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Abstract

Propagating principal component analysis (PPCA) is used to
investigate the coastal Kelvin wave driven Rossby wave response in the
northeast Pacific. Using PPCA, a spatial structure function is obtained
from model upper layer thickness (ULT) data. The model used is a
nonlinear, reduced gravity model of the northeast Pacific forced by
coastal Kelvin wave propagation. The spatial structure function is used
to extract the interannual Rossby wave response from 300 meter depth
temperature anomalies. The observed Rossby wave signal is termed the
projection mode.

The Rossby wave-like features observed in the projection mode are
order 1000 km long with a a majority of their periods ranging between 2
and 4 years. The wavenumbers and frequencies found are consistent
with Rossby dynamics. The mean phase speed .of the Rossby wave-like
features within the projection mode is -1.3 cm sec’, in agreement with
the theoretical Rossby wave phase speed at 40N. Large amplitude
nearshore and decreasing amplitude away from shore suggests
nearshore generation of these waves.

An important source of sea level variability along the west coast of
North America at periods of 2-4 years was identified by Pares-Sierra and
O'Brien (1989) as poleward propagating Kelvin waves. Since the Rossby

wave-like features observed in the projection mode have a majority of
O'Brien (1989) as poleward propagating Kelvin waves. Since the Rossby

wave-like features observed in the projection mode have a majority of
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their periods ranging between 2 and 4 years, their forcing can be
attributed to long period Kelvin waves.

Spectral comparisons between the nearshore values in the
projection mode and coastal sea level show greater than 90% coherence
in the period band 3-4.4 years. The high coherence between coastal sea
level variations and the projection mode shows that there is a strong
correlation between the Rossby wave-like features within the projection
mode and coastal Kelvin wave propagation.

It is concluded that the Rossby waves within the projection mode
are forced by coastal Kelvin wave propagation. The projection mode
accounts for 47.5% of the variance in the 300 meter depth temperature
anomalies. The implication of this result is that the physical
mechanism of the numerical model used, Rossby waves excifed by
coastal Kelvin wave propagation, accounts for 47.5% of the variance in

the 300 meter depth temperature anomalies.
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1. Introduction

El Nifio events of varying intensity occur in the equatorial Pacific
and have been documented as far back as 1525 by Quinn and Neal (1987).
According to the hypothesis put forth by Wyrtki (1975), El Nino is a
response of the equatorial Pacific Ocean to atmospheric forcing. In the
tropical Pacific, prior to the onset of El Nino, strong southeast trades
exist over the central Pacific. The result of the strong trades is an
accumulation of water in the western equatorial Pacific, increasing the
east-west sea level slope. Relaxation of the trades results in the
accumulated water travelling eastward in the form of a downwelling
equatorial Kelvin wave.

El Nino events have both oceanic and atmospheric implications.
The downwelling equatorial Kelvin wave acts to supress upwelling,
shutting off a source of nutrient rich water and hence upsetting the
ocean's biological balance off Peru. With the reduced upwelling,
anomalously warm oce.an temperatures result. El Nifio events are
thought to cause decreased hurricane activity in the Atlantic, droughts
in southeast Asia, floods in Brazil, and many other anomalous weather
conditions (O'Brien, 1987). Because El Nitio is such a large scale
equatorial event, it is natural to ask whether it has a significant
midlatitude influence. Is equatorial El Nifio information communicated

through the ocean to midlatitudes, i.e., does an oceanic teleconnection

midlatitude intluence. Is equatorial Kl Ninno information communicated
through the ocean to midlatitudes, i.e., does an oceanic teleconnection

exist between the equatorial and so called midlatitude El Nitio?
1
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The equatorial Kelvin wave, upon impinging on the west coast of
Peru, has been shown in theoretical work to be able to generate poleward
propagating coastal Kelvin waves (Moore, 1968; Anderson and
Rowlands, 1976; Clarke, 1983). Poleward propagating Kelvin waves
along the west coast of North America have been shown to excite Rossby
waves in numerical work by White and Saur (1983), Pares-Sierra and
O'Brien (1989) and Johnson and O'Brien (1989).

First mode baroclinic Rossby waves account for a significant
portion of the mesoscale variability in the midlatitude eastern Pacific
(Emery and Magaard, 1976; Price and Magaard, 1980, 1983). In addition
to Rossby waves generated by coastal Kelvin wave propagation, Rossby
waves can also be generated by wind stress curl forcing (White, 1982,
1985; White and Saur, 1981, 1983; Pares-Sierra and O'Brien, 1989). In
order to investigate further these oceanic teleconnections, this research
focuses on Rossby waves forced by coastal Kelvin wave propagation
along the west coast of North America. |

A nonlinear, reduced gravity, 1% layer model (discussed in 2.2) is
used to simulate the oceanic circulation in the northeast Pacific in order
to to test the hypothesis of an oceanic teleconnection. This type of simple
model has been used successfully in the equatorial Pacific (Inoue and
O'Brien, 1987; Kubota and O'Brien, 1988). Kelvin waves propagating
northward along the west coast of North America are used as the
forcing. Model simulations show Rossby waves radiating westward

from the west coast of North America as far north as 50N, the northern

forcing. Model simulations show Rossby waves radiating westward
from the west coast of North America as far north as 50N, the northern

boundary of the model.
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The goal of this paper is to demonstrate and validate that the
physical mechanism of the numerical model is present in the
midlatitude Pacific. Evidence will also be presented to support the
existence of an oceanic teleconnection. A mathematical technique called
propagating principal component analysis (PPCA) will be used. PPCA
can extract physical information describing the varying physical
attributes of propagating features in travelling wave-like fields.

Through the use of PPCA a spatial structure function is obtained
from model upper layer thickness (ULT) data. The spatial structure
function is used to extract the coastal Kelvin wave excited Rossby wave
signal from 300 meter depth oceanic temperature anomalies. Rossby
waves generated by coastal Kelvin wave propagation are shown to
account for 47.5% of the variance in 300 meter depth temperature
anomalies. The implication of this result is that the physical
mechanism of the numerical model used in this research thereby
accounts for 47.5% of the variance in the terﬁperature anomalies. The
Rossby waves have wavelengths on the order of 1000 km and a majority
of thier periods ranging between 2 and 4 years.

This analysis focuses on the longitude band 135W-125W at 40N.
Due to its dispersive nature, the Rossby wave signal is anticipated to be
strongest nearshore. Thus, a 10 degree longitude band, 135W-125W, was
chosen for the analysis. 40N was chosen for the analysis since the
greatest density of oceanic temperature values was found at this

latitude.

greatest density of oceanic temperature values was found at this

latitude.
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The next section discusses in detail the oceanic and model data
used in this research. Section 3 first defines PPCA and then illustrates
its utility by presenting a test case. Next is a discussion of how PPCA is
used to extract the coastal Kelvin wave excited Rossby wave signal from
the 300 meter depth temperature data. Section 4 concludes with a
derivation showing how to obtain frequency and amplitude information
from the Rossby wave signal obtained through PPCA. The remaining

sections present and discuss our results.



2. Data
2.1. oceanic

The oceanic data used in this study was furnished by Warren
White, Scripps Institution of Oceanography, San Diego, California. The
data consists of expendable bathythermograph (XBT) temperatures at
300 meters depth in the Pacific Ocean for the domain 30N to 50N and
130E to 120W, roughly the entire north Pacific Ocean. The data was
collected through the TRANSPAC Volunteer Observing Ship program.

The temperatures are gridded into % degree by % degree values in space

and are gridded bimonthly in time for the period June-July 1976 to
October-November 1984. The 300 meter temperature field for April-May
1979 1is shown in Fig. 1. Temperature variability at 300 meters is
indicative of fluctuations in the main thermocline. Warm temperatures
generally correspond to a deep thermocline and'cooler temperatures to a
shallower thermocline.

In the present analysis we remove the time mean for each
bimonth to eliminate the annual signal, leaving signals with
interannual time scales, hence signals of propagating Rossby waves
with interannual time scales should remain. Prior to mean calculation
and removal, the missing values in the temperature data were filled
using linear interpolation in time, then the data were smoothed twice in

both directions using 1-2-1 weighting Hanning passes. After mean

using linear interpolation in time, then the data were smoothed twice in
both directions using 1-2-1 weighting Hanning passes. After mean

removal it was determined that additional smoothing was necessary, so
5
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Figure 1. The 300 meter depth temperature data from April-May 1979.
Variations in the main thermocline are reflected in temperatures at

300 meters depth. Warm temperatures generally correspond to a deep
Variations in the main thermocline are reflected in temperatures at

300 meters depth. Warm temperatures generally correspond to a deep

thermocline and cooler temperatures to a shallower thermocline.
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the temperature anomalies were smoothed using 2 1-2-1 Hanning
passes.

Temperature anomalies (bimonthly means removed) at 40N for
the longitude band 135W-125W during the full time period are contoured
in Fig. 2. Note the sloping contours, implying westward motion,
particularly during late 1983 through 1984. This westward motion is
indicative of Rossby wave propagation and the Rossby wave activity in

1983-84 corresponds to the 1982-83 equatorial El Nito.

2.2. model

A nonlinear reduced gravity model in spherical coordinates is
used to simulate the variability in the northeast Pacific due to coastal
Kelvin wave propagation. The model consists of one dynamically active
layer of a density p and depth H on top of an infinitely deep layer of
slightly higher density p + Ap. The interface between these two layers is
a proxy of the ocean pycnocline. Spherical coofdinates are used due to
the latitudinal extent of the model (30N-50N). The equations defining the

model are (Pares-Sierra and O'Brien, 1989),

oU 1 9 (UZ) 10 UV .
— —\5 ——=| - (2Q
ot +acosea¢ H +386(H) (2€ sinB)V
_._g o
"~ 2a cos® 00

+ AVZU (1a)
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Figure 2. Contours of temperature anomalies (in degrees Celsius) along
40N at 300 meters depth for 135W to 125W. Note the way the contours
are sloping, implying westward motion, particularly during late 1983
through 1984. This westward motion can be interpreted as Rossby
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A 1 0 ,UV (V)
— — 2Q sinB)U
ot +acosea¢(H) agg\H + (2Qsin6)
" 2

- g—aaa— + AV2V (1b)
oH 1 oU
o “— 4+ —(V cosb 1
= +acos9(8¢ + ae( cos )] (1c)

where ¢ and 0 are the longitude and latitude, respectively; U and V are
the transport in the east-west and north-south directions, respectively;
H is the depth of the upper layer; g'=(Ap/p)g is the reduced gravity; A is
an eddy viscosity coefficient; a is the radius of the earth; and Q is the
angular velocity of rotation of the earth.

Equations (1 a-c) were solved for the domain 18N to 50N and from
155W to the west coast of North America. The equations were discretized
into a staggered grid (Arakawa C-grid). A one twelfth of a degree
resolution was used in both the zonal and meridional directions (defined
as the U to H distance in the staggered grid), with integration time steps
of 20 minutes. The eastern boundary has a no-slip condition (U=V=0).
The north, south and west boundaries are open boundaries, employing a
numerically implemented Sommerfeld radiation condition (see
Camerlengo and O'Brien, 1980).

The model was forced at the eastern edge of the southern
boundary by imposing the results of a wind forced, reduced gravity

equatorial model (Kubota and O'Brien, 1988) in order to test the
hvnntheqice that remantelyv everited Racchy wravea nlav a mainr vnla in +tha

equatorial model (Kubota and O'Brien, 1988) in order to test the
hypothesis that remotely excited Rossby waves play a major role in the

midlatitude El Nifio response. That model domain encompassed the
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equatorial Pacific from 20S to 25N and was run from January 1961 to
December 1984. U, V, and H were taken from this model along a 15
degrees longitude band at 18N, and were used to force the above model
(see Fig. 3).

The width of the southern boundary used for forcing had to be
wide enough to allow coastally trapped waves to propagate through, but
it had to be narrow enough to minimize contamination of the interior
due to reflection of waves at the forced southern boundary. A 15 degree
length was selected for the forced boundary.

An x-t picture of model upper layer thickness (ULT) at 40N for
155W-125W and June-July 1976 - October-November 1984 with the overall
mean removed is shown in Fig. 4. Rossby wave propagation is evident
and the waves are propagating at a phase speed of approximately 1.5 cm

sect,
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Figure 3. The domain of the equatorial model (Kubota and O'Brien,
1988) used to force the northeast Pacific model. Values of U, V and H
were taken from a 15 degree transect at 18N and were imposed on the

northeast Pacific model's southern boundary. (after Pares-Sierra and
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O'Brien, 1989)
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3. Propagating principal component analysis
3.1. mathematical definition

The goal of this technique (see Barnett, 1983; Priesendorfer, 1988)
is to extract physical information on propagating features from a two

dimensional data array

U= (unm)NxM ’

where u is an NxM matrix with elements u__ and N and M being the

number of space and time points, respectively. Through the use of the
Hilbert transform (to obtain phase and amplitude information) and
complex empirical orthogonal function (EOF) analysis the component
eigenmodes of u are obtained, each yielding wavenumber, frequency
and amplitude information.

First the Hilbert transform is defined by

n

Q- =Zb, (@)cos(ot,,) - a,@)sin(ot, )], (2)

where t m=to + MAL. Here, bn and a_ can be determined from the Fourier

series representation of u ,

u . =2fa_(weos(wt_)+b_(w)sin(wt )],

u, o= E[an(w)cos(mtm) + b, (0)sin(ot_)],

13



14

so that a new complex array
U=u+iu, (3.)

where i = V-1, can be constructed.

By use of (2.) each Fourier component of U is phase shifted by % in

time. Barnett (1983) notes that ag phase shift of each Fourier component

provides optimal lag information on that component. Thus, U contains
information on relative phases. In addition to phase information,
amplitude information can be extracted from U (Bendat and Piersol,
1986), and will be discussed fully later in this section.

Complex EOF analysis is used on U to partition its variance into
component eigenmodes, each mode explaining a certain percentage of
the variance of U . The more significant eigenmodes may have physical
interpretations associated with them. The complex EOF analysis used

here follows Legler (1983). The covariance matrix of U is given by
c =U"Ty,

where *T denotes conjugate transpose. C is a Hermitian M x M matrix
having real eigenvalues.
The eigenvector decomposition of C yields M real eigenvalues Aj

and M associated complex eigenvectors

and M associated complex eigenvectors

E=E )
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where E, is a 1xM vector with elements E_ . The set of M eigenvectors

form an orthonormal basis from which the original data can be

represented. The vector E, will be referred to as the temporal function

(TF).
Through complex EOF analysis, U can be represented as the

product of a temporal vector (in this case E;) and a corresponding

spatial vector (W, ) summed over M, i.e.

where

w=(Wn)Nx1 ’

*
To solve for W for a given i (eigenmode) right multiply both sides by EiT,
yielding

WU E, .

The vector W will be referred to as the spatial function (SF).
Through this technique, U has been decomposed into its
component eigenmodes, each of which account for a certain percentage

of the variance of U, given by

component eigenmodes, each of which account for a certain percentage

of the variance of U , given by
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A,
[variance explained by eigenmode i] = e

M
PRN
k=1

Further, the phase and amplitude information has been similarly
decomposed. As will be shown, it is possible to obtain phase and
amplitude information from the spatial and temporal components
respectively of a given eigenmode, yielding some very useful physical
information as described below.

There are four functions which may describe physical attributes

of moving features in u for a given eigenmode i (Barnett, 1983):

1.) spatial amplitude function S;(x)

This function shows the variability of amplitude in space

associated with a given eigenmode. S,(x) is defined as

S,=IW,w; 1%,

where * denotes complex conjugate.

2.) temporal amplitude function Ri(t)
R.(t) is defined as

R()=EE, 1"

R(O-EE, 1"
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Ri(t) provides information on the temporal variability of amplitude.

3.) spatial phase function ©,(x)
The spatial phase function ®i(x) shows the spatial variation of

phase associated with u. ©,(x) is defined as

Im Wi
G)i(x) = arctan(R oW ]

i

It is from this function that wave number information can be derived (as

will be shown).

4.) temporal phase function ¢,(t)
The temporal phase function ,(t) shows the temporal variation of

phase associated with « and ¢,(t) is defined as

i

Im Ei
<|>i(t) = arctan(Re E ]

Frequency information can be derived from ¢,(t) (to be discussed

later).

3.2. Test case
Consider a traveling cosine wave with constant wave number,

frequency and amplitude:

Consider a traveling cosine wave with constant wave number,

frequency and amplitude:
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f(x,t) = Acos(kx-mt), (4.)

where x=1,2,3,...,64 and t=1,2,3,...,64. For the function we choose
amplitude, A=2, wavenumber, k = 21/32 and frequency, ® = 21/64. An x-t
plot (not shown) of (4.) reveals a picture similiar to the model ULT
contours shown in Fig. 4, with evenly spaced contours having constant
slopes equal to w/k = 0.5.

When the data defined by (4.) was processed using PPCA all of the
variance was accounted for by the first eigenmode, hence the first
eigenmode reproduces f(x,t). The SF picture associated with f(x,t) is
shown in Fig. 5. There is a wave number 2 pattern evident in both the
real and imaginary components of the SF picture, consistent with the
given wavenumber. The % shift is a direct result of Hilbert transforming
the data prior to complex EOF analysis.

The TF picture is a wave number 1 pattern in time (consistent
with the chosen ) and displays a similiar %phaée shift (except shifted in
an opposite sense) between the real and imaginary components.

The more interesting features of PPCA are evident when the four
functions (spatial amplitude, spatial phase, temporal amplitude,
temporal phase) discussed in the previous section are calculated.
Calculation of the spatial and temporal amplitude functions show that
S(x) = 16 and R(t) = .125. Note that the amplitude contributions for the
time and space components are constant. Further, if S(x) and R(t) are

multiplied together, the amplitude of the first eigenmode in x-t space is
time and space components are constant. Further, if S(x) and R(t) are

multiplied together, the amplitude of the first eigenmode in x-t space is

realized.
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The spatial derivative of the spatial phase function yields the

wavenumber,

0 on
a_x (Ox)= .20 = 3—2 )

The derivative of the temporal phase function yields the frequency,

1%

)

IS

For this simple traveling wave case, the four functions discussed
above yield the information needed to fully describe the physical
attributes of the x-t field yielded by (4.).

3.3. California example

To examine the relationship betweeﬁ the model ULT and
temperature anomalies, the correlation coefficient (r) was first
calculated, yielding r=16%. To further examine how well the two data
sets correlated EOF analysis was used (identical to the technique
described in 3.3, except that the matrix component obtained via the
Hilbert transform is set to zero) to partition the ULT and temperature
anomalies into component eigenmodes. EOF analysis has the ability to
highlight predominant standing patterns. Correlations between the

time components of the first three eigenmodes of the ULT and
highlight predominant standing patterns. Correlations between the

time components of the first three eigenmodes of the ULT and

temperature anomalies yielded correlations of less than 25 percent. This
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correlation of the time components is called canonical correlation
(Priesendorfer, 1988). This technique is widely used in meteorology
today. Due to the poor correlations PPCA was then used to help
demonstrate the hypothesized relationship because PPCA is designed to
extract physical information on moving features.

PPCA, as shown in the test case, is an effective tool for extracting
information on propagating features. Since the features of interest in
this research, Rossby waves, are propagating features, PPCA is the next
logical choice for this analysis.

PPCA analysis requires that the data to be processed are
demeaned, or else the variance of the first eigenmode will be artificially
large. Prior to using PPCA on the model ULT data in Fig. 4, the space
mean for each time and time mean for each space was removed
yielding model ULT anomalies (Fig. 6). The model ULT anomalies in
Fig. 6 are restricted to 135W-125W, the domain of interest. The space
mean (for each time) that was removed was nc;t for the longitude band
135W-125W, but for 155W-125W. The space mean for 135W-125W was
first removed, but this caused the magnitude of the 1982-83 El Nifio to be
suppressed. However, the large El Nifio magnitude was a feature of
interest. Removing the space mean (for each time) based on values in
the band 155W-125W left the magnitude of the 1982-83 El Nitio large, so
the space mean was removed in this way.

PPCA on the model ULT anomalies in Fig. 4 yielded 51 pairs of

space and time vectors. The real part of eigenmode 1 was contoured for
PPCA on the model ULT anomalies in Fig. 4 yielded 51 pairs of

space and time vectors. The real part of eigenmode 1 was contoured for

inspection (see Fig. 7). It was clearly a Rossby-type mode ( explaining
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Figure 6. Contours of model ULT (in meters) with the time mean for

each space and space mean for each time of the data shown in Fig. 4
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each space and space mean for each time of the data shown in Fig. 4

removed.
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Figure 7. Contours of model eigenmode 1 ULT (in meters) accounting
for 69.2% of the variance. Note the sloping lines which indicative of
Rossby wave propagation. The large positive ULT anomalies in early
1977 and early 1983 through 1985 are both results of the equatorial El
Nino events in 1976 and 1982-83. El Nino events are identified by

anomalously warm ocean temperatures, or equivalently, anomalously
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anomalously warm ocean temperatures, or equivalently, anomalously

large positive ULT.
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69.2% of the variance), with sloping lines indicative of Rossby wave
propagation. The next 4 eigenmodes accounted for 21.8, 7.2, 1.6 and .2
percent of the variance respectively. Eigenmodes 2-5 were contoured and
found to have no identifiable Rossby wave-like features. Since the first
eigenmode accounts for a significant portion of the variance and since
the Rossby wave-like motion is confined to eigenmode 1, the following
discussion is restricted to this mode.

To examine the coastal Kelvin wave forced Rossby wave signal in
the 300 meter temperature data, a new data set was constructed and
constrained to behave like the model Rossby wave signal spatially, and
having its temporal variability determined from the temperature

observations through

2wTD

A=——— (5.)
2w Tw
n

where

W=(W )ner

A=A

D= (Dnm)NxM ’

Here, W is the SF from model eigenmode 1, D is a complex array

~ Rl v . . s~ N L] . ‘1 ~AA

Here, W is the SF from model eigenmode 1, D 1is a complex array
formed according to (3.) where d is the 300 meter temperature anomaly

data (Fig. 2) and N and M being the number of space and time points,
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respectively. Equation (5.) extracts a temporal signal from D
corresponding to the spatial signal from the model eigenmode 1. A will
be referred to as the projection temporal function (PTF). The product of
W and A will yield what we will term the projection mode.




4. Results and discussion

PPCA yields wavenumber, frequency and amplitude information
that describes the Rossby wave pattern in the projection mode. The
projection mode is shown in Fig. 8. Rossby wave propagation is evident,
with particularly large temperature anomalies in late 1976 - early 1977
and in 1982-83. These large temperature anomalies are related to
equatorial El Nino events in late 1976 - early 1977 and 1982-83.

Figures 9 and 10 show the real (a) and imaginary (b) parts of the
SF and PTF, respectively. When the SF and PTF amplitude functions
are formed and multiplied to form a two dimensional amplitude field
(Fig. 11), several attributes are evident. Due to Rossby wave dispersion,
the amplitude field shows a decrease away from shore. The decreasing
amplitude away from shore suggests nearshore generation of the
observed waves. Temporally, large amplitude contributions are evident
in 1977 and 1983, both related to equatorial El Nito activity. El Nito
events are identified by anomalously warm ocean temperatures,
reflected in large positive values in the amplitude field.

The wavelengths (as a function of space) of the features in the
projection mode are shown in Fig. 12. Note the tendency for increase in
the wavelength away from shore. Due to the dispersive nature of Rossby
waves and since phase speed is a function of wavelength, faster phase

speeds (longer waves) will be found near 135W and the slower phase

waves and since phase speed is a function of wavelength, faster phase
speeds (longer waves) will be found near 135W and the slower phase

speeds (shorter waves) will be found nearshore.
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Figure 8. Projection mode (values are in degrees Celsius). Rossby wave
propagation is evident along with particularly large temperature
anomalies in late 1976 - early 1977 and 1982-83. These large

temperature anomalies are related to equatorial El Nino events in late
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temperature anomalies are related to equatorial El Nino events in late

1976 - early 1977 and 1982-83.
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Figure 9. The real (a.) and imaginary (b.) components of the model

eigenmode 1 spatial function.
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temporal function.




1985 ¢

—_——— w—_‘—_‘#—._._._‘—_-_—%_.j
....... I B
129 127 125
W. LONGITUDE

Figure 11. An x-t picture of amplitude contribution with the overall
mean removed (values are in degrees Celsius) formed by multiplying
the amplitude functions of the vectors in Figs. 9 and 10. Note
decreasing amplitude contribution away from shore, indicative of

wave dispersion. Note also large amplitude contributions in late 1977
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wave dispersion. Note also large amplitude contributions in late 1977

and 1983, both related to equatorial El Nino activity.
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Figure 12. Wavelength (in kilometers) of the Rossby waves observed

within the projection mode versus longitude. The wavelengths are
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within the projection mode versus longitude. The wavelengths are

order 1000 km, generally increasing offshore.
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Finding features with wavelengths on the order of 1000 km in a 10
degree band of longitude at 40N (850km) at first seems suspect. This
would be a major problem if wavelength information was obtained via
spectral analysis, for example. The wavelengths in Fig. 12 were not
found by fitting harmonics, rather they were computed directly from the
spatial phase function. Therefore, the wavelength values in Fig.12 are
not unreasonable, since they are not constrained by the limitations of
fitting harmonics.

An important source of sea level variability along the west coast of
North America at periods of 2-4 years was identified by Pares-Sierra and
O'Brien (1989) as poleward propagating Kelvin waves. Figure 13 shows
that a majority of the frequencies in the projection mode correspond to
periods ranging between 2 and 4 years. Since observed frequencies are
normally on the order of the forcing frequency, the forcing of Rossby
wave-like features observed in the projection mode could be explained by
poleward propagating Kelvin waves.

Additional evidence showing that coastal Kelvin waves excite
Rossby waves can be found by comparing coastal sea level to the
projection mode's value at 125W for the time period June-July 1976 -
October-November 1984 (hereafter referred to as projection mode cut
(PMC)). If the Rossby waves in the projection mode are indeed forced by
coastal Kelvin wave propagation, a high degree of coherence can be
expected in the period band attributed to poleward propagating Kelvin

waves (2-4 years).

expected in the period band attributed to poleward propagating Kelvin

waves (2-4 years).



1.0
- 0.5
©
o
S
?
L
[&]
>
L 4 years
3. 2 years
c
o
3
o
2

1.5 . r . . . . . , .

1976 1978 1980 1982 ' 1984 1986

time
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frequencies range between -.5 and -.25 cycles year’, corresponding to

_____ e I R T o T i T RV v

frequencies range between -.5 and -.25 cycles year?, corresponding to

periods between 2 and 4 years.
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Figure 14 shows the coherence between the PMC and coastal sea
level at San Francisco. Note good coherence (above 90%) for the period
band 1200 - 1600 days (3-4.4 years). The high degree of coherence between
the PMC and coastal sea level at San Francisco in the period band 3-4.4
years shows that the PMC, hence the projection mode, is strongly
correlated to coastal Kelvin waves.

The phase in the period band 3-4.4 years ranges from 11 to 28
degrees, with the PMC lagging coastal sea level. The average phase
difference corresponds to an average phase error of approximately 100
days. Since 125W is approximately 1 degree offshore, it would seem
reasonable to expect the two time series to be out of phase by some time
related to the time it takes the Rossby waves to travel from their point of
origin to 125W. The phase speed obtained by dividing 1 degree of
longitude at 40N by 100 days is approximately 1 cm sec’ (a reasonable
phase speed, as will be discussed next). Thus, we expect that the phase
difference is due to the time it takes the Rossby waves to travel from the
point of generation to 125W.

The theoretical Rossby wave phase speed is C = w/k = -B/(k2+(f/c)2),
where o is the frequency defined by the Rossby wave dispersion relation
(Gill, 1982, page 446), B is the meridional derivative of the Coriolis
parameter f, k is the east-west local wavenumber and c is the gravity
wave phase speed (2.5 m sec’!). Using the mean wavenumber value
from the projection mode (obtained by diving 2% by the mean wavelength

(from Fig. 12)), a mean theoretical phase speed of -1.2 cm sec! is
from the projection mode (obtained by diving 2% by the mean wavelength

(from Fig. 12)), a mean theoretical phase speed of -1.2 cm sec! is




PERIOD - DARYS
gﬂ 1g" 193 192 19!
-~ PR S T S| L ' | PR ST TR SO SR ' 5 I T S T 1 ) '

————————————————————— 99

sS@D.
2

COH

.25

.29

T T T

1g-4
FREQUENCY - CYCLES/DAYS

Figure 14. Coherence of the PMC and coastal sea level at San Francisco.
Note the 90% or greater coherence in the period band 3-4.4 years. The

spectra has been Hanning smoothed, resulting in a loss of coherence
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spectra has been Hanning smoothed, resulting in a loss of coherence

values at the frequency extremes.
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obtained. The mean phase speed within the projection mode (obtained
by dividing the projection mode frequencies (Fig. 13) by k, then
averaging) is -1.3 cm sec?, in agreement with the theoretical phase
speed of Rossby waves at 40N.
Using the Rossby wave dispersion relation and the local
wavenumbers within the projection mode (obtained from Fig. 12), a

1 is obtained,

theoretical frequency range of -.5 to -.25 cycles year’
consistent with the frequency range within the projection mode (Fig. 13).
The Rossby wave-like features within the projection mode have been
shown to be forced at the eastern boundary by coastal Kelvin wave

propagation. This finding of coastal Kelvin wave excited Rossby waves at

40N is consistent with the critical latitude (® ) defined by McCreary, et
al. (1987), ©_= tan'l(c/(20a)), where c is the gravity wave phase speed, ¢ is

the frequency and a is the radius of the earth. Equatorward of 0, Rossby

waves can be excited by coastal Kelvin waves. Using ¢=250 cm sec™ and a
mean period of 3 years a critical latitude of 71N is found.

The projection eigenmode accounts for 47.5% of the variance in
the 300 meter temperature anomalies. The 47.5% variance explained by
the projection mode implies that Rossby waves forced by coastal Kelvin
wave propagation account for 47.5% of the variance in 300 meter
temperature anomalies for 135W-125W at a latitude of 40N. The
implication of this result is that the physical mechanism of the
numerical model used in this research accounts for 47.5% of the

variance in the temperature anomalies.

numerical model used in this research accounts for 47.5% of the

variance in the temperature anomalies.
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5. Summary and conclusions
: The northern extent of offshore Rossby wave propagation
generated by coastal Kelvin waves was addressed by McCreary et al.
(1987). McCreary et al. define a critical latitude (® ) which is the
northernmost latitude where Rossby waves can be excited by coastal
Kelvin wave propagation. In this study a critical latitude of 71N is found.
It is then reasonable to expect to see boundary forced Rossby waves at
40N, and in this research the degree to which these waves are present is
assessed.
Through the use of PPCA and two data sets, model ULT and 300
{ meter depth temperature anomalies, a Rossby wave-like signal
’ (projection mode) accounting for 47.5% of the variance in the 300 meter
temperature anomalies was obtained. Large amplitude nearshore and
: decreasing amplitude away from shore implies nearshore generation of
these waves. The decrease in amplitude away from shore is evidence of
Rossby wave dispersion. The Rossby waves have wavelengths on the
order of 1000 km and a majority of their periods between 2 and 4 years.

The mean phase speedof the Rossby wave-like features within the

projection mode is consistent with the theoretical Rossby wave phase
speed at 40N. Effects of the equatorial El Nifio events of 1976 and 1982-83
are clearly present in the projection mode, with large associated positive

temperature anomalies.

are clearly present in the projection mode, with large associated positive

temperature anomalies.
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An important source of sea level variability along the west coast of
North America at periods of 2-4 years was identified by Pares-Sierra and
O'Brien (1989) as poleward propagating Kelvin waves. Since the Rossby
waves observed in the projection mode have a majority of their periods
ranging between 2 and 4 years, their forcing can be attributed to long
period Kelvin waves.

Spectral comparisons between the projection mode's values at
125W and coastal sea level produced greater than 90% coherence in the
period band 3-4.4 years. A strong coherence in the period band attributed
to coastal Kelvin wave propagation implies a strong relationship
between the two. The phases in the period band 3-4.4 years shows that
the projection mode lags coastal sea level, suggesting that information
is travelling from the coast offshore. The speed at which the information
propagates offshore was determined to be a reasonable nearshore
Rossby wave phase speed.

It is concluded that the Rossby waves observed in the projection
mode are forced by coastal Kelvin waves. This result wasn't totally
unexpected, since the model from which the projection mode's structure
function was obtained has its Rossby wave-like features forced
similiarly. These results show a dynamic mechanism for the
connection of equatorial El Nitio events with north Pacific El Ninos, i.e.,
an oceanic teleconnection.

The nonlinear, reduced gravity 11§ layer model used in this

research simulates the oceanic circulation in the northeast Pacific
The nonlinear, reduced gravity 115 layer model used in this

research simulates the oceanic circulation in the northeast Pacific

using Kelvin waves propagating along the west coast of North America
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as its only forcing. The model has several limitations: no
thermodynamics, no bottom topography and 1 baroclinic mode. Even
with these limitations, the physical mechanism of this numerical
model, and the projection mode, produces results that account for 47.5 %
of the variance in 300 meter temperature anomalies.

White and Saur (1983) suggest that the mesoscale variability above
30N is due to predominantly due to wind forced Rossby waves, hence
boundary forced Rossby waves are negligible. Our results clearly show
that boundary forced Rossby waves are not negligible within the area we
examined. On the basis of our result, however, it isn't possible to
confirm or deny the conclusion of White and Saur. A 10 degree longitude
band is too small to generalize the result to include large scale
variability, particularly for large disturbances along the coast.

In addition to the evidence of an oceanic teleconnection, it has also
been shown that PPCA is an effective tool in extracting information
describing the varying physical attributes (wave number, frequency and

amplitude) of propagating features in travelling wave-like fields.
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