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ABSTRACT

For the period 1959-81, quasi-zonal hydrographic sections have been made between the southern coast of
Vancouver Island (49°N, 126°W) and Ocean Station P (50°N, 145°W) approximately every two months. Along
this section (called Line P) hydrographic-STD stations were repeated at nearly the same locations, approximately
2° of longitude apart and at closer intervals near the coast. As such, 13 stations in all were made nearly every
two months over the 23-year period. Thus, the Line P dataset has particular value in verifying the existence of
interannual baroclinic long waves near 50°N. In previous studies, White, Kang and Magaard, and White and
Saur, had found evidence of annual and interannual baroclinic long-wave activity in the eastern midlatitude
North Pacific over the range 20°-40°N, but earlier attempts could not discover these westward-traveling waves
along Line P. In this study, both spectral analysis and complex empirical orthogonal function analysis are used
to do just that. Concentrating upon the depth of the o, = 26.8 density surface, which lay just below the main
halocline but within the main pycnocline, the time-longitude matrix of interannual anomalies about the long-
term mean annual cycle display westward propagation of much longer period (2-5 years), with speeds similar
to baroclinic Rossby waves, over the entire length of the section. The zonal wavenumber/frequency spectrum
of this dataset finds the maximum spectral energy density overlying the linear Rossby wave dispersion curve.
The first two complex EOFs both show westward propagation, one with larger period/wavelength than the
other, both together explaining 46% of the total variance of the 23-year record. Recombining the time-longitude
matrix from only these first two complex EOFs shows that the interannual baroclinic long waves tend to be
associated with ENSO events that have now been found to occur in both the ocean and the atmosphere throughout
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the Pacific basin every 2-5 years.

1. Introduction

Early efforts to detect interannual baroclinic long-
wave activity in the pycnocline of the eastern midlat-
itude North Pacific used repeated XBT data taken for
the 14-year period (1966-79) along the great circle
route from San Francisco near 38°N to Honolulu near
24°N (White and Saur, 1983). Baroclinic long waves
of periods of 2-5 years were shown to propagate west-
ward from the coast of North America out along the
first third of this section at linear baroclinic Rossby
wave speeds, but as the section turned toward the
southwest, the waves (refracting toward the northwest)
crossed the section normal to it. As such, the presence
of baroclinic long waves along this latter portion of the
section could be inferred only indirectly by the sub-
sequent success of amplitude and phase of the model/
data intercomparison (i.e., a model of Ekman pumping
alone could account neither for the amplitude nor the
phase). Yet, in two other studies (White, 1982, 1985),
interannual baroclinic (Rossby) waves were shown to
propagate directly westward from the coast of North

© 1987 American Meteorological Society

America in the main thermocline (i.e., near 125°W)
out to 165°W along a constant latitude section at 40°N
for the 4-year period 1976-80, made possible by the
XBTs deployed by the TRANSPAC Volunteer Ob-
serving Ship (VOS) program (White and Bernstein,
1979).

To date, the discovery and subsequent investigation
of the interannual baroclinic long-wave activity in the
castern North Pacific has been primarily restricted to
regions where the subsurface thermal structure has been
measured repeatedly over many years (White and
Bernstein, 1979). A most obvious dataset with which
to extend this investigation is that consisting of the
repeated hydrographic sections (i.e., observations made
by STD recorders and Nansen-Niskin bottle casts)
made along Line P, extending from the southern coast
of Vancouver Island at 49°N, 126°W to Ocean Station
P at 50°N, 145°W (Fig. 1). Earlier, Willmott and My-
sak (1980) had studied two-dimensional interannual
Rossby waves in connection with semipermanent ed-
dies located off the coast of British Columbia and
Alaska, but they did not utilize the Line P dataset. The
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LOCATIONS OF HYDROGRAPHIC STATIONS THAT CONSTITUTE LINE P
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FIG. 1. Geographic location of Line P, extending from the southern coast
of Vancouver Island to Ocean Station P.

hydrographic section along Line P was occupied ap-
proximately every two months during 23 years from
1959-81. Only those stations that were repeated over
most of the section at approximately 2° longitude in-
tervals were used in this study; others near the coast
over the continental shelf were deleted from consid-
eration,

Therefore, in this study the hydrographic data from
the Line P section is examined for baroclinic, long-
wave activity. The depth of the density surface where
o, = 26.8 is chosen as the representative isopycnal sur-
face of our study. In this region, the interannual vari-
ability of the surfaces of ¢, = 26.2 through 26.7 were in
phase (Tabata et al., 1986), and therefore, any one of
these surfaces could have been used. This density sur-
face is in the main pycnocline over the entire length
of Line P and allows internal geostrophic waves to be
detected. Because these data were not taken exactly
two months apart, they were first interpolated onto a
regular bimonthly time grid. Next, the long-term an-
nual and bimonthly means were computed, leading to
the computation of anomalies about the mean annual
cycle. Because gaps remained in the anomaly data,
these were filled using maximum entropy methodology.
The subsequent dataset of anomalies was then used to
form zonal wavenumber/frequency spectra and com-
plex empirical orthogonal functions, both of which are
consistent with the presence of interannual linear
baroclinic Rossby waves near 5S0°N.

2. Data and methods

The locations of the 10 repeated hydrographic sta-
tions taken along Line P that are used in this study are
displayed in Fig. 1, with stations located approximately
2° of longitude apart from 49°N, 126.7°W off the
southern coast of Vancouver Island to S0°N, 145°W,
the location of Ocean Station P, Two repeated stations

in the original Line P series have been deleted, one
near the coast because it was on the continental shelf
and the other because it did not conform to the 2°
longitude spacing. The resulting 10 stations in Fig. 1
were occupied approximately every two months for 23
years extending from 1959 to 1981, as indicated in Fig.
2. In this latter figure, the 23-year time record can be
seen to have had gaps of up to 6-months duration (in
1959-61, 1964-65, 1966-67, 1968, 1970-71, 1974-
75, 1975-76 and 1979-80), but much of the rest of the
time record is relatively complete. Generally, the space
record is complete as well; i.e., when a section existed
in time, usually all of the stations of the Line P were
occupied. When this was not true, stations were missing
due mainly to inclement weather. In a few cases, sta-
tions were removed by an editing procedure that des-
ignated them as being of poor quality.

As can be ascertained from Fig. 2, the station loca-
tions were not occupied exactly at two-month intervals.
For subsequent analysis it is necessary to have data at
uniform time spacing. Therefore, a cubic spline inter-
polation routine was applied to the time record at each
station location, placing these values onto a regular
two-month time grid, centered on the bimonth. The
cubic spline procedure has an advantage over other
interpolation procedures because it does the least
amount of smoothing of the overall record. Data gaps
of 1-2 bimonths in duration were filled with this in-
terpolation procedure. Gaps of greater than 2 bimonths
were filled using maximum entropy methodology.

The maximum entropy method (MEM) of spectral
estimation was developed by Burg (1967, 1968) to in-
crease spectral resolution when the lengths of the avail-
able data records were shorter than required to conduct
fast-Fourier transforms. Prior to the development of
MEM, the usual method of increasing resolution had
been to append a sequence of zeroes to the data se-
quence prior to transforming. The maximum entropy
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FIG. 2. The time-longitude locations of hydrographic stations that
have constituted the Line P section from 1959-81. These stations
represent those that have been edited from a larger file.

method extrapolates the data record beyond its given
length using information of the correlation structure
of the available data series. This method predicts the
ith value of the sequence by

N
Z;= 2 akZ(,-_k), iZzN+1, 2.1
k=1

where the predicted value Z; is calculated by summing
the products of the prediction coefficients, a;, with the
past N values of the data, Z;_,. The coefficients, a,
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are determined by minimization, in a least-squares
sense, of the quantity E2, where

M N
E*= 3 {Zi- T axZs-i}?, (2.2)
k=1

i=N+1

where M is the number of points in the data gap. The
minimization of (2.2) yields a set of linear equations
that can be solved for a; most quickly using the re-
cursive method outlined by Andersen (1974). There-
fore, the extrapolation beyond the length of the data
record is equivalent to least-squares fitting of an Mth
order model to the data (Van Den Bos, 1971). Restric-
tions placed on this extrapolation procedure are that
the number of data points before the gap (i.e., N) must
be at least twice the gap length, (i.e., M), and preferably
much greater.

3. Mean, rms differences, and annual cycle of the depth
of the o, = 26.8 density surface

As explained in the Introduction, the parameter
chosen to detect interannual baroclinic long-wave ac-
tivity is the depth of the o, = 26.8 density surface. The
annual long-term mean depth of that density surface
and the root-mean-square (rms) differences is given in
Fig. 3. The mean depth of the 26.8 density surface is
seen to be 325 m at 127°W off the southern coast of
Vancouver Island, decreasing to the west in a nearly
linear fashion to 200 m at 145°W, the location of Ocean
Station P. The rms differences of the individual bi-
monthly values of ¢, depth, about the annual long-
term mean depth for the 23-year period, are largest
next to the coast of Vancouver Island (i.e., £39 m),
decreasing to the west to a minimum value (i.e., +20
m) at 141°W.

As will be demonstrated in a later section, much of
the rms variability appears to have been associated with

ANNUAL MEAN AND RMS DIFFERENCES
OF DEPTH OF O; =26.8 ALONG LINE P
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FIG. 3. Long-term annual mean and rms differences about that
mean of the depth of the o, = 26.8 density surface along Line P.
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baroclinic long-wave activity originating near the coast
of Vancouver Island. The observation that the mean
depth of the o, = 26.8 surface decreases toward the
west indicates that Line P intersects the mean north-
ward shear of the Alaska Current. Therefore, these
waves are directed approximately normal to this mean
shear flow. According to Killworth (1979), this mean
shear flow will have an effect upon the westward prop-
agation of linear baroclinic Rossby waves by decreasing
the speed of the waves through the decrease in the in-
ternal radius of deformation (i.e., [|g’H/f?]'/?, where
H is the depth of main pycnocline and g’ is reduced
gravity in a two-layer ocean, with the lower layer at
rest). Therefore, it may be expected that linear baro-
clinic Rossby waves will have significantly reduced
westward speed (i.e., Cpx = —B/[k* + I> + (f¥/g'H)})
as they propagate to the west (i.e., as H decreases).
Moreover, they will be refracted by this effect, as well
as by the effect of 8 dispersion (Schopf, et al., 1981).
Furthermore, the propagation of energy (i.e., group ve-
locity) will also change due to this effect. It is possible
that with these changes in the dispersion relationship
along Line P nonlinear effects may become important,
affecting the amplitude of these waves. In subsequent
discussion, the effects of both the mean baroclinic flow
and possible, but unknown, barotropic flow will be ne-
glected when relating the linear Rossby wave analysis
to these observed interannual baroclinic long waves.
For the most part, the linear theory explains most of
what is seen, but of course, it cannot explain everything.
This we leave for a future modeling effort.

The observation that the rms differences in the depth
of the o, = 26.8 surface were largest next to the coast,
decreasing toward the west, is consistent with the earlier
observation of rms differences of subsurface tempera-
ture of 40°N (White, 1985). As shown in this earlier
study, larger rms differences next to the coast were re-
lated to larger rms differences in wind stress curl near
the coast, generating baroclinic long (Rossby) waves at
the coast through the mechanism of Ekman pumping.
White and Saur (1983) determined that rms differences
in wind stress curl were even larger next to the coast
of Vancouver Island at S0°N than next to the California
coast at 40°N. Therefore, although no causal connec-
tion is made in this study between baroclinic long
(Rossby) wave activity and the wind stress curl at 50°N,
the intensification of both adjacent to the coast is con-

sistent with the earlier study (i.e., White and Saur, 1983) -

and suggests a wind-driven origin for the pycnocline
variability observed at the coast. The quantitative
demonstration of this is left for later study.

The annual cycle of the depth of the o, = 26.8 density
surface about the long-term annual mean, based upon
long-term bimonthly values computed over the 23-year
period, is given in Fig. 4. It shows westward propagation
from the coast out to approximately 133°W, at a zonal
speed of approximately 2 cm s~!. This speed is about
twice the celerity of baroclinic Rossby waves (i.e., ~1.1
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ANNUAL CYCLE OF THE DEPTH (m) OF g, =26.8
ABOUT THE MEAN ALONG LINE P
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FiG. 4. Annual cycle of the long-term bimonthly mean depth of
o, = 26.8 density surface about the long-term annual mean along
line P. Two cycles are shown in time. Positive values indicate that
the o, = 26.8 surface is deeper than the long-term annual mean;
negative values indicate shallower depths.

cm s™') at this latitude (Mysak, 1983); moreover, it is
very near the critical latitude of linear baroclinic Rossby
waves (White, 1982; Mysak, 1983). Therefore, this
wave propagation may not be a manifestation of annual
Rossby waves, but simply forced by the annual cycle
of the wind. To determine whether this is true will
require the operation of a wind-driven model of baro-
clinic Rossby wave activity, again beyond the scope of
the present investigation. West of approximately
133°W, the westward propagation in the annual cycle
in Fig. 4 disappears.

4. Anomalous depth of the o, = 26.8 density structure

The anomalous depth of the ¢, = 26.8 density surface
along Line P is computed by subtracting the bimonthly
long-term mean values from the individual values each
bimonth. The resulting time-longitude matrix is dis-
played on the left-hand panel of Fig. 5 for the period
January 1963 to June 1981. Data prior to 1963 were
deleted because of their relative paucity. This time-
longitude matrix is contoured where data exist; gaps
in the data occur where the contours are discontinued.

For subsequent analysis, it is desirable to fill these
data gaps; this is accomplished using the maximum
entropy method described in section 2. This procedure
essentially extrapolates into the gaps using the data and
its correlation structure occurring before the gap. This
filled data matrix is then normalized by the rms in
both time and space. The normalization procedure
suppresses spatial and temporal changes (i.e., nonsta-
tionarities) in the variance of the filled data matrix.
Lastly, the time-longitude data matrix is detrended in
time. The resulting processed anomalies (i.e., filled,
normalized and detrended) are displayed in the right-
hand panel of Fig. 5. They show evidence of westward
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DEPTH ANOMALIES (m) OF THE o3 = 26.8 SURFACE
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FI1G. 5. Time-longitude matrices of anomalous depth of the ¢, = 26.8 density surface along
Line P, extending in time from 1963 to 1981. On the left are the raw anomalies based upon
individual bimonthly means; on the right are the processed anomalies with gaps filled, normalized
and detrended (see text for further details). Positive values indicate that the o, = 26.8 surface is
deeper than the long-term bimonthly mean; negative values indicate shallower depths.

propagation, with contours extending westward with
increasing time. The zero contours are approximately
parallel to those in the unfilled time-longitude matrix
(left panel, Fig. 5), with differences attributed to the
detrending procedure. Some evidence of eastward
propagation can also be seen (e.g., 1963, 1977), but it
occurs rarely. The westward propagation that can be
seen appears to have a dominant speed (i.e., approxi-
mately 1 cm s™!), but some variability (as much as
100%) occurs about that.

Westward propagation in the time-longitude matrix
of processed anomalies is confirmed, and a dominant
speed determined, from the frequency/zonal wave-

number spectrum (upper panel, Fig. 6). This frequency/
zonal wavenumber spectrum is computed using the
standard Blackman and Tukey (1958) method with a
Parzen window with 8 lags (in both dimensions). This
yielded 22 degrees of freedom for the spectrum. The
contour interval equals the 90% confidence interval
for this number of degrees of freedom. Thus, the peak
at a period of 3-5 years and a wavelength of 10°-20°
longitude is statistically significant. No filters other than
the Parzen window, normalization and detrending in
time were used.

This spectrum shows the maximum spectral energy
density at a period of 3-5 years lying on the linear
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FIG. 6. Frequency/zonal wavenumber spectrum of processed anomalies of the depth of the o, = 26.8
density surface along Line P. The contour intervals are the 90% confidence intervals. The linear Rossby
wave dispersion curve is also displayed (see text. for further details). Wavelength is in degrees of longitude;

period is in bimonths (i.e., 2-month lengths).

baroclinic Rossby wave dispersion curve, which extends

toward negative wavenumber with positive frequency;

ie.,

___Bk
k*+P+a?

where w is the frequency, k the zonal wavenumber, /
the meridional wavenumber, «~! the internal radius
of deformation,-and 8 the meridional derivative of the
Coriolis parameter /. Over most of the wavenumber
domain displayed, the zonal wavenumber k is very
small compared to the inverse internal radius of de-
formation (i.e., «~! = 30 km); therefore, (4.1) reduces
to the long-wave (nondispersive) relation where » and
k are linearly related. As such, the zonal phase speed
is

“4.1)

w

4.2)

where fis the Coriolis parameter, g’ reduced gravity,
and H the depth of the upper layer (i.e., pycnocline)
of a two-layer ocean with the lower layer at rest. In Fig.
6, the zonal wave speed (i.e., Cpy) is calculated to be
1.1 cm 7!, where H = 250 m and g’ = 3 cm s~ this
value of the speed is similar to that produced by Mysak
(1983). As discussed earlier, this dispersion relation de-
rives from a linear model that ignores the effects of
barotropic and baroclinic background flows, bottom
bathymetry effects, etc.

This frequency/zonal wavenumber spectrum in the
upper panel of Fig. 6 is compared with the correspond-
ing spectrum of random data, displayed in the lower
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panel of Fig. 6. Random data was used to replace real
data at the location of the hydrographic stations in Fig.
2. Then, these random data were treated in the same
manner as the real data (i.e., a cubic spline was used
to construct the bimonthly grid); the maximum entropy
method was used to fill the gaps greater than 2 bi-
months; the data were normalized and detrended in
time; and the frequency/wavenumber spectrum was
computed with the Blackman and Tukey (1958)
method using a Parzen window with 8 lags. The re-
sulting zonal wavenumber/frequency spectrum of these
random data does not show the maximum values along
the Rossby wave dispersion curve. For periods less than
1 year (i.e., 6 bimonths), both spectra are similar and
nearly symmetric for £k (i.e., zonal wavenumber), in-
dicating that the real data anomalies tend to random-
ness at these shorter periods.

5. Complex empirical orthogonal function analysis

The time-longitude matrix of anomalous depth of
g, = 26.8 density surface is seemingly composed of
interannual baroclinic long-wave activity of the type
observed by White (1982) at 40°N. Upon closer in-
spection, there is the suggestion in these data and in
earlier studies of temperature fluctuations at Ocean
Station P and N (e.g., White and Walker, 1974) that
the large-scale variability is related to ENSO (El Nifio/
Southern Oscillation) events occurring most promi-
nently in the equatorial and tropical Pacific ocean~
atmosphere environment. In order to investigate this
possibility more thoroughly, the time-longitude matrix
of the processed anomalous depth of the o, = 26.8 den-
sity surface is operated upon by complex empirical or-
thogonal function analysis. This analysis has the ca-
pability of separating the dominant time-space vari-
ability (i.e., defined here as the signal) from the less
dominant and random variability (i.e., defined here as
the ambient noise).

Complex EOF analysis (also known as complex
principal component analysis) has the ability to detect
both standing and traveling wave phenomena in the
19-year (1963-83) time-longitude matrix of processed
depth anomalies of the o, = 26.8 density surface dis-
played in Fig. 5. Compared to the more conventional
real EOF analysis (Lorenz, 1956), the complex EOF
has an additional step. Given an anomalous dataset
denoted d(f), where j denotes spatial position and ¢ is
time, this additional step is the generation of a complex
anomalous data field D;(¢), whose real part is the orig-
inal data field [d;(¢)] and whose imaginary part is the
data field [d;(z)]. This imaginary part of the complex
data field has the same spectrum as the real data field
but with the phase at every frequency shifted 90° from
that of the original data field. This is accomplished by
applying a Hilbert transform to the original data field.
The 90° phase shift of each Fourier component is
equivalent to providing optimal lag information on that
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component, allowing traveling wave activity in the real
field to be detected.

Once the complex data field is known, the same pro-
cedure for determining the eigenvectors and principal
components of the real dataset is used, except that the
procedure is applied to both real and imaginary data
fields. Then, the results of the complex EOF analysis
are represented in terms of the amplitude and phase
of the complex eigenvectors (i.e., representing spatial
variability) and the complex principal components (i.e.,
representing time variability) of the complex data field.
A rigorous discussion of these procedures is given in
both Horel (1984) and White et al. (1987).

The first two complex EOFs of the anomalous depth
of the o, = 26.8 density surface are displayed in Fig. 7,
together accounting for 46% of the total interannual
variance contained in the time-longitude matrix in Fig.
5. According to significance tests developed by Barnett
(1977) and Preisendorfer and Barnett (1977), the two
EOFs shown in Fig, 7 are determined not to have been
derived from random data. The next higher order EOFs
(i.e., 3-5) did not pass this test. Yet, it is important to
note that these higher order EOFs also demonstrated
a strong tendency for westward propagation of the
anomalies, explaining 15%, 13% and 10% of the vari-
ance, respectively (not shown). However, according to
the statistical analyses conducted by North et al. (1982),
individual EOFs of similar variance (i.e., as in the case
of complex EOFs 1 and 2 in Fig. 7) are interpreted as
dependent components of a set of EOFs that together
describe the same statistical process. In this case, the
first two complex EOFs, which explain 25% and 21%
of the total variance, respectively, are therefore not sta-
tistically independent. Although they are orthogonal
to each other (i.e., linearly independent), they are a
part of very similar statistical processes. This is perhaps
obvious, since both the wavenumber (d¢/dx) and fre-
quency (d¢/9r) of these two EOFs are relatively mono-
tonic and of similar sign.

The first two complex EOFs have spatial patterns
that are very similar. The amplitude tends to increase
with distance away from the southern coast of Van-
couver Island; the phase increases montonically to the
west with distance, indicating westward direction of
the zonal wavenumber (i.e., Kk = d¢/dx). The corre-
sponding wavelength scale can be easily seen to be 18°
of longitude for the first complex EOF and approxi-
mately half that (10° of longitude) for the second EOF.
The shorter wave propagates to 140°W, but not west
of there, whereas the longer wave propagates westward
over the entire longitudinal extent of Line P (i.e., out
to at least 145°W).

The two time sequences of amplitude are orthogonal
to one another, displaying variability of little signifi-
cance. However, the time sequences of phase show
monotonic time phase development, with the first
complex EOF displaying generally lower frequency
(i.e., d¢/9r) scale and more interannual variability in
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frequency than the second complex EOF. The second
complex EOF can be seen to have a period scale of
approximately 1-3 years (i.e., the time it takes for the
phase to extend over 360°), while the first EOF has
period scales ranging from 2 to 5 years. Time phase
development occurring when the amplitude is very low
can be neglected from consideration.

Therefore, the first complex EOF has a zonal wave-
length scale of approximately 18° longitude, associated
with period scales of 2-5 years, while the second com-
plex EOF has a zonal wavelength scale of approxi-
mately 8° longitude associated with period scales of 1-
3 years. These scales broadly straddle the linear Rossby
wave dispersion curve given in Fig, 6, without verifying
the linear theory; such verification can occur only when
a model can be constructed that will simulate the am-
plitude and phase as a function of space-time. These
results are also consistent with the frequency/zonal
wavenumber spectrum, which has greater spectral en-
ergy density at the longer wavelengths/periods.

6. Discussion and conclusion

The complex EOF analysis acts as a filter separating
low frequency variability from higher frequency vari-
ability. The low frequency variability tends to be more
deterministic, while the higher frequency variability is
more stochastic, as observed in wavenumber/frequency
spectra in Fig. 6. It is possible to see this by recon-
structing the time-longitude matrix in Fig. 8, with
much of the higher frequency variability removed, by
using just the first 2 complex EOFs in Fig. 7. This pro-
cess yields only the variance contained in these first 2
complex EOFs, which has been shown in the previous
section to be dominated by westward-traveling baro-
clinic long-wave activity of wavelengths 10°-20° lon-
gitude and periods of 1-5 years. The reconstructed
time-longitude matrix is given in Fig. 8 and displays
this wave propagation clearly. Yet, the obvious change
in speed with time displayed in this figure suggests that
the background baroclinic and barotropic conditions
ar¢ nonstationary. .

This time-longitude matrix shows waves of period
scale ranging from 1 to 5 years emanating from the
southern coast of Vancouver Island, propagating west-
ward, and gaining amplitude in the direction of prop-
agation out to Ocean Station P. This is very similar to
that observed at 40°N by White (1982), with the in-
creasing amplitude in the direction of propagation
consistent with the theory exploited by White (1985)
on the resonant driving of the baroclinic long (Rossby)
waves by the overlying wind stress curl field. It remains
to be seen whether such a resonant wind-driving model
can explain the actual phase of these waves (as White,
1985, was able to do at 40°N).

The earlier work of Horel and Wallace (1981) linked
the pressure patterns in the Gulf of Alaska to ENSO
events in the equatorial and tropical Pacific. Therefore,
it may be expected that a phase relationship exists be-
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RECONSTRUCTED DEPTH ANOMALIES
OF 0, = 26.8 SURFACE FROM THE
FIRST TWO COMPLEX EOF'S

143°w 139° 135° 131° 127°W
1963 — T T T T T T T

143°W 139° 135° 131°
LONGITUDE

127°wW

FIG. 8. Reconstructed time-longitude matrix of the normalized
anomalous depth of the o, = 26.8 density surface, based upon the
first two complex EOFs displayed in Fig. 7. This matrix contains
46% of the variance displayed for the time-longitude matrix on the
right hand side of Fig. 5.

tween anomalies along Line P and ENSO events that
exist in the tropical Pacific, provided these anomalies
are either directly or indirectly wind driven, In Fig. 9
is the detrended time sequence of the anomalous sea
level at Callao (12°S) along the coast of Peru, observed
by White et al. (1987) as indicative of ENSO events in
the eastern tropical Pacific. Also shown are the time
sequences of depth anomalies of the o, = 26.8 isopycnal
surface taken from Fig. 8 at three locations along Line
P. The shaded bands indicate the ENSO vyears, with
sea level (and pycnocline depth) tending to peak at
Callao sometime during these years. Also shown at the
bottom of the figure is the correlation matrix between
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COMPARISON _OF PYCNOCL DEPTH
'ANOMALIES ALONG LINE”\FiEWITH
SEA LEVEL AT CALLAOQ, PERU (12°S)
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100

SEA LEVEL (cm)

=100

PYCNOCLINE DEPTH ANOMALIES (m)

1965 ‘i97c; 1975 1980
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FIG. 9. (Top panel) Time sequence of detrended sea level anomalies at Callao, Peru (12°S),

from 1963 to 1981, together with time sequences of depth anomalies of the o, = 26.8 isopycnal
surface at three locations along Line P taken from Fig. 8. The shaded bands represent years
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the Callao time sequence and all of the time sequences
along Line P from Fig. 8.

This correlation matrix at the bottom of Fig. 9 has
the time sequence at Callao correlating positively with
the anomalous depth of the ¢, = 26.8 isopycnal surface
near the southern coast of Vancouver Island at zero
lag. At approximately 18 degrees of freedom [deter-
mined by dividing the record length by the decorre-
lation scale of the record (Bendat and Piersol, 1971)],
cross correlations equal to 0.4 are significant at the
90% confidence level. Therefore, during ENSO events,
the pycnocline depth at Callao and the pycnocline
depth at the southern coast of Vancouver Island were
both deeper than normal, but at a correlation that is
below this significance level. However, this positive
correlation is maintained consistently along Line P with
time from the southern coast of Vancouver Island out
to Ocean Station P, being correlated positively there
significantly three years later. This significant positive
correlation at Ocean Station P is larger in general than
those correlations along Line P because of the much
larger number of data taken there (see Fig. 2). These
positive cross correlations, extending westward with
time along Line P, are indicative of the influence of
baroclinic long-wave activity along Line P and, in fact,
have a slope (i.e., 1-2 cm s™) in lag space approxi-
mating the phase speed (i.e., ~1 cm s™') of the linear
baroclinic Rossby waves.

One year prior to the ENSO event, the depth anom-
aly of the o, = 26.8 isopycnal surface is significantly
negatively correlated with the pycnocline depth anom-
aly at Callao. This means that one year in advance of
ENSO events the pycnocline depth of the southern
coast of Vancouver Island was shallower than normal.
This is very interesting because it suggests that there
may be phenomena in the atmosphere at midlatitude
that act as a precursor to ENSO events in the eastern
tropical Pacific. In fact, this is consistent with the ob-
servation by Namias (1976) that weak winter pressure
patterns in the northeast Pacific often precede major
tropical El Nifio events by one year. Simijlar results
were more recently observed by Emery and Hamilton
(1985). '

Therefore, the development of the ENSO event in
the Pacific extends to midlatitude not only in the at-
mosphere, as Horel and Wallace (1981) and others have
found, but in the ocean as well, and, at least locally,
the development is associated with baroclinic long
waves that are probably driven by the anomalous wind
stress that occurs in association with the meridional
teleconnections associated in the atmosphere with
ENSO events.
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