay NB 48.4 3481 69

*Directions are in degrees clockwise from east.

during summer and weak equatorward or {in the north) even
poleward winds in winter. The strongest equatorward winds
occur between 35°N and 40°N, and the strongest poleward
winds occur at 48°N. The long-term mean wind strength
versus latitude (Figure 9a) shows a net annual poleward wind
(= 2 m?s?) only for the two northern most stations. The
variability represented by the average deviation from the
mean [ie., I/N z X, — X[] in Figurc 9b, increases from 16
m?/s? at 48°N to a maximum of 22 m?/s? at 40°N and drops
sharply to about 6 m?/s? at 35°N. The variability stays more
or less constant from 35°N (the California bight) to the south.
Direct wind-driven Ekman drift and associated upwelling
are manifest in the ULT time series (Figure 85). The ULT is at
alt times and latitudes less than the initial depth of 200 m,
which is indicative of the prevalence of equatorward winds
along the coast. During summer the strong southerly winds in
the north produce a maximum north-south ULT gradient

LRTITUDE
w
a
=

with a difference of almost 50 between the northern and
southernmost stations. In winter the difference is reduced to
about 15-20 m owing to the relaxation and reversal of the
winds. In contrast to the winds, variability of ULT (Figure 9b)
increases monotonically from south to north, although there is
a change in its gradient at the latitudes where the wind stress
variability increases (i.e., 35°N). This fact is in accordance with
the existence of poleward propagating waves. ULT variability
generated at a given latitude contributes to that latitude’s
energy budget and to that of all stations to the north. The
form of the long-term mean coastal ULT as function of lati-
tude (Figure 9a) is consistent with the mean annual sez eleva-
tion determined by steric height as presented by Reid and
Mantyla [1976].

There is some interannual variation in the winds and ULT
series. For example, {or the winters of 19681969, 1969-1970,
and 1977-1978 the positive wind anomalics extend [urther
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Fig. B.

the coast. Units are m?/s?; contour intervals are 10 m¥/s?.

{a} Time-tatitude (alongshore) plot of the projection of the pseudo wind stress vector to the general direction of

Continuous line (positive) contours represent cquatorward

winds, (b) Time-latitude plot of ULT from the local model, Units are meters; the contour interval is 10 m. These plots were
consiructed from the time series at the siations indicated in Table 2 and marked in Figure 1.
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Fig. 9. (a) Long-term mean ULT (solid line} and atongshore wind magnitude (dotied line) on the alongshore transect
from stations | to 15. Numbers identify the stations along the coast according 1o Table 2. Units are meters for ULT and
m?/s? for wind. (h) Same as Figure 9a, but for the averaged deviation (i.e., IYN ¥, ¥ |X, — X

south than the average, and for 1973-1974 the duration of
positive wind is longer than average. The ULT and wind in-
terannual variation are plotted in Figures 102 and 10b. These
long-term variations were calculated using a 13-month run-
ning mean fiiter in the time series. Positive anomalous wind
events (i.e, weaker equatorward winds or stronger than
average poleward winds) are present mainly at 1965-1969,
1974, and 1978. All these years arc characterized by positive
anomalies of ULT (i.e., deeper than average). The occurrence
of several continuous years of positive anomalics in the winds
(1965-1969) produces a relatively strong positive ULT anoma-
ly at the coast. On average, the ULT is deeper for the 1970s
than for the 1960s. The positive anomalous event in this wind-
driven model ULT does not seem to be particularly well cor-
related to identified El Nifio events.

To investigate the form of the ULT response to the applied
winds, we calculated cross-correlation matrices from the
latitude-time series. Figure 1! shows the cross-correlation
maitrix between station ! (Cape San Lucas) versus ali other

stations 1o the north for ULT (Figure 11a) and winds (Figure
11b). From Figure 11a it is evident that there is high corre-
lation at all latitudes. The maximum correlation shifts to
negative values (i.e., events happening first in the south then in
the northj as the station separation increases. The orientation
of the ridge of maximum correlation indicates a propagation
of the ULT signal 1o the north; however, the implied speed
(average approximately 3200 km in about 2 months) is too
slow to represent coastal wave propagation. When the ULT
cross-correlation matrix is compared with that of the wind
(Figure 11b), it is clear that the propagation implied in Figure
11a is due to a direct local response of ULT to slowly propa-
gating wind patterns. Indeed, both correlation matrices are
qualitatively very similar, with the actual values smaller for
the winds than for the ULT series owing to a shorter decorrel-
ation scale for the former. The structure of the wind corre-
lation matrix (and that of ULT} indicates a slow propagation
of events from south to north. Figure 11a represents the over-
all (all year) correlation matrix. Halliwell and Allen [1987],
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Fig. 10. Latitude-time plot of interannual variability for (a) wind stress and (b)) ULT [rom the local model. Positive
contours indicate stronger than average poleward winds and deeper than average ULT. Units are m?/s? for winds and m
for ULT. Contour intervals are 2 m?/s? and 1 m for the wind and ULT, respectivety.
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Cross-correlation matrix of (g) ULT and (b) winds between time series at station 15 and ail other stations

(Table 2). The scale at ieft is the distance in thousands of kilometers from Cape Ssn Lucas, southern Baja California

(station 1). Postive lag means station 15 leading.

from an analysis of wind series (higher frequencies) along the
western North American coast, concluded that there is pole-
ward propagation of wind events only during the summer
months, with equatorward propagation for the winter. The
fact that the overali correlation indicates poleward propaga-
tion is probably due to the dominance of the more energetic
summer events. Brink [1987] acknowledges the difficulty of
discriminating between observed locally forced variability and
that due to remote forcing. Because of the large scales of the
wind patterns, a high correlation between local wind and sea
level (SL), for example, does not necessarily mean that the SL
is locaily driven; rather it could be due to a SL forced by
winds at a remote station, which in turn is coherent with the
local winds [ Brink, 1987].

The correlation matrix between ULT time series at station
L5 versus the time series of the winds at ail other stations
{Figure 12) demonstrates the fact that the ULT is best corre-
lated with the winds earlier in time (at negative lags} and with
stations further south of it. In particular the maximum at
about 2500 km from Cape Sun Lucas shows that station 15
ULT series is best correlated with the wind at about 500 km

to the south and earlier in time. In Figure 13 we plotted the
maximum correlation matrix (regardless of the lag) between
the ULT time series at all the stations and the time series of
the winds. For example, ULT of station 15 (3200 km from
Cape San Lucas) shows a correlation of about 0.8 with the
time series of the wind at the same station (value at right top
corner of plot), but it has a stronger correlation (0.9) with the
winds about 500 km to the south of it. A maximum along the
45° line would indicate a direct ULT response to local wind
with no propagation. The presence of a ridge below and
mostly parallel to the 45° line indicates that ULT correlation
to the winds further south, at a fixed distance, occurs at all the
stations. This characteristic is apain just the result of waves
spreading information only in the poleward direction, i.e., the
direction of free wave propagation. Wind stress variability
leading coastal sea level variability in time and space has been
found by several authors [c.g., Halliwell and Allen, 1987 ; Allen
and Denbo, 1984]. Halliwell and Allen [1987] showed the sea
level response at a given location along the western North
American coast to be most highly correlated with the winds at
lag distances 300 to 400 km equatorward of that location.
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Fig. 12. Cross-correlation matrix between time series of ULT at
station 15 versus time serics of wind at all other stations. Positive lag
means 1hat the ULT series lcads the wind. Note the the maximum
correlation of ULT al station 15 is with the time series of the wind a
few days carlier and about 500-600 km to the south.

3.2. Remotely Forced Mode!

As explained in section 2, a second model was run in which
the easternmost 15° of the southern boundary were forced by
imposing values of U, ¥, and H taken {rom an equatorial
model. The resuits, described in this section, are qualitativety
different from those of the locally forced model. The most
conspicuous difference between the long-term mean of the
remote model and the local model is the absence of an east-
west ULT gradient. This of course is not surprising, since the
remotely forced model lacks the mechanism for its generation,

’

i, the large-scale negative wind curl. The basic mechanism
driving this second model is graphically illustrated in Figure
14. This figure shows snapshots of ULT and currents at 6-day
intervals, from January 15 to February 3. The figure presents
the results for 1962, the second year of integration. An upwell-
ing event has entered the domain through the southern
boundary, and by January 15 the southernmost edge of this
event has reached 27°N. Six days later, at January 21, the
low-ULT signal has propagated north to about 35°N (Figure
14bY; it reaches 43°N by January 27 (Figure 14¢) and 50°N by
February 3 (Figure 144). At the same time, a downwelling
event that was inside the gulf in its western side at January 15
propagates around it and north along the coast, reaching
15°N in the 24-day interval. The offshore decaying scale and
speed of propagation indicate that this propagation corre-
sponds to first baroclinic mode coastal Kelvin waves. The
theoretical offshore scale, given by the baroclinic Rossby
radius of deformation (¢’ HY"/?/f is approximately 30 km and
10 km for latitudes 24° and 40°N, respectively, and the speed
of propagation (g'H)"/? is about 2.5 m/s. Also shown in Figure
14 are the upwelling- and downwelling-associated geostropic
currents. An upwelling event (negative pressure gradient at the
coast) drives an equatorward current, while poleward currents
are associated with downwelling events.

The succession of annual upwelling and downwelling
events, appearing at the southern boundary and propagating
along the coast, constitutes most of the response of the re-
motely forced model as proven by the ULT cross-cotrelation
matrix (Figure 15). The slope of the maximum correlation
ridge, in contrast to that of the locally forced model (Figure
14), does indicate a fast propagation in agreement with the
theoretical Kelvin wave speed.

In the annual and interannual time scale sense, the coastal
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Fig. 13. Maximum correlation matrix between ULT and wind time series. The figure displays the maximum corre-
jation, regardless of time lag, occurring between time series of ULT (abscissas) and the wind (ordinates). The 45° line
marks the maximum correlation between time series of ULT and the wind at the same station. For example, station 15
{northernmost) shows a correlation of about 0.8 with the nme series of the wind at the same station {value at the lop right
cnrner of plot) bul a maximum correlation of 0.9 with the wind about 500 km 1o the south of it.
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Fig. 14. Upper iayer thickness minus 200 m (contours) and velocity (arrows) from the remotely forced model. Figure
shows four snapshots of the results 6 days apart; (a) January 15, (b) January 21, {c) January 27, and (d) February 3. Arrows
are scaled according to the key in the figure. Areas of ULT deeper than 10 m and shaliower than — 10 m are shaded dark

and light, respectively.

propagation is very fast. The difference in speed of propaga-
tion between coastal Kelvin waves and westward annual and
interannual Rossby waves is such that from the point of view
of the latter, upwelling and downwelling disturbances appear
almost simultaneously all along the coast. Figure }4 shows a
downwelling band a few degrees west of the coast. This event
was at the coast the previous year. The time interval repre-
sented in Figure 14 is not large enough to show any propaga-
tion of this band, but by the latitudinal variation in the posi-
tion and form of the disturbance, it can be identified as a
westward propagating Rossby wave. Note the decrease in sep-
aration between the downwelling pattern and the coast {rom
south to north. Once separated {from the coast, the anomalies
continue westward propagating in the form of free waves. Fig-
ures 16g and 16b show two representative results from the
remotely forced model. Both figures represent snapshots of
ULT anomatlies for February 9; Figure 16a is for 1968, and
Figure 16b is for 1975. The patterns are very similar: meridio-
nal bands of positive and ncgative anomalies extending over
the whole domain with its magnitude decreasing to the north
and west. In both figures, for 1968 and 1975, there is a large
positive anomaly more or less al the center of the domain that

corresponds to the large positive anomalies occurring at the
coast in 1965 and 1972, respectively (i.c., El Nifio events). The
different speed of propagation with latitude is again evidenced
by the sloping of the latitudinal bands. In Figure 16a a strong
negative anomaly is observed at about 120°-130°W; this cor-
responds to the strong downwelling event (anti-E] Nifio) oc-
curring at the coast in 1973. The weak positive anomaly in the
western region, starting at the western boundary at around
30°N and 40°N in Figure 16a and 16b, respectively, cotre-
sponds to anomalies that were at the coast in 1963 and 1969,
respectively.

All the information contained in these plots and in the
remote model in generali comes through only 500 km of the
southern boundary, and this information (at least its low fre-
quency) in turn is primarily of equatorial origin and more
specifically generated at the western equatorial region by
relaxation of the westerly winds. These results show a possible
dynamic mechanism for the connection ol equatorial El Nifio
events with north Pacific El Nifios, e, an occanic tele-
connection.

The degree of correlation between our resuits and observed
time series along the coast is analyzed in the next section.
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Fig. 15 Cross-correlation matrix of ULT time series at station 15
versus all other stations along the coast, from the remote model (see
Table 2).

33, Inrercomparison of Model
and Observations

Time series of monthly observed sea surface elevation at
several stations along the coast were obtained (K. Wrytki,
personal communication, 1986). Four stations were used for
the analysis: Crescent City, Neah Bay, San Francisco, and San
Diego (see Figure 1). These stations were chosen because they
have the longest records and represent the atitudinal vari-
ation of the area of interest. Lack of a long enough series
prevents us from using other stations south of San Diego.

For comparison with observations, model ULT anomaly
data were transformed to sea level anomalies by multiplying
by the density gradient between the two layers of the model.
As an example of the resulting series, Crescent City’s observed
and model (wind and equatorially forced) caiculated SL are
shown in Figure 17. The overall visual correlation in phase
and amplitude is good in most years. Particularly good agree-
ment of the amplitude and timing of the negative anomalies is
evident. For example, the anomalous lows (more than 120 cm)
in 1964, 1968, 1970, 1973, 1977, and 1978 coincide in both
observations and model.

For a more effective visual comparison, the time series were
divided into three parts: {1) the composite long-term monthly
means; (2) the low-frequency series, in which the series is iow-
pass filtered using a spectral filter with a stop frequency of 1
cycle/year and a pass frequency of 0.5 cycles/year; and (3) the
high-frequency series, obtained by subtracting the low-
frequency series from the total series.

Strong similarities between modeled and observed scasonal
patterns are revealed. For San Diego, both model and ob-
served SL composite mean show a minimum in April-May
and an increase to a maximum in August-September {(Figure
18a); the observed SL decreases monotonically from August
to the Apri} minimum, while the model SL stays more or less
constant until January and then decreases until April. The
amplitudes are similar in both cases. For San Francisco and
Crescent City, model and observed SL annual cycle (Figures
18b and 18¢) are remarkably similar both in phase and ampli-
tude. There is a minimum of about 8-9 cm in Aprif—May, an
increase to a maximum in August-September, and a second
maximum in January. The Crescent City secondary peak is

ey

im

stronger than that in San Francisco, and it is well represented
by the model. For Neah Bay (Figure 18d) the amplitude is
bigger, and the minimum and zero crossing are shifted 1o the
right {occur later in the year) both in the observation and the
model, The model misses the large peak in December shown
in the observed data.

Using steric height anomalies, Reid and Mantyla (1976)
described the scasonal characteristics of sca surface clevation
along the California coast. They showed that contrary to the
eastern coast of the United States and further south along the
west coast of North America, the SL annual cycle is out of
phase with the heating-cooling cycle (i.c., maximum clevation
in late summer or early fall and a minimum elevation in
winter [Reid and Mantyla, 19761). Simpson [1983] showed
that the seasonal temperature anomalies in the California
Current, which follows the SL seasonal cycle, were produced
dynamically (ie., by upwelling) rather than thermodynam-
ically.

The model seasonal pattern is completely due to dynamical
mechanisms. The fact that the model reproduces the annual
cycle so well supports the theory that the seasonal cycle of SL
along the western part of North America is due mostly to
dynamical causes (rather than thermodynamics). This is true
even for San Diego, where the seasonal cycle “resembles the
annual heating and cooling cycic” [Reid and Mantyia, 1976].

For most of the period, there is a high visual correlation
between the model and observed high-pass-filtered SL. scries
at the four stations compared (Figure 19). Especially well simi-
lated are the upwelling events in the northern stations (Figures
19¢ and 19d). This points to the importance of the equator-
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Fig. 16. Typical ULT contours from the remote model. (a} Snapshot
for February 9, 1968, {b) Snapshot for February 9, 1975.
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ward wind lorcing in the area and its proper implementation
in the model. For most of the years the upwelling events
inegative anomalies) have a shorter time scale and larger am-
plitude than the downweliing events {positive anomalies). This
15 also reflected in the composite means (Figure 18) and is
more evident in the two southern stations, where the two
vearly maximums are more pronounced.

For 1974 and 1975 the model results do not follow the
bservations. The annual cycle in our mode] breaks down [or
hose years. At least in the San Francisco series (Figure 185), it
seems that this perturbation of the annual cycle is also present
n the observed series. The amplitude and phase become erra-
ic for 1974 and 1975 in both observations and model. In our
nodel this is the result of the local and remote seasonal cycle
ecoming out of phase. Indeed, from the separate contri-
utions of each process (Figure 20) it can be seen that the
hange at 1974 and 1975 is due to the cancelling effect of each
1ignal. Most of the years both the local and remote signal
zinforce each other, but for the 1973-1974, 19741975 petiod
1e remotely forced signal gets out of phase with the wind-
riven signal (which maintains its average amplitude and
hase} and cancels the total signal. The fact that the observed
nnual cycle also shows symptoms of disturbance for those
cars might indicate that the linear cancellation (or reinforce-
1ent) mechanism between local and remote signals is a viable
ne in the California Current region. A complex demodulation
nalysis of the series around the annual frequency could be
seful to further analyze this point,

The amplitude of the annual signal due to each process is of
'mparable magnitude as seen from Figure 20. From visual
'mparison it seems that there is more semiannual variability

the model than in the observations. Most of the semiannual

riation in our model comes from the equatorial signal. This
eremphasis of the equatorial contribution at this frequency
probably the result of the model's lack of some energy
ssipation mechanisms (i.c., topography, bottom friction, etc.).

Low-pass-filtered time series of SL anomalies are ptotted in

gure 21. Again there is a good agreement between model

d observalions. El Nifio events of 1964, 19651966, 1972,

d 1976 reflected in the data as positive anomalies are repro-

ced by the model. The largest anomaly in both series is at

72, the year of the strongest El Nifio before the 1982 event,

r the two southern stations, the amplitude is very similar. A

jor difference between the two series is the consistently jow

'del SL at 1966-1967, while the observed data show near-

0 or even positive anomalies. This is more pronounced at

northern stations. Also, the magnitude of the 1972 event

s to diminish 1o the north as the observations do. It seems

m visual inspection that the correlation between observed

! modeled low-passed frequency series decreases to the

th. '

Comparison of observed (dashed line) and modeled (solid line} for Crescent City.

Comparing the contribution to the low-frequency anomalies
from both mechanisms (iocal versus remote) (Figure 22), it is
cvident that in contrast to the annual frequency, most of the
energy in the El Nifio frequency band in the region is of
equatorial origin,

To investigate this point further and quantifly the different
contributions, spectral and cross-spectral analysis were per-
formed,

Spectra were calculated for each model (local, remote, and
focal plus remote) and observations time series at the four
stations: Neah Bay, Crescent City, San Francisco, and San
Diego (Figure 23 shows the spectra for Crescent City). Stan-
dard smoothing in frequency was done using a 13-band-span
Hanning window with 26 degrees of freedom [e.g., Bendat and
Piersol, 1971].

For the local model, the dominant frequency at alil the sta-
tions is the annual with a smaller but significant peak at the
semiannual frequency. The background spectrum is red (i.e.,
energy increases toward the low frequencies), and only at the
annhual frequency are the spectra from the local and remote
maodel of comparable magnitude. For the remote model, the
energy at the semiannual, annual, and 2- to 4-year cycle fre-
quency bands are of similar magnitude. The background
energy, as in the local model, increases toward the low fre-
quencies, but the amplitude is at least an order of magnitude
larger. This magnitude dissimilarity results in the local plus
remote model specirum being dominated by that of the
remote model, except at the annual frequency. For the semi-
annual and lower frequencies, the shape and magnitude of the
local plus remote spectrum are similar 1o those of the observa-
tions, but for the higher frequencies thigher than semiannual),
the energy drops much morte in the first than in the later,
tvidencing the narrower frequency band response of the
model.

The spectrum variation with latitude is mainly in the mag-
nitude of the annual peak. The magnitude of the annual peak
increases lo the north in observations and model spectrum,
and as could be expected, its increase in the model is due to an
increase in the local wind-driven model.

Coherence square functions {y?) and frequency response
functions (H) were calculated [see Bendat and Piersol, 19717.
At each station the cross-spectrum functions y? and H were
computed between the observed SL time series and the SL
time series [rom (1) the remotely forced model, (2) the locally
forced model, and {(3) the local plus remote model. Figure 24
shows the results for San Diego. As is suggested by the visual
inspection for the El Nifio frequency band (2—4 years), there is
a large coherence square { ~ 0.80) between observed time
series and the remotely lorced model (Figure 24a). For the
annual frequency, although still significant, the coherence is
smaller ( = 0.60). For the local model series, the opposite is
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Fig. 18. Compositc annual mean sca level anomalics from observations {solid line) and local + remote model (dashed
line}, for (@) San Dicgo, (b) San Francisco, (c) Crescent City, and (d) Neah Bay.

truc; there is a very strong coherence between observed and
model data at the annual frequency but no significant (at
50%} coherence at the low-frequency band (Figure 24b). The
frequency response function represents the power ratio be-
tween two series at a given [requency. From Figure 24e (and
24b) it is clear that though the locally forced model is very
coherent at the annual frequency (Figure 24b), its energy is
small (H = 3) compared with the energy at that frequency in
the observations. In other words, if we assume there is a linear
relation between the model output and the observations, Fig-
ures 24e shows that the local model spectrum is about one
third of the observed spectrum. The result from the local plus
remote model versus observation comparison (Figure 24 f)
shows that the annual frequency energy is actually due to both
mechanisms. The frequency response function is very near |1,
while the coherence square is still large ( = 0.75). In summary,
Figure 24 shows that the remolely forced model explains most
of the variance ( > 75%) in the observations in the El Nifio
frequency band range, while for the annual frequency a combi-
nation of jocal and remotely forced signal explains also about
75% of the variance.

This general qualitative pattern of the coherence and fre-
quency response function at San Diego is repeated in the
other stations. The remotc model explains a large percentage
of the variance in the low-frequency band, and both remote
and local models explain the energy at the annual frequency.
As hinted by the visual inspection of the SL anomalies series,
the cross-coherence analysis for stations San Francisco, Cres-
cent City, and Neah Bay (not shown) indicates that for the
local model the annual contribution becomes more important
and the coherence increases to the north, while for the low
frequency the coherence decreases again, pointing to the lack
of a proper dissipating mechanism in the model (1., topogra-
phy, bottom friction, etc.). At Neah Bay the coherence square
is still significant ( > 0.40, significant at 90%) for the El Nino

GG

frequency band, while for the annual frequency it is up to
more than 0.8.

4. SUMMARY OF RESULTS

A reduced gravity mode! that incorporates the geometry of
western North America has been used to study the dynamics
of the California Current system. Three experiments were im-
plemented: in the first (local model) the model was run using
19 years of wind stress from the Comprehensive Ocean-
Atmosphere Data Set; the second experiment (remote model)
consisted of forcing the model through its southern boundary
using the results of a similar reduced gravity equatorial
model; and in the third experiment, both forcings were used
simultaneously {local plus remote modet). The main objective
of this work was to analyze the low-frequency variability of
the California Current system in terms of its contributions
from remote and local forcing.

Several aspects of the steady large-scale circulation are re-
produced by the model. Away from the coast, the basic mean
state is determined by the predominantly negative wind curl.
The mean flow of the model is in Sverdrup balance; i.e., the
negative wind curl is compensated by an east to west pressure
gradient that geostrophically drives an equatorward current.
The main part of the California Current can be identified with
this mechanism.

For the local model, Ekman onshore-offshore transport
driven by alongshore winds largely dominates the dynamics
near the coast. Seasonal variations in the strength and direc-
tion of the winds determine the annual ULT variability there.
During spring and summer, strong northwesterly winds drive
an offshore Ekman transport that causes the model pycnocline
to become shallow near the coast. Associated equatorward
geostrophic currents develop, reinlorcing the larger-scale
(Sverdrupian) equatorward California Current. Weakening of
the alongshore winds and actual reversal north of 40° during
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Fig. 19. Comparison of obscrved (solid linc) and model {dashed line) high-pass-filtered (total signal minus low-pass-
filtered) series of sea level for (a) San Diego, (4) San Francisco, (¢} Crescent City, and {d} Neah Bay. A low-passed filter with
a pass frequency of 2x/2 years ™ " and a stop frequency of 2n/1 years ~' was used. Noic the different scale for Neah Bay.

lfall and winter cause the upwelling region near the coast to
relax and the coastal countercurrent to develop.
Cross-correlation analysis shows that the ULT signal in the
local model slowly propagates [rom south to north at a speed
too slow to represent first baroclinic mode Kelvin waves, It is
shown that this motion is in direct response to wind pattern
poleward propagation. On the other hand, several features of

REMBTE AND LBCAL MACEL

the ULT-wind correlation analysis suggest that the maximum
response in the ULT signal occurs later in time and several
hundred kilometers poleward from those of the wind events.
This latter phenomenon has been identified as evidence of
coastal wave propagation [e.g., Halliwell and Allen, 1984].

For the remote model, most of the response along the
boundary corresponds to poleward propagating waves. Up-
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Fig. 21,

years ' and a pass [requency of 2r/2 years ™' was used.

\m

al welling and downwelling events and associated geostrophic
ls. currents succeed each other, appearing at the southern bound-
of ary and propagating along the coast with the speed and off-

shore scale characteristics of coastally trapped first baroclinic
he mode Kelvin waves.

p- Time series of sea level data from San Diego, San Francisco,
Crescent City, and Neah Bay were used to validate the model.
There is good visual correlation between the sea level time
series and the scaled model ULT. By separating the low- and
high-frequency information for each model, we were able 10
determine that most of the correlation in the large time scale
{El Nifio time scale) 1s due to the signal coming from the
equator propagated to the region in the form of coastally
trapped Kelvin waves. On the other hand, both models
{remote and local} are responsible for the meodel-observation
correlation at the annual frequency.

Spectral and cross-spectral analysis were used to quantita-
tively corroborate the visual comparison. As was expected,
time series from the wind-forced model are very well corre-
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lated (high coherence square) with observed sea level data at
the annual frequency but are poorly correlated at low fre-
quencies. For the remote model, the coherence is low (but
signilicant} at the annual frequency bul high at the low Ire-
quencies, which strongly suggests that most of this energy is of
equatonial origin, The remote model explains more than 75%
of the variance in the low-frequency sea level variability at San
Diego and San Francisco. For the two northernmost stations,
the coherence between remote model and observations dimin-
ishes for the El Nifio band while the coherence between the
local model and observations increases at the annual fre-
quency.

5. Discussions aND CONCLUSIONS

The results presented have demonstrated that a significant
amount of interannual variability of sea level in the California
Current region can be explained by the poleward propagation
of Kelvin waves along the coast. This work supports the hy-
pothesis of an oceanic teleconnection as the principal mecha-

oS
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filtered sea level series at San Francisco.

nism for the co-occurrence of tropical and mid-latitude El
Nifio phenomena.

The effect of a basin-wide enhancement of the atmospheric
circulation during a tropical warming event (atmospheric tele-
connection) is recognized as an important mechanism for aug-
menting the basic response. However, this latter effect is sug-
gested by this work to be more important for the annual time
scale than for the interannual (El Nifio) variability (see Figures
20 and 22).

It seems plausible for the local wind driven contribution to
become the dominant force for specific events. Simpson [1983,
19844, b}, for example, argued that for the 1982-1983 event,
the observations are incompatible with most of the require-
ments of the theory of coastally trapped waves. Other authors
[e.g. Huyer and Smith, 1985 Rienecker and Mooers, 1986]
have concluded that although the initial signals of the 1982-
1983 northeastern El Nifio arrived by an oceanic path, the
initial effects were greatly enhanced by anomalous local atmo-
spheric conditions.

Huyer and Smith concluded that the manifestation of the
1982-1983 El Nifio off Oregon was associated with both dis-
tant and local causes. They show that the atmospheric forcing
became anomalous only alter (2-3 months) the initial high sea
level developed.

One of the main objections to the oceanic teleconnection
hypothesis is the small cross-shelf length scaies of the coastal
waves ( = 35 km). Anderson and Rowlands’ [1976] theoretical
work demonstrated how planetary waves lead to a westward
broadening of the upwelling fields. Philander and Yoon [1982]
showed that for long perieds (> 200 days) the appropriate
offshore scale is not the radius of deformation but the distance
a Rossby wave travels in a given time. This broader offshore
scale is associated with the existence of a critical latitude de-
fined as 8. = tan~! [(g'H)"*/20a], (where o is the frequency).
Poleward of this latitude the waves are f plane Keivin waves
that decay offshore with a e-folding scale of the order of ¢/f;
equatorward of @, the waves are offshore-propagating Rossby
waves [McCreary, 1987}, For periods longer than annual the
critical latitude is poleward of the model northern boundary,
so that most of this energy leaks offshore.

Our results reflect this condition. Once an upwelling (or
downwelling) event has propagated poleward along the coast,
a westward shedding of energy occurs (Figure 16). This causes
first a broadening of the area of influence of the coastal phe-
nomenon and second an actual export of energy to the model
interior. The time scales of these two phenomena are very
different. Coastal propagation time scales arc of the order of
days, while the broadening of the coastal disturbance by plan-
etary waves is of the order of months [Philander and Yoon,

+

1982]. This latter is certainly fast encugh to influence the
coastal low-frequency El Niiio events (2-5 years).

The remote model does not completely determine the model
variability. In fact, apart from the low-lrequency coastal vari-
ations, most of the model response, including the long-term
average circulation and the annual variability at the coast
{(and at the interior), is determined by the local model through
the curi of the wind stress and the variability of the alongshore
winds.

The resulting long-term average ULT and geostrophic cur-
rents are encouraging. A very realistic current structure devel-
ops in which a Sverdrup balance is established. The main
geostrophic equatorward currents dominate the response
away from the coast. The model reproduces several peculiar
features of the geostrophic circulation, most conspiciously the
shoteward sweep of the southeastward flowing waters at
about 32°N (see Figure 4). This feature, observed by Reid and
Schwartzlose [1963] and described by Pavlova [1966], consists
of a permanent shoreward bend in the main southward flow-
ing current near 32°N.

Pavlova [1966] suggests that at some distance from the
coast, the eastward current divides into a northward compo-
nent that feeds the California countercurrent and the southern
California eddy and a southward component that is part of
the main southward flow [Hickey, 1979]. This description
could have been drawn from our Figure 4. Paviova [1966]
speculates about the eastward rotation being caused by fea-
tures of the bottom topography and by the pattern of prevail-
ing wind along the coast. The facl that our model so consis-
tently reproduces this feature dismisses lopography as the
main cause (our model does not include any topographic ef-
fects), leaving the second explanation as the most probable. In
particular, it scems that the minimum in the tangential winds
{magnitude of the projected winds in the general direction of
the coast) around 34°N, due to the westward bend of the coast
at the California bight, causes the splitting of the equatorward
currents. This is done by abruptly diminishing the large-scale
Ekman onshore transport and coastal downwelling at the
bight.

For the local model, coastal wave propagation seems to be
masked by Ekman advection. Cross-correlation analysis of the
ULT signal along the boundary indicates a propagation speed
that is too slow for baroctinic Kelvin waves. The ULT signal
probably reproduces the propagation of the wind pattern
through direct Ekman forcing (see Figure 11}. Information in
the remote model, on the other hard, propagates poleward
freely along the castern boundary. The speed, as implied by
the ULT cross-correlation matrix {Figure 15} coincides with
the theoretical Kelvin wave speed.
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Fig. 23. Crescent City sea level spectra from {a) local model, {b) remote model, (c) local plus remote model, and {d}
observations. Note that different scales were used for each spectrum. The 0% confidence intervals are shown 1o the right

of each spectrum.

Even though the overall performance of the model is very
good and there is a good agreement between observations and
model, there are some limitations to this work.

The vertical resolution is poor owing to the vertical averag-
ing associated with the reduced gravity equations. This limi-
tation implies that one of the main constituents of the Califor-
nia Current system, 1.e., the California undercurrents, cannot
be considered as a separate entity. The influence of the under-
current, however, inasmuch as its vertical integrated effect is
concerned, is included in the model. [o fact, it may be that the
somehow longer than observed persistence of the counter-
current in the model is the result of the contribution of what
otherwise would be an undercurrent. The mechanism for gen-
eration of an undercurrent (i.e., region of positive curl along

Jo

an eastern boundary { Pedlosky, 1974; McCreary et al., 1987])
in our model generales only a countercurrent,

A second limitation is the absence of bottom topography.
This suppresses the possibility of having the topographic
Rossby wave mode complementing the internal Kelvin waves
along the eastern boundary (e.g., Gill and Clarke, 1974, Allen,
1975]. Evidence of this hybrid (part Kelvin and part sheif)
wave activity in the eastern Pacific has been presented by
Clarke [1977], Christensen et al. [1983], and Wang and
Mooers [1977], among others. The theory of hybrid waves,
however, has been most successfully used in explaining the
character of wind-forced variability at frequencies (hours and
days) much higher than those considered in this work (scason-
al and interannual). It is not clear how much the presence of
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the shelf and slope would affect the long-scale low-frequency
event we analyzed. McCreary et al. [1987] used both flat
bottom and shelf coastal models and found the responses al
this scales very similar.

Large-scale topography featurcs like the Mendocino escarp-
ment presumably could influence the responsc by providing a
mean for scatter of poleward propagation waves [e.g., Chao et
al., 1979; Hsueh, 1980] or by acting as a waveguide [e.g,
Longuet-Higgins, 1968]. The actual result of these mechanisms
would be to diminish the amount of energy transmitted north
of Cape Mendocino. This could be one of the reasons why the
magnitude of the interannual signal does not decrease pole-
ward as much as is supgested by the observations, for example
in the 1972 event.

The efiect of submarine ridges and vatleys on the upwelling
pattern was demonstrated in a numerical study by Peffley and
O'Brien [1976). They show that bottom relief can be impor-
tant in causing localized upwelting.

Acknowledgments. This work was supported by the National Sci-
ence Foundation grant OCE-84-15986. Additional supporl was pro-
vided by the Consejo Nacional de Ciencia y Tecnologia of Mexico
and the Office of Naval Research under a URT award (USN NOOXO14-
86-K-0752) to Scripps Institution of Oceanography. The Supercom-
puter Center al Fiorida State University supplied the computer time
for these calcilations. Thanks are extended to K. Wyrtki for provid-
ing the sea level data used to validate our model. This study would
have been impossible without such daia. We also wish to thank
Julian McCreary and an anonymous reviewer for their very useful
commenits on the manuscripl.

REFERENCES

Allen, J. S., Coasial trapped waves in a stratified ocean, J. Phys.
OGceanogr., 5, 300-325, 1975,

Allen, 1. S., and D. W. Denbo, Statistical characieristics of the large
scale response of coastal sea level 1o atmospheric forcing, J. Phys.
Oceanogr., 14, 1079-1094, 1984

Anderson, D. L. T, and P. B. Rowlands, The role of inertia-gravity
and planetary waves in the response of a tropical ocean to the
incidence of an equatorial Kelvin wave on a meridional boundary,
J. Mar. Res., 34,295-312, 1976.

Bendat, ). S., and A. G. Piersol, Random Data: Analysis and Measure-
ment Procedures, Wiley-lnterscience, New York, 1971.

Bjerkness, 1., A possible response of the atmospheric Hadley circu-
lation to equatorial anomalies in ocean temperature,” Tellus, I8,
B20-829, 1966.

Brink, K. N, Coastal open physical processes, Rev. Geophys., 25,
204-216, 1987.

Camerlengo, A. L, and J. J. O'Brien, Open boundary conditions in
rotating fAuids, J. Comput. Phys, 35, 12-35, 1980.

Chao, S.-Y., L. ). Pietrafesa, and G. S. Janowitz, The scattering of
continenial shelf waves by an isolated topographic irregularity, J.
Phys. Oceanogr., 9, 687-695, 1379,

Chelton, D. B., and R. E, Davis, Monthly mean sea level variability
along the west coast of North America, J. Phys. Oceanogr., 12,
757-784, 1982,

Christensen, N, R. De La Paz, and G. Gutierrez, A study of sub-
inertial waves off the west coast of Mexico, Deep Sea Res, 30,
£35-850, 1983,

Clarke, A. J., Observational and numerical evidence for wind-forced
coastal rapped long waves, J. Phys. Oceanogr., 7, 231, 1977.

Clarke, A. J., The reflection of equatorial waves from oceanic bound-
aries, J. Phys. Oceanogr., 13, 11931207, 1983

Cummins, P. F., L. A. Mysak, and K. Hamilton, Generations of
annual Rossby waves in the North Pacific by the wind stress curl,
J. Phys. Oceanogr., 16, 1179-1189, 1986.

Emery, W, |, and K. Hamilton, Aimospheric forcing of interannual
variability in the northeast Pacific Ocean: Connections with El
Nifg, J. Geophys. Res., 90, 857-868, 1985,

Enfield, D. B., and J. S. Allen, On the structure and dynamics of

monthly mean sea level anomalies along the Pacific coast of Nerth

and South America, J. Phys. Oceanogr., 1), 557-578, 1980.

Gill, A. E., Atmosphere-Ocean Dynamics, Int. Geophys. Ser., vol. 30,
662 pp., Academic, London, 1982.

Gill, A. E., and A. ). Clarke, Wind-induced upwelling, coatal current
and sea level changes, Deep Sea Res., 21, 325-345, 1974

Grimshaw, R., and J. §. Alien, Low-frequency baroclinic waves off
coastal boundaries, J. Phys. Oceanogr., 18, 11241143, 1988,

Halliwell, G. R., and J. S. Allen, Large-scale sea level response o
atmospheric forcing along the west coast of North America,
summer 1973, J. Pltys. Oceanogr., 14, 864-886, 1984,

Halliwell, G. R., and J. S. Allen, The large-scale coastal wind ficid

- along the wesi coast of North America, 1981-1982, J. Geophys.
Res., 92, 1861-1884, 1987,

Hickey, B. M., The California Current System—Hypothesis and facts,
Prog. Oceanoygr., 8,27% pp., 1979, :

Huyer, A, and R. L. Smith, The signature ol El Nifo off Oregon,
{982-1983, J. Geophys. Res., 90, 7133-7142, 1985.

Hsuch, Y., Scattening of continental shell waves by longshore vari-
ations in bollom topography, J. Geophys. Res., 85, 1147-1150,

Kubota, M., and J. J. O'Brien, Variability of the upper tropical Pacific
Ocean model, J. Geophys. Res., 93, 13,930-13,940, 1988.

Longuet-Higgins, M. S., Double Kelvin waves with continuous depth
profiles, J. Fluid Mech., 34, 49-80, 1968.

Luther, M. E.. and 1. 1. O'Brien, A model of the seasonal circulation
in the Arabian Sea lorced by observed winds, Prog. Oceanogr., 14,
353-385, 1985,

Lynn, R L., and J. 1. Simpson, The California Current system: The
seasonal variability of its physical charactenistics, J. Geophys. Res.,
g2 12.947-12.966, 1987.

McCreary, )., Eastern tropical ocean response lo changing wind stress
systems: With application 1o El Nifio, J. Phys. Oceanagr., 6, 632-
649, 1976.

McCreary, J. P, and P. K. Kundu, Western boundary circulation
driven by an alongshore wind: With application to the Somali
Current system, J. Mar. Res., 43, 493-516, 1985.

McCreary, 3. P, P. K. Kundu, and S. Chao, On the dynamics of the
California Current system, /. Mar. Res., 45, 1-32, 1987.

Moore, D. W., Planctary-gravity waves in an equatorial ocean, Ph.D.
dissertation, 207 pp., Harvard Univ,, Cambridge, Mass., 1968.

Moore, D W, and 5. G. Philander, Modelling of the tropical ocean
circulation, in The Sea, vol. 6, edited by E. D. Goldberg <t al,
Wiley-interscience, New York, 1977,

Munk, W. H., On the wind-driven ocean circulation, J. Meteorol., 7,
79-93, 1950

Mysak, L. A., Generation of annual Rossby waves in the North Pacil-
ic, 4. Phys. Oceanogr., 13, 1908-1923, 1983,

Namias, J.. Some statistical and synoptic characteristics associated
with El Nifio, J. Phys, Qceanogr., 6, 130-138, 1976

Nelson, C. S.. Wind stress and wind stress curl over the California
Current, NOAA4 Tech. Rep, NMFS SSRF-714, 1977.

Paviova, Yu. V., Seasonal variations of the California Current, Ocea-
nology, 6, 806-814, 1966.

Pearcy, W. G, and A. Schocner, Changes in thc marine biota coifl-
cident with the 1982-1983 El Nifo in the northeastern subarctic
Pacific Ocean, J. Geophys. Res., 92, 14417-14,428, 1987

Pedlosky, §.. Longshore currents, upwelling and botiom topography,
J. Phys. Oceanogr., 4, 214-226, 1974,

Peilley, M. B, and ). §. O'Brien, A three-dimensional simulation of
coustal upwelling off Oregon, J. Phys. Oceanogr., 6, 164— 180, 1976.
Philander, S. G. H., and J. H. Yoon, Eastern boundary currents and

coastal upwelling, 4. Phys. Oceanogr., 12, 862-879, 1982.

Quinn, W. H, D. O. Zopl. K. S. Shori, and R. T. W. Kuo Yang,
Historical trends and statistics of the southern oscillation, El Nifio,
and Indonesian droughts, Fish. Buil., 76, 663678, 1984,

Reid. J. L., and A. Mantyla, The effect of the geostrophic low upon
coastal sea elevations in the northern North Pacific Ocean, J. of
Geophys. Res., 81, 3100-3110, 1976.

Reid, J. L, and R. A. Schwartzlose, Direct measurements of the Da-
vidson Current off central California, J. Geophys. Res., 67, 2491-
2497, 1962

Reid, ). L. and R. A. Schwartzlose, Direct measurements of a small
surface eddy off norihern Baja California, J. Mar. Res,, 2/, 205-218,
1963.

Reid. J. L., G. L. Roden, and ). G. Wyllie, Studies of the California
Current syslem, progress report, 1 July 1956 to | January 1958,
Calif. Coop. Ocean Fish. Invest., La Jolla, 1958.

Rienecker, M. M_, and L. L. Ehrel, Wind stress curl variability over




3180

the North Pacific from the Comprehensive Ocean-Atmosphere

_ Dala Set. J. Geophys. Res., 93, 5069-5077, 1988.

Rienecker, M. M., and C. N. K. Mooers, The 1982-1983 E! Nifio
signal off northern California, J. Geophys. Res., 9{, 6597-6608,
1986,

Simpson, J. )., Large-scalc thermal anomalics in Lhe Calilornia Cur-
rent during the 1982-1983 El Nifio, Geophys. Res. Lert.,, 10, 937-
940, 1983,

Simpson, 1. J., El Nifio-induced onshore transport in the California
Current during 1982-83, Geophys. Res. Lett., 11, 233, 1984a.

Simpson, 1. I, A simple model of the 1982-83 California “El Nino",
Geophys. Res. Lett., [, 243-246, 1984b.

Sverdrup, H. U, M. W. Johnson, and R. H. Fleming, The Oceans,
Their Physics, Chemistry and General Biology, 1087 pp., Prentice-
Hall, Englewood Cliffs, N. }., 1942,

Wang, D. P, and C. N. K. Mooers, Coastal-irapped waves in a
continuously siratified ocean, J. Phys. Oceanogr., 6, 851-863, 1976.

13

PARES-SIERRA AND O'BRIEN: CALIFORNLA CURRENT VARIABILITY

White, W. B., and J. F. T. Saur, A source of annual baroclinic waves
in Lhe eastern subtropical North Pacific, J. Phys. Oceanogr, 11,
1452-1462, 1981.

Wooster. W. S, and D. L. Fisharty, E! Nifio North: Nifo Effects in
the Eastern Subartic Pacific Ocean, 313 pp., Washington Sca Grant
Program. University of Washington, Seattle, 1985,

J. 1. O’Brien, Mesoscale Air-Sea Interaction Group, Flotida State
Universily, Tallahassee, FL 32306.

A. Pares-Sierra, Scripps Institution of Oceanography, La Jolia, CA
92093,

(Received April 19, 1988;
accepted October 14, |988.}

oA

= R

en’ T



