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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.

iii



iv

A Paco y Luel

A Irma



ACKNCWLEDGEMENT

This work was supported by the National Secience Foundation grant
OCE-384-15986. Additional support was provided by the Consejo Nacional
de Ciencia y Tecnologia of Mexico.

I wish to express my deep gratitude to Dr. James J. O'Brien, my
major professor and thesis advisor. His guidance, motivation and
support throughout the course of this research are sincerely
appreciated. I am also grateful for the time taken by Drs.
Christopher K. Tam, Georges L. Weatherly, John W. Winchester and Allan
J. Clarke while serving on my doctoral committee. Thanks are extended
to Dr. K. Wyrtki for providing the sea level data used to validate our
model. This study would have been impossible without such data.
Computations were performed on the Florida State University's Cyber
205 Supercomputer. Portions of the computer time were granted by the
Florida State University Computer Center.

I also wish to thank my colleages at the Mesoscale Air-Sea
Interaction Group for their useful comments and suggestions. Special
thanks go to Dr. Mark Luther for his help during the initial stages of
the model development and the many hours of enlightening discussion.
Also, I wish to thank Mr. James Merritt whose help was vital to the
solution of many computer problems. I also thank Rita Kufper who

typed the different versions of this thesis with skill and patience.



To Edgar Pavia, Manuel Lopez, Irma QOlguin and &1l my friends at
the Fiorida State University, thanks for their help and for making my
stay at Florida State University and Tallahassee a most enjoyable and
unforgettable one.

Finally,

-

t is with the deepest affection that I thank my parents

and my wife Irma for their patience, love and unconditional support.

vi



~—

TABLE OF CONTENTS

PAG

List 0f T2Dl@Se.ccercccccccccncncccces cemeocssan evescsccsscens cecene ix
List Of FigureS.ceeececcecnees ceeseccscsssecesssassssasena tecessans X
I. INTRODUCTION..cc... cesessesecsssecnsesscssssrssssannes ceesees 1
a) Motivation ana objectiveS.ceeercecaes ceeesscercssans cens 1

b) The California Current.......... teeeseesnsescscnnaan cee. 4

IT. THE MODEL..ceeceacenee. ccesccscnecne tevesccceccanencnene ee--. 8
2) Model DescripfioNeeeeceececcesccccerescans ceerosveescvee 8

D) The FOrCiNE..cceecscsccscsscosssccesososssssossncscncnne 13

1) The Wind.......... serescccsccscnsscnnsacnns ceccerane 14

2) Equatorial MOGel...ecevecssccccsssccncscoscscsssnnne 19

III. SEA-LEVEL VARIABILITY ON AN EASTERN BOUNDARY...ccevee.. cenes 22
Iv. RESULTS.ceeccccceccccencsnnans ctessensseecacensescnscsscssons 29
a) Locally Wind Forced Model..eeeeeeeesncoveccnansancnanens 29

1) General Overview of Model ResultS..eceeccenccccccans 29

2) Seasonal Variability....... cecesstssssetesssnannes .. 34

3) Large Scale Variability of ULT and Wind Stress
Along the Coast........ crecesscescnscasss ceseeeesess Ll
b) Remotely Forced Model...ceeeceeeeens teeeresccseserascases DO
e) Model/Observations INtercompariSOnS...cccecececececaseoses 05
d) Westward Propagation of ENerg¥.cccececscsccccens ceessenms 90

V. SUMMARY OF RESULTS.evccecocesscescscssncncocascancssasssasasal08

vii



.................................................

viii



LIST OF TABLES

PAGE

Table 1: Stations used in the alongshore ULT variation analysis.. 46

ix



LIST OF FIGURES

PAGE
Fig. 1: Schematic representation of the northeastern Pacific
Ocean climatology showing surface winds (open arrows), surface
currents (solid arrows), and dominant atmospheric pressure
systems: Alecvtian low, North Pacific High, Californian
continental thermal low, and the North American High (from
Norton et 2l., 1985) ccercccccccsccconcscscccnsesnsovscscnnsensonces 6
> =)

Fig. 2: Typical geometry for z reduced gravity model (H<<H

Only the top lzyer is dynamically aCtive.ciecvecccccesocrconsonsns 9

Fig. 3: Model domain. The western, northern and southern boun-
daries are open. Dots mark the location of the station used by
the alongshore variation analysis (# identified in table 1). Larger

dots mark the stations used in the westward propagation analysis.. 11

Fig. 4: Staggered mesh used in finite difference discretization

of the governing equations, showing relative location of U, V

anNd Heveveeoeooooeeanssaees cecerenssenn ceccsccsesssens eessassences 12

Fig. 5: Example of a) raw and b) smoothed pseudo wind stress



data used to force the loczl model. The winds were linearly

interpolated to a 1/12 by 1/12 degree mesh. Units are m2/52...... 16

Fig. 6: Long term averaged pseudo wind stress for a) July

and b) JanuUary.ceceeececess tecesccesncescsesesestssssssnnsss ceecans 17

Fig. 7: The seasonal cycle of the northward component of the Wwind

at a location four degrees off the west coast of North America from

50°N to 24°N. Units are dynamic centimeters. The contours interval
2

is 0.1 dyn em “. Regions of positive (northward) wind are shaded

(from Hickey, 1979).c.... cecccccsnons cesene ceececcsseccsssecananmon 18

Fig. 8: Domain of the Kubota and O'Brien (1984) equatorial model
used to force the remote model. U, V and H values were taken from
a 15 degree transect at 18°N and imposed into our model southern

boundary (heavy line).c.cceeecss cecetessescs cececssecscscncensscans 21

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.....ccecceeeesceccceess 30

xi



Fig. 10: Long term averagea ULT (meters) from the local wind

driven model. Contour interval iS 10Me.cececececccoccceccsconcsnane 32

Fig. 11: Long term ULT standard deviztions (meters). Units are

meters. Contour Iinterval isS Meceeceecccecccovoccscsoccccscnn eevees 33

Fig. 12a: Upper layer thickness (contours) and velocity (arrows)
from iocal model for March 1966 (typical March situation). Only
the western 25 degrees are plotted. Note the eastward sweep of the
southeasterly currents at around 120W-32N. Contour in meters with

contour interval of 10m. Arrows scaled as key in figUre...ceeeee.. 35

Fig. 12b: Same as 12a but for June 1966. Maximum equatorward

current has moved westward compared £t0 128..ceeccceccccccccananane 37

Fig. 12c: Same as 12b but for September 1966. Countercurrent
is well developed all along the coast. Note the splitting of the

southerly current has propagated westward......... cesesssecsesonse 38

Fig. 12d: Like 122 but for December 1966. The bifurcation 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 big eddy has developed and is

detaching from the tip of Baja Californid..cieccicececccssoccvcenes 39

xii



Fig. 13: Long term monthly ULT anomaly from local model. The

long term average was substracted from the long term monthly mezans.
Contour interval is 2m. Strongest anomaliies generated near U40°N and
from the mouth of the Guif of California. Note the westward

propagation of anomalies through the year........ esseccan ceesssmae 41

Fig. 14: Time-latitude (alongshore) plots of a) the projection of
the pseudo wind stress vector to the general direction of the coast.

Units are m2/sz; contour intervals are 10 !112/52

. Continuous
line (positive contours) represent equatorward winds and b) ULT from
the local model units in meters. Contour interval is 10 m. These

plots were constructed from the time series at the stations indicated

in Table 1 and marked in Fig. Seecececccccccscenccsasccccassssscnss 45

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 m2/s2 for winde..eeeeeeos 47

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

1 ¥ =
¥ D D P
i=1

Fig. 17: Latitude-time plot interannual variability for a) wind

stress and b) ULT from local model. Positive contours indicate

Xiii



stronger than average poleward winds and deeper than average ULT.
Units are m2/s2 for winds and m for ULT. Countour intervals

are 2 m2/s2

and 1 m for the wind and ULT respectively....eccce... . 50
Fig. 18: Crosscorrelation matrix of a) ULT and b) winds between
time series at station 15 and all other stations (Table 1). The
scale at left is the distance in thousandth km. From Cape San

Lueas, southern Baja California (ST 1). Positive lag means station

15 leading......cc... cececsan ceccenncen cecesacene crceecccecens cesss 52

Fig. 19: Crosscorrelation matrix between time series of ULT at
station 15 versus time series of wind at 211 other stations.
Positive lag means ULT series leads the wind. Note the maximum
correlation of ULT at station 15 is with the time series of the wind

a few days earlier and about 500-600 km to the south.....cceeee... . 54

Fig. 20: Maximum correlation matrix between ULT and winds time
series. Figure displays the maximum correlation, regardless of
time lag, occurring between time series of ULT (abscissas) and the
wind (ordinates). The 45 degree 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 time series of the wind at the same station (value at the

top right corner of plot), but a maximum correlation of 0.9 with the

Xiv



wind about 500 km to the south of it..... sesecccsne ecccescncessnna 55

Fig. 21: Upper layer thickness minus 200 m (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 10 m darker shaded and

shallower than -10 m light shaded....... cevesecesccssesscsscnncnns 58

Fig. 22: Crosscorrelation matrix of ULT from the remote model.

Correlation of time series at station 15 versus all other stations

along the coast (see Table 1).cceccecaccccccnas cecesccsccsancacnas 61

Fig. 23: Typical ULT contour from the remote model. Snap-shot for

February 9, 1968..ccecerccececccscccccccccsssscsssssscsassascasnnss 63

Fig. 24: Same as 23 but for February 9, 1975..c-ctcceccccscencssss OU

Fig. 25: Comparison of sea surface height anomalies observed

(dashed line) and modelled for Crescent City...eceee.. ceccssacenna 67

Fig. 26: San Diego's composite annual mean SSH anomalies from a)

observations and b) local+remote MOAel..cceeeecceccnocccccaccncnces 69



Fig. 27: Same as 26 but for San FranCisSCO..eeccececccesccnnccaaes 70
Fig. 28: Same as 26 but for Crescent Cit¥..ccieeenrceccconacanas .o T
Fig. 29: Same as 26 but for Neah Bay..... cectcccsccssccannna coses 12

Fig. 30: Comparison of observations and model (dashed line) high
pass filtered (total signal minus low pass filtered) series of SSH
for a) San Diego, b) San Francisco, ¢) Crescent City, and d) Neah
Bay. A low passed filter with a pass frequency‘of 2w/2 years,-1 and
a stop frequency of 2x/1 years-1 was used. Note different secale

fOor Neah BaV.eeceeeooeocoencann ceecessssesscesssssncscssscscesenee 74

Fig. 31: Comparison of the contribution from the local (dashed line)
and remote models to the high pass filtered SSH anomalies at Crescent

City.iceceeeeenannnnnnn cesenen tesecscsccccen cecsesecacan cecscnccnns 17

Fig. 32: Comparison of observations {(dashed line) and model low
pass filtered series of SSH for a) San Diego, b) San Francisco,

¢) Crescent City and d) Neha Bay. An spectral low pass filter with
a stop frequency of 2n/1 year's—1 and a pass frequency of

2w/2 year's-'1 W3S US€G.ceeveneeccoccccanonnee seeececcoscccrcncccanes 78
Fig. 33: Comparison of the contribution from the local (dashed

xvi



line) and remote model to the low pass filtered SSH series at San

FranCisCl.cceccscsccaceccccncen esersscenes esvense cesccccccne cecees

Fig. 34: San Diego's SSH spectra from a) local model, b) remote
model, c¢) local+remote model and d) observations. Note that

different scales were used for each spectrum. The 90% confident

intervals are shown to the right of each SpeCtrUM.e..eeeerecccccans
Fig. 35: Same as 34 but for San FrancisSC0...eeeseeccceeccan ceesana
Fig. 36: Same as 34 but for Crescent City....... cecresscctcscenans
Fig. 37: Same as 34 but £Or Neah Bay..eeeeececrececnsccacncaceens
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 speectra contains the same amount of energy

xvii



at that frequency. A value greater than 1 indicates the model
underestimates the energy of the observations. The 2-§ years band

(E1 Nino band) was shadowed and 2 line at the annual frequency drawn

as @ visual @iG.c.cescvcccccccnsccncacanns ceeesssecasans ceneen .... 88
Fig. 39: Same as 38 but for San FrancisStO....cceccecescrsconcnces 91
Fig. 40: Same as 38 but for Crescent Cit¥.eeecececerccccnnanns e 92
Fig. 41: Same as 38 but for Neah Ba¥..eceeeeecens ecescescccncnes 93

Fig. 42: Longitude-time plot of ULT from the remote model at
a) 24°N, b) 33°N, c¢) 38°N and d) U43°N. Units are meters. Contour

intervals are 8 m for a and b and 4 m for ¢ and de..c.c...-. ceeessees 96

Fig. 43: Frequency-wavenumber spectra (FWS) for transect at 24°N.
a) FWS from local model, b) FWS from remote model and ¢) FWS from
local+remote model. The 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

Fig. 84: Same as 43 but for transect at 33°N...ueeeeeececcnene .ee.102

xviii



Fig. 45:

Fig. 46:

Same as 43 but for

Same as 43 but for

transect at 38°N...... esecccnsesee ...103

transect a8t U43%N...ceeeccccccncoccnas 104

xix



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.
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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



& H
warm LU

cald

b

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



15
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



26

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.
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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

The scale at

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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station 15 versus time series of wind at all other stations. Positive
lag means ULT series leads the wind. Note the maximum correlation of
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between time series of ULT and the wind at the same station. For
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.



56
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






