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ABSTRACT

A reduced gravity model that incorporates the geometry of western
North Americz has been used to study the dynamies of the Cailifornia
Current System (CCS). Three experiments were implemented: first the
model was run using 19 years of wind stress from the Comprehensive
Qcean-Atmosphere Data Set (local model); a second experiment (remote
model )} consisted of forcing the model through its southern boundary
using the results of a similar reduced gravity equatorial model; in a
third experiment, both forcings were used simultaneously (loczl+remote
model). The main objective of this work was to analyze the low
frequency variability on the CCS in terms of its contributions from
remote and loecal foreing.

Away from the coast, the basic state of the model is determined
by the predominantly negative wind curl through an Sverdrup balance.
The generzl seasonal cycle (eg. set-up of Davidson Current, formation
and position of Southern California eddy, etc.) is in agreement to
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 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,
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on the other hand, it was found that both loczl, as well as remotely

forced variability, contribute to the total -variance.
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I. INTRODUCTION

a) Motivation and Objectives

During the 1982-1983 El Nino event, waters several degrees warmer
than normal were observed at the Northeastern Pacific Qecean. The
biological and economic implications of this phenomenon are
enormous. The distribution and abundance of fish and invertebrates
changed remarkably in the coastal waters of the Northeastern Pacific
Qcean (NEPG) (Wooster and Fluharty, 1985). Pearcy and Schoener (1986)
for example, report the appearance in the waters of Oregon and Alaskz
of thirteen marine species that had never before been reported north
of California. Simpson (1984a) showed that the anomalous warm waters
in the California Current during August 1982 were accompanied by
negative salinity anomalies as well as oxygen anomalies. Although it
is accepted that the 1982-1983 episode was an exceptionally strong E1
Nifio (eg. Pearcy and Schoener, 1986), it certainly was not an isolated
phenomenon. Other anomalous warm events have been observed, for
example in 1940-41, 57-58, 1969, 1972 (Enfield and Allen, 1980; Quinn
et al, 1984), and linked to tropical El Nifio-SO phenomenon.

In recent years, a great amount of research relevant to the
interannual oceanic variability in the northeastern Pacific has been
done (eg. Enfield and Allen, 1980; Chelton and Davis, 1982;

Christensen et al., 1983; Simpson, 1984 among others). 1In spite of
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all this work, fundamental questions about the generztion of this
variability still remain unanswered in the literature.

Emery and Hamilton (1985) cite two basic ways to explain the
connection between the anomalous warming of the northeastern Pacifie
Ocean and the tropical El Nifno phenomenon, one oceanie and the other
atmospheric.

For the first, poleward propagating waves generated in the
tropics during an ENSO episode carry the information to the
extratopical regions. Theoretical works of Moore (1968), Anderson and
Rowlands (1976), and Clarke (1983), have demonstrated that an
equatorial wave can generate, upon reflecting on an eastern boundary,
a poleward propagating water disturbance in the form of coastal Kelvin
waves. Observational evidences (eg. Enfield and Allen, 1980; Chelton
and Davis, 1982) suggest that much of the oceanic low frequency
variability along the western coast of North Americaz can be accounted
for by this mechanism.

A second, nonexclusive explanation for the co-occurrence between
equatorial and mid-latitude anomalies invokes an atmospheric
teleconnection (Emery and Hamilton, 1985). Under this hypothesis,
first presented by Bjerkness (1966), an atmospheric link is achieved
between the tropical Pacific SST anomalies and the mid-latitude
Pacific anomalies via a momentum transfer from a variable Hadley
cell. A number of observations and theoretical studies supports the

importance of such an interaction (eg. Namias, 1976; Emery and
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Hamilton, 1985; Simpson, 1983, 1984z, b). For the California Current
region in particular, Simpson (1983, 1984a, b) concluded that the
intensification and expansion of the Aleutian low and the decrease in
strength of the Pacific high directly produced, through an ennznced
basin wide atmospneric circulation, some of the Californian El Ninos,
espeecially the 1940-41 and 1982-83.

The main objective of this thesis is to investigate the dynamics
of the California Current system and its oceanic connection with the
equatorial region, not only in its anomalous El Nifo state, but also
the regular average circulation. This research helps to answer
questions such as: how much of the interannual variability in the
NEPO is due to variability in the local forecing (either in the wind
stress or its curl) and how much is due to equatorial variability
propagated to the region as equatorial-coastal Kelvin waves? In other
words, is the observed coherence in the interannual frequency band
between the NEPO and the equatorial ENSO events due to atmospheric or
oceanic teleconnections or both? How much of the low freguency energy
found (in sea surface temperature time series, for example) in the
north Pacific comes from the eastern coast radiated to the region as
planetary waves, and what part of this was generated at the coast by
the variation of the wind stress compared to relaxation of coastally
transmitted equatorial disturbances?

The thesis is divided into 6 chapters. A brief review of the

climatology of the California Current is given in the next section.



4
The model and its numericzl implementation, boundary conditions, and
characteristices of the forecing are explained in the second cnapter.
In the third chapter we present a simple theory of the dynamics of the
circulation on an eastern boundary in general and its application in
particular to the California Current. In the fourth chapter, general
results of the numerical model are presented; large scale mezn maps of
upper layer thickness and current are given in this chapter.
Comparison of model results with observations in the annuzl and
interannual frequency range and evidence of westward relaxation of
coastal disturbaneces are -.1so given in chapter IV. A summary of the
results is presented in chapter V, while in chapter VI the results are

discussed and the conclusions presented.

b) The California Current System

The California Current (CC) is a wide and slow current that £lows
in 2 general north-east to south-west direction following the coast of
northwestern America. Its average speed 1s typically less than 25
cm/s (Reid and Schwartzlose, 1962). The CC is the eastern limb of the
anticyclonie north Pacific gyre, and as such it is the north Pacific
representative of an Eastern Boundary Current (EBC). Other EBC are
the Peru and Chile Currents, the Canary Current and the Benguela
Current. A review of EBC and its associated upwelling regions was
given by Wooster and Reid (1963), who examined its common features in
terms of source water, surface characteristics and upwelling

phenomenon resulting from local atmospheric circulations and the
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presence of a boundary. There is a considerably large range of time
and length scales associzted with the variability of an EBC system,
from fine structure {(eg. Bang and Andrews, 1974) to very larger scale
interannual variability (eg. Enfield and Allen, 1980; Chelton and
Davis, 1982; Christensen et al., 1983). A general comprehensive
theory of EBC is not available, but a summary of the various aspects
that have been studied is presented by Gill (1982).

The Californiz Current System, (CCS) is probably the EBC that has
been most studied and monitored; the California Cooperative QOceanic
Fisheries Investigetions (CalCOFI) program has been systematically
monitoring it sinee 1949. Early description of the CCS was given by
Sverdrup et al. (1942) and Reid et al. (1958). A recent and more
detaiied description of its characteristics is that of Hickey (1979),
since then reviews of different aspects and time scales have been made
by numerous authors. McCreary et al. (1987) studied the dynamiecs of
the CCS using two ocean models, one with shelf and one without.

The CC (an equatorward flow, see Fig. 1) together with the
Davidson Current (a poleward countercurrent that occurs near the
coast) and the California undercurrent (a poieward underflow over the
continental slope) form the CCS (Hickey, 1979). Hickey (1979); shows
that the strongest equatorward flow (CC) appears in spring and summer,
whereas the strongest poleward coastal counterflow (IC) appears in
fall and winter. During spring and early summer the prevailing winds

near the north American coast are north-northwesterly, giving rise to
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upwelling events that on the average and with characteristic spatizl
variability, last from Marcn to July (Sverdrup et al., 1942). 1In
areas of intense upwelling the spring water temperature is even lower
than that of winter. Earlier studies have shown that, from these
areas of intense upwelling, tongues of coid waters emanate in a
southwardly direction moving rich coastzl water to the ocean interior
(Hickey, 1979). Some theoretical studies suggest that the mechanism
for the relaxztion of the coid upwelling region is in the form of
WwestWard radiation of Rossby waves (eg. McCreary, 1976; Mysak, 1983).

Towards the end of the summer, due to changing wind directions,
the upwelling graduzlly ceases, the cold tongues break away in the
form of small eddies that sometimes carry coastal waters very far from
the coast (Hickey, 1979). After upwelling ceases in the fall, a
surface layer countercurrent develops (the Davidson or Inshore
countercurrent) which in November, December, and January runs north
along the coast to at least latitude 48°N (Sverdrup et ai., 1942).

In addition to this annual eyele, an interannual variability of
anomalous cold or warm years occurs, an example of which is the record
breaking event of 1982-1983. Although there are several possible
causes for the interannual variability in an EBC (eg. Gill, 1982; pp.
425-428) two mechanisms seem the most important: local anomalous
Ekman pumping and remotely forced equatorial-coastal Kelvin waves. In
section III a brief review of the mechanisms for EBC variability is

presented.




IT. THE MODEL

a) Model Description

We used a non~linear, reduced gravity model in spherical
coordinztes to model the California Current system. The model
consists of one dynamically active layer of density p and depth H (see
Fig. 2) on top of an infinitely deep layer of slightly higher
density p+Ap, the interface between these two layers being a proxy of
the ocean pycnocline. The equations were used in the transport mode
to facilitate some of the numericzl implementation. It was more
convenient to use spherical coordinates, due to the large latitudinal
extent of the model and since the forecing function as well as the
ecoordinates defining the boundaries were given in degrees of latitude

and longitude. The equations defining the model are:

3U+_l_3_[g_z_)+

193 (UV ]
3t  a cos8 36 236 (ﬁ-] (2 sing)V

_ g w2 * 2
T 2a c0sSH 9% * p * AVU 1.2

Vv 1 ¢ UV 19 (Vv? -
2 () + T [ﬁ—) + (20 sine)u

2t  a cosd 3¢ ‘H

g

2
52 38 + + AVEV 1.b

and
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Fig. 2: Typical geometry for a reduced gravity model (H<<H2 > @),
Only the top layer is dynamically active.
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%% + E_E%EE {%% + %5 (v cosg)} = 0 1.c
where 8, ¢ are the latitude and longitude respectively; U, V are the
transport [i.e. (U,V) = H(u,v}] in the east-west and north-south
direction respectively; H is the depth of the upper layer;
g' = %9 g is the reduced gravity; (TG,T¢) are the wind stresses
applied throughout the upper layer as a body forece; A iIs an eddy
viscosity coefficient; a the radius of the earth; and Q the angular
velocity of rotation of the earth. The values used for each
coefCicient are given in appendix A. This model had been used before
to simulate the wind driven circulation in the Indian Ocean (Luther et
al., 1985) and the equatorial Pacific (Kubota and O'Brien, 1984).
Equations 1 were solved numerically on a 301 x 220 grid covering the
northeastern Pacific Ocean from 18°N to 50°N and from 155°W to the
American west coast (see Figure 3). The equations were discretized
into a staggered grid (Arakawa C-grid) as shown in Figure 4. This
arrangement of variables reduces by 1/4 the amount of storage used,
while maintaining a good resolution. A 1/12 of a degree resolution
was used in both zonal and meridional directions.

A leap-frog scheme was used for the time integration with 20
minute time steps. Every 99th time step, a forward time differencing
was employed to avoid the computational mode. The viscous terms were
treated using a DuFort-Frankel scheme. The non-linear and the

Coriolis terms were averaged using adjacent points to get values at
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the required meshpoints prior to computing standard second order
centered finite differences. This procedure helps supress the non-
linear growth of numerical noise in the model (Luther et al., 1985).
Along the eastern boundary of the mogel, which foilows the
geometry of the North American coast, a non-slip boundary condition

was imposed, i.e.

The northern, southern and eastern boundaries are open boundaries. A
variation of the Sommerfeld radiation condition implemented
numerically, as described by Camerlingo and O'Brien (1980), was

imposed on the open boundaries.

b) The Foreing

Three experiments were run: first, the model was forced by
monthly averaged wind stress data from the Comprenensive Qcean-
Atmosphere Data Set (COADS). A second experiment was done in which
the wind stress was set to zero and the model was forced only througnh
the southern boundary by imposing the results of a similar wind-forced
equatorial model. 1In a third experiment both forcings were imposed
simultaneously. In the three cases, the same parameters (fime step,
viscosity coefficient, etc.) and time of integration were used so that
the results were directly comparable. All experiments were initiated
from a state of rest and with an initial upper layer of 200 meters.

For the wind forced model and the combined wind plus boundary

forced model, an initial fowr year spin-up period was run using the
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long time monthly wind average. This time is enough for the coastal
region to reach its average upper layer thickness and current values
and aiso to set up the main east-west pressure gradient and Sverdrup
balanced meridional cwrrents over most of the domain.

After the initial spin-up period, the three models were
integrated in time with a time step of 20 minutes from January i, 1961
to December 30, 1979.

A brief description of the foreings follows:

1} The Wind:

Nineteen years of wind stress data from the COADS were used.
This data for wind stress consists of ship of opportunity observations
averaged in time and space every month and every 2 x 2 longitude-
latitude degree squares. The values are given in units of pseudo-wind

stress i.e.

T - wind stress _ ?1;1

PoCp Po Cp
where p and CD are the density of the air and drag coefficient
respectively. A value of 1.5 x 10-3 was used for CD’ Fortunately,
the area of interest has been well covered by commerical ship lines,
and the data presents few holes. These were filled by linearaly
interpolating from its eight neighbors. After filling up the gaps for
each month, the data was smoothed using a 1-2-1 Hanning filter in both

directions to suppress the small scale noise in the COADS data due to
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the method of data averaging into individual boxes. Fig. 5a and 5b
show an example of the raw and smooth wind data respectively. Finally
an IMSL 2-Dimensional spline was used to interpolate to the resolution
(1/12 degrees) of the model. 1In time the wind was linearly
interpolzted to 2 20 minute resolution.

The large scale winds over the California Current region are
driven primarily by 2 synoptic scale, semi-permanent atmospheric
pressure systems: the north Pacific high and the continental thermal
low over Czlifornia (Reid, et al., 1958).

During the summer northwesterly winds strengthen due 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 favorable
upwelling condition. Figure 6a shows the 19 year averaged July winds
used in this study. In the winter season the low weakens, the north
Pacific nigh moves closer to the coast, and the presssure 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 typiecally south-westerlies off Oregon and Washington
(Hickey, 1979). This is a favorable downwelling situation. Figure 6b
shows the 19 year averaged January winds.

A time-latitude plot of the northward component of the wind,
compiled from 122 years of ship of opportunity data is shown in Figure

7 (as presented by Hickey, 1979). It is this annual strengthening and
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NORTHWARC COMPONENT OF WIND STRESS
4° OFFSHORE

Fig. 7: The seasonal cycle of the northward component of the wind at a
location four degrees off the west coast of North America from S0°N to
24°N. Units are dynamic centimeters. The contours interval is 0.1 dyn
cm'a). Regions of positive (northward) wind are shaded (from Hickey,
1979) .
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weakening, and actual reversal of the winds near the coast, that
produces most of the variability in our locally forced model. A
dominant feature of the winds along the coast is that the maximum
magnitude and variznce occurs near Cape Mendocino (40°N) (Halliwell
and Allen, 1984). The standard deviation at Cape Mendocino is four to
five times larger than it is along the coast of northern Baja
Californiz, southern California, or Wasnington (Halliwell and Allen,
1984). The large scazle features of the curl of the wind stress are
characterized by being negative offshore of the California Current
region. This is associated with the iarge scale anticyeclonice
atmospheric circulation over the mid-Pzeific QOcean. The weakening of
the equatorward winds toward the coast creates a typically positive
wind curl near the coast. Nelson (1977), using 122 years of wind
data, compiled an annual cycle of wind stress curl. He shows that
positive wind curl occurs along the coast throughout most of the year
(Nelson, 1977). This band of positive wind curl has been associated
with upwelling events at the coast and with the onset and sustainment
of the Davidson Current (eg. Munk, 1950; McCreary, et al., 1987) and

the California undercurrent (eg. Pedlosky, 1974).

2) Equatorial Model

The relevance of poleward propagating disturbances in the sea
level variability along the western coast of North America has been
made evident by the works of Enfield and Allen (1980) and Chelton

(1980). As argued by Mooers and Philander (1977) and Clarks (1983),
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some of this energy can be accounted for by coastal Kelvin waves
generated when an easterly propagating equatorial Kelvin wave rezaches
the coast. 1In order to include this mechanism, our model was forced
through its southern boundary near the coast (see Fig. 8) by imposing
the results of a wind forced, reduced gravity equatorial model (Kubota
and O'Brien, 1984). Kubota and O'Brien's model domain includes the
equatorial Pacific from 20°S to 20°N and was run from January 1961
through December 198&. Values of U, V and H were taken from this
model along a band of 15 degrees of longitude at latitude 18°N every 6
days. The data was interpolated in space and time to the resolution

of our model.
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III. SEA LEVEL VARTABILITY IN AN EASTERN BOUNDARY

In this section we present a summary of the physiczal mechanisms
relevant £o the large scale currents and sea level variability on an
eastern boundary. Our goal is to provide a background for the
discussion of the results in the following chapters; hence, we discuss
the dynamics in terms of the reduced gravity equations (eq. t). For

simplieity we start with the linear, S-piane approximation of eq. 1,

i.e.
U_ -2V = -C2H_ + T~ 2.a
t - oMy °
- ¥
U+ fU = CHH_ * T 2.b
B+ U + 7V, =0 2.c

where £ = £ + By; C2 = g'H,. Away from boundaries, the main balance
is between the Coriolis and pressure gradient forces, i.e. the
geostrophic balance.

'
g

fu_ = -C2H .b
g Yy 3

A rotating fluid under gravity tends to this equilibrium rather than

C§Hx 3.a

to a state of rest, and to a2 first approximation most of the ocean is
in geostrophic balance.

Taking the curl of eq. 2.2 and 2.b and using the continuity
equation for the divergence of the transport, one obtains the

linearized version of the potential vorticity equation; i.e.,

22
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(Vy -0 ), + 8V =curl T+ H, i
This equation represents a bzlance between the change of loezl zand
planetary vortiecity in the LHS of (4) and that imposed to the system
by the wind and the vorticity change due to vortex stretching in the
RHS. A balzance of forced, steady motion can be achieved, i.e.

BV = curl T 5
which of course is the Sverdrup balance and represents a balance
between the vorticity imposed by the wind stress and the vortieity
gained by the water parcel by moving meridionally to a differeant
ambient vorticity. At midiatitude, the curl of the wind stress is
mostly negztive, thus producing a negative (equatorward} meridional
transport {(eq. 5). This mechanism drives the main large-scale gyres
in the ocean and produces the main equatorward current at the eastern
north Pzeific. Through geostrophy, this current in turn implies an
east-west pressure gradient. This characteristic is a fundamental
ingredient in our model and determines the basic state in our model
results. Variations around this large scale Sverdrup balance are
produced by anomalous wind patterns, Ekman transports, and/or

propagating disturbances.

Another possible balance in (3) is between the last two terms:

Numerical experiments have shown that this mechanism (Ekman pumping)
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is important at an eastern boundary. Munk (1950) suggested the
positive wind curl off the California Coast as being the driving
mechanism for the Davidson Current. Hurlburt and Thomson (1973)
showed that a positive curl in the coastal upwelling region
significantly reduces the equatorward surface current and enhances the
poleward undercurrent.

Near the coast, wind driven Ekman transport is az major driver
mechanism. A simple explanation of it and its associated upwelling
region can be given in terms of Ekman transport [Vé = % ;2?]. Due to
the earth's rotation, longshore winds force surface waters away (or
toward) the coast; by continuity this offshore flux requires some form
of compensating vertical fiow. The most important case is of course
when the Ekman transport is away from the coast, since this requires
an upwelling of nutrient rich water to the surface.

To illustrate the upwelling mechanism, we follow Anderson and
Gi1l (1975) who studied the oceanic adjustment to a suddenly applied
wind stress. Consider a meridional boundary and a north-south wind
stress with no meridional variation. The equations
are (%; = 0, ™ = 0 in 2):

U _ .

3% ~ V= - ClH 7.2

ﬂ-{-fU y

3t 7.b

]
~
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a single equation for U can be obtained, i.e.
y
Utt + £23y - Cc2 Uxx =+ 1 8
Solutions of equation 8 can be expressed as a sum of a steady part, to
satisfy the boundary conditions (u=0 at x=0) and transient solutions

to satisfy the initial conditions (eg. Gill and Clarke, 1974; Anderson

and Gill, 1975). The steady part is:

y

T X/R
7 Le

1] 9

where R=Co,/f is the baroclinic radius of deformation. Far from the
coast this solution tends to the Ekman transport U = Ty/f. Near the
coast it represents a piling up (or removing) of water. From the

continuity equation, this steady flow gives

X/R

fas

It
Rl

o

ot

10

i.e. a linear increase (or decrease) in the ULT for a positive
(negative) longshore wind stress. This increase in H is balanced by a

geostrophic alongshore acceleration,

cz

e t 11
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The linear increase eventually stops due to friction and by
westward radiation of energy in the form of pianetary waves. Indeed,
the response is not purely local. If a disturbance is generated by
some mechanism at one latitude, the information is carried poleward by
coastally trapped waves (eg. Gill, 1982) or westward by planetary
waves (eg. Mysak, 1983). A4nderson and Gill (1975) give a complete
desceription of the transient solution of (8) needed to satisfy the
initial conditions. They show that this consists basically of
planetary Rossby waves that carry the coastal upwelling (or
downwelling) westward. This part of the solution is more easily
obtainable by going back to (2). From the unforced version of (2),

equations for the horizonal transport can easily be obtained:

LU = -C3LH, + ny] 12.2
LV = —Cﬁ[Hyt - fo] 12.b
32 2 R -1
where L = Ttz + £2; for low frequency variations (&t>>f ') and

assuming alongshore variations of a much larger scale than acrosshore
variations (i.e. long wave approximation, Sy>>8x), an equation for H
can be obtained

92H f*?

[5ez ~cz Hlp * 88 = 0 3

Wavelike solutions of this equation of the form
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H=4-exp [i(kx - wt)] 14.a

exist where

@ = KkTyeEce 14.b

These are, of course, Rossby waves. For long waves (k small) the
group velocity as well as the phase velocity are negative so that
energy is propagated westward. By means of this mechanism, due to the
meridional variation of the Coriolis parameter (B=0), upwelling
regions and, in fact, any disturbance originated at the coast are not
necessarily confined to & radius of deformation as impiied for example
by eq. 9-11, but can propagate westward and contribute to the ocean
interior variability. OQObservational evidence of baroclinic Rossby
waves has been found in the north Pacific QOcean (eg. Price and
Magaard, 1980).

4 further wavelike solution is possible due to the presence of

the boundary. Setting U=0 in equation 2

£V = —C§Hx 15.a
= —C2;

Vt = Cody 15.D

Ht = Vy 15.c¢

Solution of these equations are of the form:
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v, eX R exp (1lky - wt)) 16

]
1]

s & exp (ilky - ut) 17

s}
]

w
P v

where R = Co/f and w = CK.

In the northern hemisphere these waves (Kelvin waves) propagate
poleward on an eastern boundary and are confined to the coast to a
scale R. Kelvin waves are important for thne coastal solution because
they carry information away from the source region. Disturbances
generated by any czuse, for example by direet wind foreing, Ekman
divergence, or disturbances of equatorial origin, can be radiated
poleward through the coast by this mechanism. Using sea level
observations aiong the American west coast, Enfield et al. (1980),
Chelton (1980) and Christensen et al. (19%83) have demonstrated the
existence of poleward energy propagation with characteristies of first

baroclinic Kelvin waves (i.e. eqg. 16-17).



IV. RESULTS

a) Loeally Wind Forced Moael

1) General Overview of Model Results

Figure 9 shows a typical result from our locally forced model.
The model was run for five years. Fig. 9 corresponds to a snap—shot
at day June 21, 1965. The most conspicuous feature is the general
decrease of ULT from west to east and its associated equatorward
current. This of course is an expression of the dominating Sverdrup
bzlance (eq. 5). 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 (200m). At the coast this is an indication of the
prevailing equatoward wind stress and associated large scale coastal
upwelling (eq. 10). In the northern region, this upwelling is most
probably due to Ekman pumping due to a positive wind stress curl (eq.
6). Fig. 9 corresponds to a typical summer situation, i.e. strongly
upwelling favorable winds. It shows that along the coast, the
strongest upwelling occurs from L40°N to 50°N. A strong feature of our
model is the splitting of the equatorward current at about 30N-125W
into a southward and an eastward current. The eastward current, upon
reaching the boundary, continues south with some turning north,
closing what is the model representation of the southern California
semi-permanent eddy. The position and axis of separation change

somehow through the year and from year to year, but

29
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Fig. 9: Upper layer thickness (contours) and velocity (arrows).
Typical output from the wind forced model. Arrows represent currents
scaled according to the key in the figure. Contours are in meters.
Contour interval is 15m. Currents slower than 1 cm/s are not
plotted. Note area of ULT less than the initial 200m along the coast
and in the northern region.
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the fazct that the main equatorward current changes direction around
30-35°N is very consistent result.

The global, large scale characteristics of the locally forced
model are shown in figures 10 and 11: the 19 year long term mean and
variance of ULT respectively. The dominant curl-of-the-wind driven
mechanism is evident in figure 10. Deepest ULT occurs west of 140°W
and from 20 to 35°N where the curl of the wind is most negative. ULT
decreases to the east and north of this region crezting an east-west
pressure gradient south of about U45°N and east of 1L0°W. West of
140°N and north of about 25°N there is a generzl north-south pressure
gradient. It is this pressure gradient pattern whicn geostrophically
drives the main gyre in our model [North Pacific Gyrel].

The ULT is shallower than the initial depth north of about 45°N
where the curl of the wind is prevalently positive and aiong the
coast. Maximum upwelling occurs at U0°N consistently 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 pressure gradient just at the coast which drives the coastal
interior countercurrent (IC). Besides the influence of a positive
wind curl near the coast, this pressure gradient could be due to the
fact that the reduction of the wind stress from its maximum
southwestward direction or actually reversed has a faster time scale

than the relaxation of the upwelling event.
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Variations about the steady foreced Sverdrup balance are smzall
away from the coast except in the northern region, as shown in Figure
11. Maximum varizbility occurs north of U45°N which corresponds to the
region of maximum varizbility in the winds but also is probably
related to the path of waves generated at the coast at regions of
strong wind reversais (eg. Mysak, 1983). Along the coast, maximum
varizbility occurs north of 40°N. An important characteristic of
Figure 11 is the monotonic increase in the variability to the north
along the coast. This feature again is in part due to the fact that
the winds are more variable (on a yearly scale) in the north, but also
hints at the need for inclusion of the equatorially generated
variability. As shown in eq. 17, disturbances generated at one region
can propagate poleward so that at a given latitude, the varizbility is
due to the locally forced variability plus the remotely foreced one
coming from equatorward. The further north, the more contribution

from a remote forced variability a given station can have.

2) Seasonal Variability

As a typical year, we use 1966 results to describe the seasonal
variability in our model. Four months, representative of the four
seasons are shown in Figure 12. Figure 12a shows the ULT and velocity
for March 1966. In this season, the winds at the coast are getting
stronger, the regions of upwelling are developing all along the coast
with a maximum at about U5°N. The eastward sweep of the southwesterly

currents is evident at 30°N-121°W, but most of the easterly current
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turns south along the coast without forming a gyre. The current along
the coast is equatorward. There is a large gyre circulation near the
coast from 40°N to 50°N due to the presence of an elongated region of
relztively higher ULT. This is due to 2 downwelling event from the
previous year. By June (Fig. 12b), 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 already relaxing, and some countercurrent is beginning to
develop. The splitting point for the equatorward current has moved
some degrees to the west. By September (Fig. 12¢), the strong
upwelling has ceased and the ULT minimum advected away from the
coast. There is a well developed negative pressure gradient near the
coast and the interior countercurrent (Davidson Current) is aiso well
developed from southern Baja California to the northern part of the
domain with strong poleward current around 41°N where the negative
pressure gradient is strongest. The December results show (Fig. 12d)
that the poleward countercurrent persists only north of 30°N where the
southern sections 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 this has propagated westward some degrees. An interesting

big eddy has formed at the tip of Baja California and is detaching
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from it and propagating westward.

There are two areas of preferential eddy formation, at the mouth
of the Gulf (20°N) and at the region of strong wind reversal (40°N).
A third ares of generation of westward propagating disturbzances seem
to be the regions south of the southern Cziifornia Eddy (i.e. south of
the Californiz bight). By differential relaxing of the upwelling
events north and south of around 30°N, & splitting of the equatorward
current is formed, with the eastward branch closing the southern
California eddy and the rest continuing southward. The splitting
itself seems to propagate westward with the characteristics of a
westward propagating annual Rossby wave. To analyze this point
furthner, long term averaged monthly anomalies of ULT with respect to
the long term annual mean are plotted in Figure 13.

Positive anomalies along the coast occur from October to Marech
while negative ancmalies occur from April through August or
September. The larger negative anomaly is in June; ULT starts
inecreasing (ht>0) until it reaches the maximum in January. From
January to June, the ULT decreases (Ht<0)' It is clear from Fig. 13
that this relaxation is not in the way of a standing wave at the coast
but by westward relaxations of the disturbance. Although this process
happens all along the coast, as mentioned before, two regions seem
dominant. Fig. 13 clearly shows most of the annual energy emanating
from 40°-45°N and from around 20°N. The 20°N waves is due to the

effect of the Gulf. These two source regions coincide with what has
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Fig. 13: Long term monthly ULT anomaly from local model. The long
term average was subtracted from the long term monthly means. Contour
interval is 2m. Strongest anomalies generated near 40°N and from the
mouth of the Gulf of California. Note the westward propagation of
anomalies through the year.
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by
been identified by other authors (eg. 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 before in Cummins et al. (1986)

analysis.

3) Large Scale Variability of ULT and Wind Stress Along the Coast

Time series of ULT and wind stress were constructed for the 15
stations shown in Table 1. The wind series are of the alongshore
component paraliel to the general direction of the coast at each
station (Table 1). Fig. 142 and 14b show the monthly averaged time-
latitude plots for winds and ULT respectively. The dominance of an
annual cyecle is evident. There are strong equatorward winds 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 at 48°N. The long term mean wind magnitude
versus latitude (Fig. 15) 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 [i.e. % Z |xi -§|]
in Fig. 16, increases from 16 m3/s® at 48°N to a maximum of 22 m2?/s2
at B0°N and a sharp drop to about 6 m2/s2 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 is

manifest in the ULT time series (Fig. 14b). The ULT is at all times
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Fig. 15: Long term mean ULT (continuous line) and alongshore wind
magnitude (dotted line) on the alongshore transect from station 1 to
15. Numbers identify the stations along the coast according to Table
1. Units are: meters for ULT and m%/s® for wind.



48

16 =~

UPPER LAYER THICKNESS (M)

STATICN

Fig. 16: Same as 15 but for the averaged deviation [i.e.

1
N

oo
[ e =1
—

|x,-X] 3.

wIND (M%/s?)



49

and latitudes less than the initial depth of 200 m whieh of course 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 with almost 50 m difference between
the northern and southermmost stations. In the winter, the difference
is reduced to about 15-20 m due to the relaxation and reversal of the
winds. In contrast to the winds, variability of ULT (Fig. 16)
increases monotonieczlly 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
Kelvin wave theory. ULT variability generated at a given latitude
contributes to that latitude energy budget plus to that of ail
stations to the north. The form of the long term c¢oastal ULT as
function of latitude (Fig. 16) is consistent with the mean annuzl sea
elevation determined by steric heignt as presented by Reid and Mantyla
(1976) .

There is some interannual variation in the winds and ULT
series. For example, for the winter of '68-'69, '69-'70, and '77-'7T8
the positive wind anomalies extend further south than the average, and
for '73-'74 the duration of positive wind is longer than average. The
ULT and wind interannual variation are plotted in Figures 1T7a-17b.
These long term variations were calculated using a 13 month running
mean filter in the time series. Positive anomalous wind events (i.e.

Wweaker equatorward winds or stronger than average poleward winds) are
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' present mainly at 1965-1969, 1974, and 1978. All these years are
characterized by positive anomalies of ULT (i.e. deeper than
average). The occurrance of several continuous years of positive
anomalies in the winds (1965-1969) produces a relatively strong ULT
positive anomaly at the coast. On average, the ULT for the T70's is
deeper than for the 60's. The positive anomalous event in this wind
driven model ULT does not seem to be particularly well correlated to
identified E1 Nino events.

To investigate the form of the ULT response £o the applied winds,
we calculated cross-correlation matrices from the latitude time
series. From Fig. 18a it is evident that there is high correlation at
all latitudes. The maximum correlation shifts to negatives values as
the station separation increases, i.e. events happening first in the
south than in the north. The orientation of the ridge of maximum
correlation indicates a propagation of the ULT signal to the north;
however, the implied speed (average approximately 3200 km in about 2
montns) is too slow to represent coastal wave propagation. By
comparing the ULT cross-correlation matrix with that of the wind (Fig.
18b), it is clear that the propagation implied in Fig. 18a is due to a
direct local response of ULT to slowly propagating winds patterns.
Indeed, both correlation matrices are qualitatively very similar, with
the actual values smaller for the winds than for the ULT series due to
a shorter decorrelation scale for the former. The structure of the

wind correlation matrix (and that of ULT) indicates a slow
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Crosscorrelation matrix of a) ULT and b) winds between time

series at station 15 and all other stations (Table 1).

Fig. 18
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left is the distance in thousandth km. From Cape San Lueas, southern

Baja California (ST 1).

Positive lag means station 15 leading.
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propagation of events from south to north. Figure 18a represents the
overall (all year) correlation matrix. Halliwell ana Allan (1987),
from an analysis of wind series (higher frequencies) along the western
North American coast, concluded that there is poleward propagation of
wind events only during the summer months, with equatorward
propagation for the winter. The fact that the overall correlation
indicates poleward propagation is probably due to the dominance of the
more energetic summer events. Brink {(1987) acknowledges the dificulty
of discriminating between observed locally foreed variability and that
due to remote forecing. Due to the large scales of the wind patterns,
a high correlation between 1ocal wind and sea surface elevation (SSE)
for example, does not necessarily mean that the SSE is loeally driven;
rather it could be due to z SSE 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 15
versus the time series of the winds at 2ll other stations (Fig. 19)
demonstrates the fazct that the ULT i1s best correlated with the winds
earlier in time (at negative lags) and with stations further south of
it. In particular the maximum at about 2,500 km from CSL shows that
station 15 ULT series is best correlated with the wind at about 500 km
to the south and earlier in time. 1In Fig. 20 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,

station 15 ULT shows a correlation of about .8 with the time series of
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example, station 15 (northernmost) shows a correlation of about .8
with the time series of the wind at the same station (value at the top
right corner of plot), but a maximum correlation of .9 with the wind
about 500 km to the south of it.
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the wind at the same station (value at right top corner of plot), but
it has a stronger correlation (.9) with the winds about 500 km to the
south of it. A maximum along the 45 degree line would indicate a
direct ULT response to local wWind with no propagation. The presence
of a ridge beiow and mostly parallel to the 45 degree line indicates
that ULT correlation to the winds further south, at a fixed distance,
occurs gt all the stations. This characteristic is again 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 (e.g. Halliwell and Allen, 1987; Allen and Denbo,
1984). Halliwell and Allen (1987) showed the sez level response at a
given location along the western Nortn American coast to be most
highly correlated with the winds at lag distances 300 t£to 300

kilometers equatorward of that location.

b) Remotely Forced Model

As explained in chapter II, a second model was run in which the
eastern most 5 degrees of the southern boundary were forced by
imposing values of U, V and H taken from an equatorial model. The
results, described in this section, are qualitatively different than
those from 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
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its generation, i.e. the large scale negative wind curl. The basic
mechanism driving this second model is graphically illustrated in
Figure 21. This figure shows snap-shots of ULT and currents at six
day intervals, from January 15 to February 3. The figure presents the
resuits for 1962, the second year of integration. An upwelling event
has entered the domain through the southern boundary and rezched 27°N
by January 15; six days later, at January 21, the low ULT signal nas
propagated north to about 35°N (Fig. 21b), 43°N by January 27 (Fig.
21c) and 50°N by February 3 (Fig. 21d). At the same time, a
downwelling event that was inside the Guif in its western side at
January 15 propagates around it and north along the coast, reaching
35°N in the 2% day interval. The offshore decaying scale and speed of
propagation indicate, of course, that this propagation corresponds to
first baroclinic coastal Kelvin waves described by (16-17). The
theoretical offshore scale, given by the baroclinic Rossby of
deformation (J/g'H/f) is approximately 30 km and 10 km for latitudes
24° and 40°N respectively, and the speed of propagation (Vg'H) is
about 2.5 m/s. Also shown in Figure 21 are the upwelling-downwelling
associated geostrophic 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 ana propagating along the coast,

constitute most of the response of the remotely forced model as proven
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Fig. 21: Upper layer thickness minus 20Cm (contours) and velocity
(arrows) from the remote forced model. Figure shows four snap-shots
of the results six 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. ULT deeper than 10m is shaded darker and ULT shallower than
-10m is shaded lighter.
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Fig. 22: Crosscorrelation matrix of ULT from the remote model.
along the coast (see Table 1).
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by the ULT crosscorrelation matrix (Fig. 22). The slope of the
maximum correlation ridge, in contrast to that of the locally forced
model (Fig. 18), does indicate a fast propagation in agreement with
the theoretical Kelvin wave speed.

In the annual and interannuzl time scale sense, the coastal
propagation is very fast. The difference in speed of propagation
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. Fig. 21 shows az downwelling band a few degrees
Wwest of the coast. This event was at the coast the previous year.
The time interval represented in Figure 21 is not large enough to show
any propagation of this band but, by the latitudinal variation on the
position and form of the disturbance, it can be identified as a
westward propagating Rossby wave. Note the decrease in separation
between the downwelling pattern and the coast from south to north.
Once separated from the coast, the anomalies continue westward
propagating in the form of free waves. Figs. 23-24 show two
representative results from the remotely forced model. Both figures
represent snap-shots of ULT anomalies for February 9; Fig. 23 is for
1968 and 24 for 1975. The pattern is very similar: meridional bands
of positive and negative 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 at
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the center of the domain that corresponds to the large positive
anomalies occuring at the coast in 1965 and 1972 respectively (i.e. El
Nino events). The different speed of propagation with latitude is
again evidenced by the sloping of the latitudinal bands. In Figure
23, a strong negative anomaly is observed at about 120-130°W; this
corresponds to the strong downwelling event (anti-El Nino) occuring at
the coast in 1973. The weak positive anomzaly in the western region,
starting at the western boundary at around 30°N and 40°N in Figure 23
and 24 respectively, corresponds to anomalies that were at the coast
in 1963 and 1964 respectively.

A1l the information contained in these plots and in the remote
model in general comes through only 500 km of the southern boundary,
and this information (at least its low frequency) 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 of egquatorial E1
Niflo event with north Pacific El Ninos, i.e. an oceanic tele-
connection.

The degree of correlation between our results and observed time
series along the coast is analyzed in the next section, while in

chapter V we discuss the westward propagation of energy.

¢) Model/observations Intercomparison

Time series of monthly observed sea surface elevation at several

stations along the coast were obtained (Wrytki, personal
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communication). Four stations were used for the analysis: Crescent
City (CC), Neah Bay (NB), San Francisco (SF) and San Diego (SD) (see
Fig. 3). These stations were chosen because they have the longest
records and represent the latitudinal variation of the arez of
interest. Lack of a iong enough series prevents us from using other
stations south of SD.

To compare with observations, model ULT anomaly data was
transformed to sea surface elevation anomalies (SSHA) by multiplying
oy the density gradient between the two layers of the model, i.e.

SSHA = é% (ULT anomaly)
AS an example of thé resulting series, Crescent City's observed and
model calculiated SSHA are shown in Figure 25. The overall visual
correlation in phase and amplitude is good in most years.
Particularly good agreement of the amplitude and timing of the
negative anomalies is evident. For example, the anomalous lows (more
than 120 cm) in 1964, '68, '70, '73, '77, '78 coincide in both
observations and model.

For a more effective visual comparison, the time series were
divided in three parts:

1) the composite long term monthly means;

2) the low frequency series, in which the series is low passed

filtered using an spectral filter with a stop frequency of 1
cycle/year and a pass frequency of .5 cycles/year.

3) the high frequency series, obtained by subtracting the low
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frequency series from the total series.

Strong similarities between modeled and observed seasonal
patterns are revealed. For SD, both model and observed SSH composite
mean show a2 minimum in April-May and an increase to & maximum in
fugust-September (Fig. 26); the observed SSH decreases monotonically
from August to the April minimum; whiie in the model SSH it stays more
or less constant until January and then decreases until April. The
amplitudes are similar in both cases. For SF and CC, model and
observed SSH annual cycle (Fig. 27 and 28) are remarkably similar both
in phase and amplitude. There is a minimum of about 8-9 cm in April-
May, an increase tO a maximum in August-September and a second maximum
in January. CC secondary peak is stronger than in SF, and it is well
represented by the model. For NB (Fig. 29), the amplitude is bigger,
and tne minimum and zero crossing are shifted to the right (occurs
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 sterie height anomalies, Reid and Martyla (1976) described
the seasonzl characteristies of sea surface elevation along the
California coast. They showed that contrary to the eastern coast of
the United States and further south in western America, the sea
surface elevation annual cycle is out of phase with the heating-
cooling cycle (i.e. maximum elevation in late summer or early fall and
a minimum elevation in winter; Reid and Martyla, 1976). Simpson

(1983) shows that the seasonal temperature anomalies in the California
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Current, which foliows the SSH seasonal cycle, were produced
dynamically rather than thermodynamically.

The model seasonal pattern is completely due to dynamical
mechanisms. The fact that the model reproduces the annual cycle so
well supports the theory of the seasonal cyele of SSH along the
western part of North Americz being mestly due to dynamical causes.
This is true even for SD where the seasonal cyecle "resembies the
annual nesting and cooling cvele" (Reid and Mantyla, 19756).

For most of the period, there is a high visual correlation at the
four stations compared between the model and observed high passed
filtered SSH series (Fig. 30). Especially well similated are the
upwelling events in the northern stations (CC and NB) (Fig. 30c and
30d). This points to the importance of the equatorward wind forecing
in the area and its proper implementation in the model. For most of
the years the upwelling events (negative ancmalies) have a shorter
time scale and larger amplitude than the downwelling events (positive
anomalies). This is also reflected in the composite means (Fig. 26-
29) and is more evident in the two southern stations (SF and SD) where
the two yearly maximums are more pronounced.

For year 'T4 and '75 the model results do not follow the
observations. The annual cycle in our model breaks down for those
years. At least in the SF series (Fig. 30b), it seems that this
perturbation of the annual cycle is also present in the observed

series. The amplitude and phase pecome erratic for 1974 and 1975 in
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both observations and model. In our model, this is the result of the
loczl and remote seasonal cycle becoming out of phase. Indeed, from
the separate contributions of each process (Fig. 31) it can be seen
that the change at '74 and '75 is due to the cancelling effect of each
signal. Most of the years both the local and remote signal reinforece
each other, but for the '73-'74, 'T4-'T75 period the remotely forced
signal gets out of phase with the wind driven signal (which maintains
its average amplitude and phase) and cancels the total signal. The
fact that the observed annuzal cycle aiso shows symptoms of disturbance
for those years might indiecate that the linear cancellation (or
reinforcement) mechanism between local and remote signals is a viable
one in the Californiz Current region. A complex de-modulation
analysis of the series around the annual frequency could be useful to
further analyze this point.

The amplitude of the annual signal due to each process is of
comparable magnitude as seen from Fig. 31. From visual comparison it
seems that there is more semiannual variability in the model than in
the observations. Most of the semiannual variation in our model comes
from the equatorial signal.

Low passed filtered time series of SSH anomalies are plotted in
Figure 32. Again there is a good agreement between model and
observations. El Nifo events of 1964, '65-'66, '72 and '76 reflected
in the data as positive anomalies are reproduced by the model. The

largest anomaly in both series is at '72, year of the strongest El
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80
Nino before the 1982 event. For the two southern stations, the
amplitude is very similar. A major difference between the two series
is the consistently low model SSH at '66-'67, while the observed data
Shows near zero or even positive anomalies. This is more pronounced
at the northern stations. Also, the magnitude of the 1972 event fails
to diminish to the north as the observations do. It seems from visual
inspection that the correiation of the low passed frequencies series
decrezses to the north.

Comparing the contribution to the low frequency anomalies from
each mechanism {local vs. remote) (Fig. 33), it is evident that, in
contrzst to the annual frequency, most of the energy in the E1 Nino
frequencey band in the region is of equatorial origin.

To investigate this point further and quantify the different
contributions, spectral and crossspectrum analysis were performed.

Spectra were calculated for each model (L, R, L+R) and
observations time series at the four stations: NB, CC, SF and SD
(Figs. 34-37). Standard smoothing in frequency was done using a 13
band-span Hanning window (26 d.f.) (eg. Bendat and Pearsol, 1971).

For the local model, at all the stations the dominant frequency
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 annual frequency are the
spectrum from the local and remote model of comparable magnitude. For

the remote model, the energy at the semiannual, annual, and the 2-4
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eycles/year frequency band are of similar magnitude, the background
energy, as for the local model, increases toward the low frequencies,
but the amplitude is at least an order of magnitude bigger. This
magnitude dissimilarity results in the L+R model spectrum being
dominated by that of the R model, except at the annual frequency. For
the semiannual and lower frequencies, the shape and magnitude of the
L+R spectrum is similar to that of the observations, but for the
higher frequencies (higner than semiannual), the energy drops nuch
more in the first than in the later, svidencing the narrower frequency
band response of the model.

The spectrum variation with latitude is mainly in the magnitude
of the annual peak. The magnitude of the annual peak increases to 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.

Conerence square functions (Y;q(f)] and frequency response

functions (qu(f)) defined as:

2 S;q(f)
Y2 (2) = — 16
sq Sss(‘) Sqq(f)
S (£)
5, ()% = 8%y 17
sq Sss(‘)

where Ssq(f) is the cross spectrum between series s and q, were

calculated. At each station (NB, CC, SF and SD) the cross-spectrum
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functions Y? and H? were computed between the observed SSE time series
as were:
1) SSH time series from the remotely forced model

2) SSH time series from the locally forced model

3} SSH time series from the local+remote model.

(3]

igure 38 shows the results for San Diego. As expected, from the
visuzl inspection for the E1 Nifio frequency band (2-4 years), there is
a large cohnerence square (= .80) between observed time series and the
remotely forced model (Fig. 38a). For the annual freguency, although
still significant, the coherence is smalier (= .60). For the loecal
model series, the opposite is true; there is a very strong coherence
between observed and model data at the annuzl frequency, but no
significant (at 50%) coherence at the low frequency band (Fig. 38b).
The frequency response function represents the power ratio between two
series at a given frequency. From Figure 38e (and 38b) it is clear
that though the locally forced model is very coherent at the annual
frequency (Fig. 38b), its energy is small (H20=3) compared to the
energy at that frequency from the observations. In other words, if we
assume there is a linear relation between the model output and the
abservations, Fig. 38e shows that the local model spectrum is about
1/3 of the observed spectrum. The result from the local+remote model
vs. observation comparison (Fig. 38f) shows that the annual frequency
energy is actually due to both mechanisms. The frequency response

function is very near one, while the coherence square is still
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Fig. 38: Coherence square function (CSF) and frequency response
function (frf) between model and observed SSH at San Diego. a) CSF
between observations and remote model. b) CSF between observations
and local model. c¢) CSF between observation and local+remote

model. d) frf between observations and remote model. e) frf
between observation and local model. f) frf between observations and
local+remote model. For the frf, the time series of observed values
is assumed to be linearly related to the model time series. A value
of 1 in the frf at a given frequency indicates the model and
observations spectra contains the same amount of energy at that
frequency. A value greater than 1 indicates the model underestimates
the energy of the observations. The 2-4 years band (El Nino band) was
shadowed and a line at the annual frequency drawn as a visual aid.
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90
large (= .75). 1In summary, Figure 38f shows that the remotely foreced
model expiains most of the variance (> 75%) in the observations in the
El Nifno frequency-band range, while for the annual frequency a
combination of local and remotely forced signal explains also about
75% of the variance.

This general qualitative pattern of the coherence and frequency
response function at San Diego is repeated in the other stations
(Figs. 39-%1). The remote mocel explains a large percentage of the
variance in the low frequency band, and both remote and local explain
the energy at the annual frequency. As hinted by the visual
inspection of the SSHA series, Figure 38-141 show 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. At Neah Bay the coherence square is still significant (>
.40, significant at 90% PCC) for the El Nino frequency band while for

the annuzl frequency it has gone up to more than .8 (Fig. #ie).

d) Westward Propagation of Energy

As shown in the monthly averaged SSH anomalies (Fig. 13),
disturbances at the coast, either locally generated or propagated to
the region in the form of coastally trapped waves, can radiate to the
west and become a source of energy to the ocean interior.
Observational evidence has demonstrated that most of the mesoscale
variability in the thermocline of the mid-latitude Pacific is

associated with long baroclinic Rossby waves (eg. Emery and Magaard,
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1976; Price and Magaard, 1980; White and Saur, 1981). White (1985)
classified the source of their generation in two types: 1) that due
to Ekman pumping by wind stress curl and 2) that due to eastern
boundary influence induced either locally or associated with remotelly
forced variability.

Mysak (1983) proposed a mechanism by which the north-south
fluctuation of the Eastern Boundary Current off Vancouver Island can
efficiently generate first baroclinic mode Rossby waves throughout the
central north Pacifie. White and Saw (1981) used subsurface
temperature and surface salinity observations along the great circle
transect between San Francisco and Honolulu to investigate the source
of annual baroclinic long waves in the eastern north Pacific. Their
study demonstrates the importance of large-amplitude fluctuations of
the wind curl in the vicinity of the eastern boundary as a source
mechanism for Rossby wave energy. They do not rule out the
possibility of some energy contribution by locally generated upwelling
and/or internal Kelvin wave propagation. More recently, Cummins et
al. (1986) simulated the annual Rossby wave field over a large part of
the eastern north Pacific Ocean. Through numerical integration of the
linearized, reduced gravity vorticity equation in spherical
coordinates, they were able to indentify three dominating sources of
Rossby wave energy: two along the coast, previously identified by
other authors, and a mid-oceanic generation region. Their model

includes realistic representation of the eastern boundary geometry.
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Whatever their generation mechanism, away from the source the
waves attzin the form of free propagating Rosby waves whose
characteristies, in a reduced gravity model, are given by eq. 14. The
phase speed depends on latitude through the Coriolis parzameter, i.e.,
for long waves:

Cph = -Bg'H 16

Killworth (1979) shows that the main effect of non-linearity in
the east-west propagation is through variations in H. A negative wind
curl, for example, inereases H through Ekman pumping so that the phase
speed is larger than in the linear case. The main effect of an east-
west pressure gradient is through the established Sverdrup bzalance.
Waves slow down or speed up as they travel westward depending on the
increase or decrease of H. 1In our model, this implies an increase in'
the propagation speed for waves generated south of about 40°N where
the east-west averaged pressure gradient is negative.

Westward propagation is evident in the longitude-time plots of
ULT displayed in Figures 42a-d. For these figures the remotely forced
model was sampled longitudinally at latitudes: 24°N, 33°N, 38°N and
43°N. The ULT values were averaged in space (1/2 degrees) and time (1
month). To avoid the zone of high variability and different dynamics
near the coast (i.e. coastally propagating waves and events
constrained to a radius of deformation from the boundary), data for

the longitude-time plots was extracted starting 3 degrees away from
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the coast. The period shown (1969-1974) was chosen to emphasize the
interannuzal variation of the data by including the extreme 1969 and
1972 events.

Waves emansting from the coast and going into tne interior are
clearly shown in Figures U42. The veloeity of propagation indiecated by
the slope of the contours decreases to the north in aceordance witn
eq. 16. Approximate velocities of propagation from Figure 42 are 1.0,
.61, .46, and .37 d/m for iatitudes 24, 33, 38 ana L43°N respectively.
These vaiocities are to be compared to those caiculated from eq. 16;
using the average ULT for ezch latitude and B = 2 x 10-1:11—.15—1 and g*
= .03; the following velocities are obtained: .95, .57, .47, and .41
d/m for 24°, 33°, 38° and 43°N respectively. Also the distance a
disturbance travels decreases to the north; this is a direct
consequence of travelling at a slower speed and allowing more time for
dissipation to take effect.

Although it is possible to distinguish (visuazlly) an annual
signal in the data (Fig. 42), it seems that the dominant energy is at
lower frequencies. This is in contrast to the strong energy at the
annual and semiannual frequency found at the coast (eg. Figs. 34
37). Clarke (1983) has shown that at a given latitude, coastal sea
level field can attain characteristics of both Kelvin poleward
propagating and Rossby westward propagating waves depending on their
frequencies. This could explain the dominance of the low frequencies

away from the coast, in spite of the fact that at the coast a large
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percentage of the energy is at the annual frequency.

Wave number frequency spectrum (WFS) of ULT for the three models
are presented in Figures 43-46. The spectrum were constructed from
longitude-time matrices like those shown in Figs. 42 (i.e. at
iatitudes 24°, 33°, 38° and 43°N) after normalization by the root mean
square (RMS). Due to lateral friction, the amplitude of the
disturbances decreases as they propagate westward; normalization is
needed to eliminate spatial changes in variance prior to computing the
WFS (eg. White and Tabata, 1986). Figure 43z, 43b, and 43¢ are (the
logarithm of ) WFS at lztitude 2U4°N for the loeczl, remote, and
local+remote models respectively. Similarly, Figures 44, 45, U5 are
the WFS for latitudes 33°, 38°, and 43°N respectively. To avoid
spurious contributions from the initial unspun-up north-western
region, only the last 15 years were used. Two-dimensional FFT and
Hanning smoothing in frequency wWere used to calculate the spectrum
estimates. On each WFS piot, the theoretical Rossby wave dispersion
curve (eq. 14b) for the corresponding latitude and average ULT was
drawn.

At all latitudes and for the three models (1+R, R and 1), the WFS
is dominated by a low frequency-small wavenumber band contribution and
a distinetive and smaller peak at the annual frequency (Fig. 43-46).
The relative importance of each one changes with latitude and from
model to model. At latitude 24°N, for example, the 1+R model shows

two distinctive peaks (Fig. 43a): one at the low frequency-small
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Fig. 43: Frequency-wavenumber spectra (FWS) for transect at 24°N.
FWS from local model, b) FWS from remote model and ¢) FWS from
local+remote model. Tne theoretical Rossby wave dispersion curve for
each model is drawn on the figures. The average ULT for each model
was used to calculate the theoretical dispersion curves.
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wavenumber range (64-25 months: e« ~ 16 degrees) that can be
identified with E1l Nino activity and one around the znnuzl frequency
(10 - 1% months: 16-9 degrees). For this latitude it seems that a
larger amount of the energy in the E1 Niflo band is due to the
contribution from the remote mogel (Fig. 43b) comparea to that of the
local model (Fig. 43c). For the annual peak the contributions from
the ioczl and remote models are of comparable magnitude. The sampe
conclusion can be drawn from the 33° latitude WFS (Fig. 44). For the
two northermmost sections {(Fig. 45 and 46) the contribution to the El
Nino peak comes from both the local and remote model at simiiar
proportions.

The zmount of energy in the low frequency band available at the
coast thnat was contributed from the remote model is at least an order
of magnitude bigger than that contributea by the loczl model (eg. Fig.
34). The fact that the WFS shows similar magnitudes for the iocal and
remote models indicates that the former is more efficient in radiating
the energy westward, i.e. wind induced current reversal (eg. Mysak,
1983) and/or direct wind curl forecing at the coast (eg. White, 1985)
is a more efficient mechanism at producing westward propagating
disturbances than poleward propagating Kelvin waves, although the
total energy is the sum of both mechanism.

It is clear from the WFS plots that most of the model's ocean
interior response is in the form of westward (negative wavenumber)

propagating Rossby waves. This is demonstrated by the maximum



106
spectrzal energy occurring mostly along the Rossby wave dispersion

curve, For exampie, at latitud

o®

24°N, (Fig. 43) the annuzl peak has
an associated wavelength between 11-16 degrees of longitude, while for
the same model at latitude 38°N (Fig. 45) the annual pezsk is shifted
in the negative wavenumber direction to a corresponding 6-5 degrees
wavelength. These values give an approximate wave speed of about 12.8
degrees/year and 5.8 degrees/year at 24°§ and 38°N respectively. The
pattern of maximum energy aiong the Rossby wave dispersion curve is
common to the three models. This indicates that once a disturbance is
generzted at a given latitude, either by coastally propagating waves
(remote model) or by wind stress curl at the boundary {(local model),
at least some of its energy is propagated to tne model interior in tne
form of Rossby waves.

A conspicuous exception to the above described pattern is the
peak at the annual frequency at a wavelength longer than that dictated
by Rossby wave dynamics. This peak is more evident at the 38°N plot
(Fig. 45), but it is also present at the 33° and 43°N plots (Fig. 44-
46). For the 2i°N plot it becomes indistinguishablie from the Rossby
wave annual peak. Variability at this frequency-wavenumber range is
most probably imposed directly by the local wind stress curl. The
very small wavenumber indicates a large scale phenomenon in the
longitudinal sense, and, since it is present at all latitudes, it is
probably the result of a giobal annual variation in the wind

forecing. For the 33° and U43° sections it is more evident in the WFS
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plots that the contribution to this secondary annual pezk (non-Rossby

wave) is due to the loezl model.



V. SUMMARY OF RESULTS

A reduced grzvity model that incorporates the geometry of western
North America has been used to study the dyneamices of the California
Current System (CCS). Three experiments were implemented: first the
model 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 boundary
using the results of a similar reduced gravity equatorial model; in a
third experiment, both forcings were used simultaneously (local+remote
model). The main objective of this work was to anzlyze the low
frequency variability on the CCS in terms of its contributions from
remote and local forcing.

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

For the local model, Ekman on-offshore transport driven by
alongshore winds largely dominates the dynamics near the coast.
Seasonal variations on the strength and direection of the winds

determine the annual ULT variability there. During spring and summer,
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strong northwesterly winds drive an offsnore Ekman transport that
causes the model pycnocline to become snallow near the coast.
Associated equatorward geostrophic currents develop reinforeing the
larger scale (Sverdrupian) equatorward California Current. Weakening
of the alongshore winds and actual reversal north of 40° during fail
and winter cause the upwelling region near the coast £o relax and the

coastal countercurrent to develop.

Crosscorrelation analysis shows that the ULT signal in the loecal
model siowly propagates from south to north at a speed too slow £O
represent first baroclinic Kelvin waves. It is shown that this motion
is in direct response to wind pattern poleward propagation. On the
other hand, several features of 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 later phenomenon has been identified as evidence of
coastal wave propagation (eg. Haliiwell and Allen, 1984).

For the remote model, most of the response along the boundary
corresponds to poleward propagating waves. Upwelling and downwelling
events and associated geostrophic currents succeed each other
appearing at the southern boundary and propagating along the coast
with the speed and offshore scale characteristics of coastally trapped
first baroclinicmkelvin waves.

Time series of sea level data from San Diego, San Franeisco,

rescent City and Neha Bay were used to validate the model. There is
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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 to determine that most of the
correlation in the large time scale (El Nifio time scale) is due to the
signal coming from the equator propagated to the region in the form of
ecoastzlly trapped Kelvin waves. O0On the other hand, both models
(remote zand local) are responsible for the model-observation
correlation &t the annual frequency.

Spectral and crosspectral analysis were used to quantitatively
corroborate the visual comparison. As expected, time series from the
Wwind forced model are very well correlated (high coherence square)
with observed sea level data at the annuzl frequency but poorly
correlated at low frequencies. For the remote model, the coherence is
low (but significant) at the annual frequency, but high at the low
frequencies, which strongly suggests that most of this energy is of
equatorial origin. The remote model explains more than 75 percent of
the variance in the low frequency sea level variability at San Diego
and San Francisco. For the two northermmost stations, the coherence
between remote model and observations diminishes for the El Nifio band
while the local-observations coherence at the annual frequency
increases.

Wavenumber-£frequency spectrum is used to investigate the
mesoscale variability in the model interior. The spectrums are

dominated by two maxima: one at the low frequency-small wavenumber
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end and another at the annual frequency. The ridge of maximum energy
lies along the theorectical Rossby wave dispersion curve for all tnree
models, which indicates that most of the ULT varizbility in the model
interior c¢an be associated with westward propagating first baroclinie
Rossby waves emanating from the eastern boundary. The spectra also
shows a2 secondary peak at the annual frequency that is not reiated to
Rossby wave activity. It seems that this secondary maximum is a

direct response to wind forcing at that frequency.



VI. DISCUSSICNS AND CONCLUSIONS

The results presented in this thesis nave demonstrated that a
significant zmount of the sea level interannuai varizbility in the
California current region can be explained by the poleward propagation
of Kelvin waves ziong the coast. This work supports the hypothesis of
an oceanic teleconnection as the principal mechanism for the co-
oceurrence of tropieal and mid-latitude E1 Nifio phenomena.

The effect 0f z basin-wide enhancement of the atmospheric
circulation during a tropicai warming event (atmospheric
teleconnection) is recognized as an important mechanism for augmenting
the basic response. However, this later effect is thought to be more
important for the annual time scale than for the interannual (El Nifo
variability) (see Figs. 31 and 33).

It seems plausible for the local wind driven contribution to
become the dominant force for specific events. Simpson (1983, 1984a,
b), for example, argued that for thne 1682-83 event, the observations
are incompatible with most of the requirements of the theory of
coastally trapped waves. Other authors (eg. Huyer and Smith, 1985;
Rienecker and Mooers, 1986) have concluded that, though the initial
signals of 1982-83 northeastern El Nino arrived by an oceanic path,
the initial effects were greatly enhanced by anomaious local
atmospheric conditions.

Huyer and Smith concluded that the manifestation of the 1982-83
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El Nifno off Oregon was associated with both distant and iocal
causes. They show that the atmospheric foreing bescame anomalous only
after (2-3 months) the initial high sea level developed.

One of the main objections to the oceanic teieconnection
nypothesis is the small cross-shelf length scales of the coastal
waves (= 35km). Anderson ané Réwlands (1976} theoretical work
demonstrated how pilanetary waves lead to z westward broadening of the
upwelling fields. Philander and Yoon (1982) showed that for long
periods (> 200 days) the appropriate offshore scale is not the radius
of deformation but the distance a Rossby wave travels in a given time.

Qur results reflect this condition. Once an upweiling (or
downwelling) event has propagated poleward along the coast, a westward
shedding of energy occurs (Figs. 13, 23a, 23b). This causes, first, a
broadening of the area of influence of the coastal phenomenon and,
second, an actuzl export of energy to the model interior. The time
scales of these two phencmena are very different. Coastal propagation
time scalss are of the order of days, while the broadening of the
coastal disturbance by planetary waves is of the order of months
(Philander and Yoon, 1982). This latter is certainly fast enough to
influence the coastal low-frequency El Nino events (2-5 years).

The remote model does not completely determine the moagel
variability. In fact, besides the low frequency coastal variations,
most of the model response, including the long term average

circulation and the annual variability at the coast (and at the
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interior), is determined by the local model through the curl of the
wind stress and the variability of the alongshore winds.

The resulting long term average ULT and geostrophnic currents are
encowraging. A very realistic current structure develops in which a
Sverdrup balance is established. The main geostropnic equatorward
currents dominate the response away from the coast. The model
reproduces several peculiar features of the geostropnic circulation,
most conspiciously the shoreward sweep of the southeastward flowing
waters at about 32°N (see Fig. 9). This feature, observed by Reid and
Schwartziose (1663) and described by Paviova (1966), consists of a
permanent shoreward bend in the main southward flowing current near
32°N.

Paviova (1966) suggests that at some distancs from the coast, the
eastward current divides into a northward component 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 Fig. 9.
Pavliova (1966) speculates about the eastward rotation being caused by
features of the bottom topography and to the pattern of prevailing
wind along the coast. The fact that our model so consistently
reproduces this feature dismisses topography as the main cause (our
model does not include any topographic effects), leaving the second
explanation as the most probable. In particular it seems that the

minimum in the tangential winds (magnitude of the projected winds in
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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 loczl model, coastal waves propagation seems to be masked
by Ekman advection. Crosscorrelation analysis of the ULT signal along
the boundary indicates a2 propagation speed that is too siow for
baroclinic Kelvin waves. The ULT signal probzbly reproduces the
propagation of the wind pattern through direect Ekman forcing (see
Figs. 17a, 17b). Information in the remote model, on the other hand,
propagates poleward freely along the eastern boundary. The speed, as
implied by the ULT crosscorrelation matrix (Fig. 22) coineides with
the theoretical Kelvin wave speed.

Time-longitude matrices of botn the local and remote model
clearly show waves emanating from the eastern boundary (Fig. 42).
Wavenumber-£requency spectra suggest that most of this energy is
associated with long planetary waves, i.e. the ridge of maximum energy
in the WFS lies along their theoretical dispersion curve. The phase
speed increases with decreasing latitude producing a refraction from
the initial direetion normal to the coast.

There are two main peaks on the WFS, one at the annual period and
one at a period ranging from 2-5 years. This pattern is common to
both local and remote models indicating two possible sources for the

mesoscale activity at the ocean interior.
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Each model seems to contribute a comparable amount of energy to
the total WFS. However, as shown in the spectra of the ULT at the
coast (Figs. 38-41), the availabie energy at the low ‘reguencies is at
least an order of magnitude higner for the remote model than for the
local. This fact suggests the wind driven disturbances as a more
efficient mechanism for the generation of low frequency variability at
the ocean interior.

Based on the anzalysis of dynamic thickness series along the
Honolulu-San Francisco transect, White and Saur (1983) concluded that
the variability south of 30°N was principally due to the effects of
sea level changes along the coast, whereas north of it, it may have
been principally due to the effect of wind stress curl. Our results
are consistent with these findings. It seems that for the two
northermmost stations (at 43° and 38°N) the contribution from the wind
forced model to the low frequency peak in the WFS is larger than the
contribution from the remote model. For the two southern time series
(at 24° and 33°N) the opposite is true. The actual difference is not
big and may not be significant.

Even though tne 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 due to the vertical averaging
associated with the reduced gravity equations. This limitation

results in one of the main constituents of the California Current
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system, i.e. the California undercurrents, wnicn cannot be considered
as a separate entity. The influence of the undercurrent, however, in
as much as its vertical integrated effect is concerned, is included in
the modei. 1In fact, it may be that the somehow longer than observed
persistence of the countercurrent in the model is the resuit of the
contripution of what otherwise would be an undercurrent. The
mechanism for generation of an undercurrent, i.e. region of positive
curl zlong an eastern boundary (Pedlosky, 1974; McCreary et al.,
1987), in our model generates only a countercurrent.

A second limitation is the absence of bottom topographv. This
suppresses the possibility of having the topograpnic Rossby wave mode
complimenting the internal Xelvin waves aiong the eastern boundary
{eg. Gill and Clarke, 1974; Allen, 1975). Evidence of this hybrid
(part Kelvin and part shelf) 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 nybrid waves, however,
has been most successfully used in explaining the charzcter of wind-
forced variability at much higher frequencies (hours-days) than those
considered in this work (seasonal and interannuai). It is not clear
how much the presence of the shelf and slope would affect the long-
scale-low-frequency event we had analyzed.

Large scale topography features like the Mendoecino scarpement
presumably could influence the response by providing a mean for

scatter of poleward propagation waves (eg. Chao et al., 1979; Hsueh,
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1980) or by zcting as a wave guide (eg. Longuet-Higgins, 1968). The
actuzl result of the above mechanisms would be to diminish the amount
of energy transmitted north of Cape Mendoecino. This could be the
reason why the magnitude of the interannnual signal does not decrease
poleward as much as is suggested by the observations, for example in
the 1972 event.

The effect of submarine ridges and valleys on the upwelling
pattern was demonstrated in a numerical study by Peffley and Q'Brien
(197¢). They show that bottom relief can be important in causing

localiized upwelling.
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APPENDIX A

Vaiues of parameters used in the model.

Neme Symbol Value

Radius of earth a 6.3784 x 10%
Coefficient orf Eddie

Viscosity A 350 m%/s
Drag Coefficient Cph 1.5 x 1073
Reduced Gravity g’ .03 m/s2
Initial Lager Depth H 200m
Time Step At 20 minutes
Grid size AB, Ao
(Lat. and Long.) AB, A 1/12 degrees
Density of Seawater p 1.025 x 103 kg/m3

Density of Air 1.2 kg/m3

Earth's Rotation Q .729 x 1074 §71



