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ABSTRACT

Spectral analysis of scattered island and coastal tide-gage records from the Pacific Ocean reveals the
presence of a coherent sea level fluctuation at 4-6 days period. The oscillation is distinct from baroclinic,
inertia-gravity wave fluctuations of sea level at the same periods that are trapped to the central Pacific
equatorial zone. Concomitant spectral analysis of island surface weather data demonstrates that sea level
is forced by surface atmospheric pressure but does not respond statically like an “inverted barometer”.
The basinwide character and uniform westward propagation of the oscillation suggest the presence of a
barotropic, planetary wave(s). However, the oscillation is strongly attenuated, with an estimated energy e-

folding time of less than three days.

1. Introduction

Atmospherically-forced planetary oscillations may
be responsible for considerable large-scale oceanic
variability in the period range of days to months over
large areas of the world’s oceans, especially, but not
exclusively, in regions devoid of strong mean currents
(Frankignoul and Miiller, 1979; Willebrand et al.,
1980; Miiller and Frankignoul, 1981). Estifnates of
the magnitudes of the atmospherically-generated os-
cillations have frequently been made by simple sum-
mations of basin modes forced by oscillatory winds
(Phillips, 1966; Leetmaa, 1978), but the technique
suffers from a sensitivity to the dissipation parameter
(Harrison, 1979), a problem which also occurs in
numerical models. Willebrand er al.’s (1980) nu-
merical study of oceanic response to realistic, sto-
chastic atmospheric forcing found barotropic, basin-
wide, planetary mode resonances in the flat-bottomed
model which were replaced by smaller-scale topo-
graphically-trapped, resonant oscillations in the
rough-bottomed model. This well-known effect of
topography on planetary oscillations (e.g., Rhines
and Bretherton, 1973) is often considered the reason
for the lack of observations of basin-wide, barotropic,
planetary modes in the oceans.

During the course of a study of equatorially-
trapped, inertia-gravity waves, high coherence am-
plitude among Pacific Ocean sea level records was
found ubiquitously in the 4-6 day band. Evidence
is presented here showing that sea level fluctuations
in the 4-6 day band, outside the central Pacific equa-
torial waveguide, are dominated by a relatively nar-
row-band (in frequency and wavenumber), baro-
tropic oscillation that appears to be predominantly
a planetary mode. The estimate of the dissipation
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time scale of this mode can be used as a constraint
in the theoretical models of atmospherically-forced
planetary oscillations.

The theory of equatorially-trapped waves (e.g.,
Matsuno, 1966; Moore and Philander, 1977) defines
a narrow zonal band about the equator, poleward of
which the oscillations are evanescent. For example,
the theory predicts that for the low-mode inertia-
gravity waves identified by Wunsch and Gill (1976), -
which produce the 3-, 4- and 5-day peaks in the sea-
level spectrum from Christmas Island (Fig. 1), the
power in the sea-surface displacement of these waves
at +13° of latitude will be less than 1% of the max-
imum power near the equator. The surprise, then,
was finding strong coherence amplitude at 4-6 day
periods between sea level stations far from the equa-
tor, for example, between Eniwetok Atoll (11°21'N,
162°21'E) and Wake Island (19°17'N, 166°39'E)
(Fig. 2). .

The oceanic oscillation responsible for the high,
sea level coherence amplitude in the 4-6 day band,
outside the central-Pacific equatorial waveguide, is
found to be a non-static response to forcing by the
surface air pressure field (Section 3). The hypothesis
that the oceanic oscillation is predominantly a bar-
otropic, planetary mode of the Pacific is advanced
in Section 4, where previous observational and theo-
retical work on planetary modes of the Pacific is re-
viewed. The planetary mode hypothesis is tested in
Section 5, where estimates are presented of the prop-
agating component of the mode. Estimates of am-
plitude and frequency bandwidth are discussed in
Section 6. The observations are summarized in Sec-
tion 7, and Section 8 concludes this paper with dis-
cussion, caveats and plans for further research.
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F1G. 1. Power spectrum of 15.4 years of sea-level data from
Christmas Island (2°0'N, 157°30'W). The 3-, 4- and 5-day peaks
are due to low-mode inertia-gravity waves. The peaks at 14 and
28 days are due to the tides. The ordinate is in units of (cm)?/
cph. Normalization is such that the power of a unit amplitude sine
wave is 1. The 95% confidence intervals for each independent es-
timate are at the bottom of the figure. Every other point plotted
is independent, i.e., there is 50% overlap of averaged frequency
bands.

2. Datasets and analysis procedures
a. Sea level data

The sea level data consist of tide-gage records that
have been assembled from a variety of sources over
the past 15 years, especially the Institute of Geo-

ysics and Planetary Physics (La Jolla), the Na-
tional Ocean Survey, and Klaus Wyrtki (University
of Hawaii). Much of the data was obtained under
the direction of Carl Wunsch at the Massachusetts
Institute of Technology.

The sea level time series range in length from less
than one year to over twenty years (Table 1) and are
scattered, not very uniformly, across the Pacific
Ocean (Fig. 3). The temporal overlap is seen to be
quite irregular, limiting the possible cross-spectra
that can be computed, and requiring the a priori
assumption of stationarity of the 4-6 day oscillation
through three decades.

All records are hourly samples rounded to the
nearest 0.1 ft, at worst, with some records rounded
to the nearest 0.1 cm. Errors due to this “least count”
roundoff and errors due to instrumental frequency
response characteristics and drift have been dis-
cussed by Wunsch (1966) for a subset of the data
used here. The possible errors are negligible for pe-
riods greater than 2 days.
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Some of the records have been edited with rather
sophisticated error detection and replacement
schemes (Wunsch, 1966), but most have simply been
subjectively scanned for obviously “bad” points and
gaps. Single “bad” points and 1-2 h gaps were filled
by linear interpolation. For larger gaps (at most sev-
eral days), the tidal signal was predicted by the har-
monic method and adjusted for the long-period
trends surrounding the gap. Much larger gaps were
not filled and were subsequently avoided.

Further error detection (with subsequent correc-
tion) occurred via the computation of tidal harmonic
constants which were compared with published val-
ues (e.g., Special Publication No. 26 of the Inter-
national Hydrographic Bureau, Monaco). The har-
monic constants are sensitive to subtle errors in the
timing of the records. At worst, errors that have es-
caped detection will degrade the cross-spectra, so we
have erred on the side of caution.

The question of whether island sea level measure-
ments are representative of open ocean conditions
has been addressed by Wunsch (1972), Luther and
Wunsch (1975) and others. For instance, positioning
a tide gage within a lagoon that has restricted com-
munication with the open ocean can produce sea level
records that differ substantially from the sea level
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FIG. 2. Coherence amplitude and phase between two years of
sea-level data from Eniwetok (11°2I'N, 162°21'E) and Wake
(19°17'N, 166°39°E); note the high amplitude at 4-6 days. Only
the semidiurnal, diurnal and fortnightly tidal peaks are well un-
derstood. The 95% level of no significance for each independent
amplitude estimate is indicated. Every other point plotted is in-
dependent, i.e., there is 50% overlap of averaged frequency bands.
Positive phase indicates the first station (Eniwetok) leads.
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TABLE 1. (Part 1). Locations and time intervals of sea level records—Pacific Ocean.*

Latitude Longitude

(degrees, minuwes) Yo | RIS 2 3 810 B2 2 2 2|2 8|5 R B S S S

Station ’ of data 2222|2222 2 22222 S22 2| D2 22 N2 22222
Balboa 8 57N 79 34 W 8.1 XXX XXX XXX XXX
Buenaventura 354N TJ705W . 41 XXXXXXX . oo
La Libertad 2128 80 55 W 4.1 XXXXXXX . oo
Talara 435S 8117 W 48 XXXX .0 OXXXX
Galapagos 03548 89 34 W 7.2 XXXXXXXXXXX .o
Christmas Is. 200N 15730W 156 XXXXXXXXXXX . .. XXXXXXXXXX ... . XXX
Fanning Is. 354N 15924 W 28 XXX XXX
Jarvis Is. 023S 16002 W 03 X
Canton Is. 249S 17140 W 19.9 CXXXXXXXX XXX XXX XXXXXXKXXXXXK oo XXX
Hull Is. 430S 17207W 0.8 X o
Arorae Is. 2378 176 SO E 2.1 XXX X
Betio Is. 122N 17256 E 2 8 XXXX
Ocean Is. 053S 16935E 22 XXXX.
Nauru 0328 166 55 E 20 e XXXX
Rabaul 4128 15211 E 2l XXX
Dreger Hbr. 639S 147 52 E 1.4 XXX
Jabor 555N 16939 E 0.3 X
Majuro At. 710N 17105E 2. XXXX..ooooooo
Kwajalein 844N 16744 E 99 XXXXXXXXXXXX. ..o XXXX. ..o
Eniwetok 1121 N 16221 E 9.1 XXX. . XXXXXXXX ......... XXXX. . oo
Ponape Is. 700N 15815E LT XXX oo
Satawan 516 N 15339E 0.8 XX
Truk 727N 151 52E 6.7 XXXXXXXX ..o XXXX. . ..o
Puluwat Is. 722N 14913 E 0.8 XX oo
Yap Is. 930N 138310E L6 XXX. ..o
Malakal Hbr. 719N 13427E L3 XX oo
Guam 1327TN 14439 E 6.5 L XXXXXXXX . oo XX,
Wake Is. 1917 N 166 39 E 56 L XXXXXXX. oo XX,
Johnston Is. 1645 N 16932 W 72 XXXXXXXX . oo XXXX oo
Pago Pago Hbr. 1417S 17040 W 25 XX o XXXX o
Hilo 1942 N 15504 W 12.7 XXXXXXXXXXXXXXX .o XXXX. ...
Kahului 2056 N 156 29 W 70 L. XX XXX XX XXX
Honolulu 2119 N 15752 W 36.6 1921 - XXX XXXXXXXX ... ... XXX
Nawiliwili 2157 N 15921 W 41 XXX, .o XXX
Midway Is. 2812 N 17722 W 7.2 XXXXXXXX .. oo XXXX. ..o
San Francisco 3748 N 12228 W 12.3 ce XXX XXX XXX XKXXXXXX
Massacre Bay 5250 N 17312 E 87 ... XXXXXXXXXXXXX

* X’s indicate data.

.

fluctuations of the surrounding ocean, due to thermal
expansion in the lagoon, surf set-up and slow re-
sponse time to outside sea level changes. In addition,
important differences in sea level measured on op-
posite sides of an island can occur due to impinging
currents (Hogg, 1972; Hendry and Wunsch, 1973)
and diffraction of long ocean waves by island arcs
(Larsen, 1977), etc. For the 4-6 day band, only dif-
fraction may be important in the interpretation of
the following analyses. The other processes contrib-
ute to what we consider here to be the “noise” energy,
but we do not expect this locally-derived “noise” to
dominate the 4-6 day band.

b. Surface weather data

Measurements of atmospheric variables (wind ve-
locity, pressure and temperature) near sea level from
island platforms have been obtained from the Na-

tional Climatic Center, either in Tape Data Format
13 (TDF-13) or TDF-14. The TDF-13 data generally
consist of at least three observations per day and the
TDF-14 data are usually hourly samples. The da-
tasets typically span four years or more and required
only superficial editing for obviously bad points.
Some pertinent information for the stations is listed
in Table 1 (see Fig. 3 for the geographical distri-
bution).

Enough observations per day were collected at all
stations to avoid aliasing from diurnal activity, either
tidal oscillations or thermally-generated “sea
breezes”, although most of the islands do not contain
enough land area to generate strong daily sea
breezes.

As for the sea level measurements, there is a ques-
tion as to whether meteorological measurements
from mid-ocean islands are representative of open
ocean conditions. This problem can be regarded as
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a matter of degree depending on the variable, the
topography of the island, vegetation, man-made ob-
stacles, and the location and height of the instru-
ments. [Hwang (1970) and Wyrtki and Meyers
(1975) have examined this problem with respect to
the winds with limited datasets.] Only surface air
pressure, which of the four weather variables is af-
fected least by the island environment (Ramage et
al., 1980), is important in the present study, so a
detailed discussion of the effects of the island envi-
ronments on the weather spectra is deferred to a later
paper. In any case, the island weather data are eval-
uated in toto, not singly. Considering the wide variety
of island environments, it is unlikely that unique is-
land effects, even if present in individual power spec-
tra, would affect the cross-spectra between stations
in a manner that would increase coherence. (Excep-
tions to this last statement may occur for diurnal
phenomena, such as sea breezes, which are narrow-
band and relatively phase-tocked.)

¢. Analysis procedures

Standard techniques are employed for estimating
power spectra, coherence functions and wavenumber
spectra. Power spectra are computed by removing
the mean, tapering with a half-cycle cosine filter ap-
plied to 10% of the data length at each end, fast-
Fourier transforming the tapered series, band-aver-
aging equally-weighted periodogram estimates and,
finally, correcting for the reduction of variance due
to the tapering procedure (i.e., the spectral estimates
are multiplied by 1/0.873). The width of the aver-
aged frequency band is allowed to increase with fre-
quency to improve statistical reliability while main-
taining adequate resolution. If a record exists in more
than one piece, the above procedure is applied to
each piece, and the spectra are then averaged. The
spectra are normalized so that the power of a unit
amplitude sine wave is 1. The confidence intervals
have been adjusted for the reduction of variance due
to the tapering procedure. [ The procedures outlined
above are a combination of those discussed by
Bingham et al. (1967) and Madden and Julian
(1971) among others.]

The coherence function and gain are computed
from auto- and cross-spectra that are calculated in
a manner equivalent to that just described for auto-
spectra.

The 'high-resolution (maximum-likelihood) wave-
number spectrum is calculated following the method
introduced by Capon (1969). [See Wunsch and Hen-
dry, (1972) for an oceanographic application of the
maximum-likelihood wavenumber spectrum and a
summary of the computational procedure, discussion
of aliasing, etc.] Confidence intervals were computed
following the analysis of Capon and Goodman
(1970).

TABLE 1. (Part 2). Locations and time intervals of surface weather records—Pacific Ocean.
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FIG. 3. Map of the Pacific Ocean showing locations of the tide gage and weather stations supplying data
for use in this study. Weather stations are indicated by circles.
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F1G. 4. Theoretical meridional structure of the s = —1, n = 2

planetary wave for ¢ — 0 (Example A) and ¢ = 10 (Example B).
Plots are magnitudes of (a) zonal velocity, (b) meridional velocity
and (c) pressure.

3. Test for a static response to atmospheric pressure
a. Characteristics of ihe pressure field

The question of whether sea level at 4-6 days is
responding statically to surface air pressure is non-
trivial due to the existence of a narrow-band global
atmospheric oscillation at the same periods. Madden
and Julian (1972, 1973) firmly established the char-
acteristics of an “equivalent-barotropic oscillation
of the atmosphere with a mean period of 5 days and
zonal wavenumber s = —1 (westward propagating)
cycles per circumference, extant at all longitudes and
at latitudes from at least 60°N to 60°S. The observed
mean wave characteristics (period, zonal wavenum-
ber and meridional structure) were shown to be con-
sistent with a solution to the Laplace tidal equations
(LTE) found by Longuet-Higgins (1968). The sol-
ution is a wave of the second class (planetary or
Rossby wave) with degree » = 2. When the period
is 5 days, the Lamb parameter ¢ = (2Qa)?/gh ~ 8.6,
so the equivalent depth 4 ~ 10 km, where g, a
and Q are defined as usual. Longuet-Higgins’ (1968)
numerical solution for the s = —1, n = 2 planetary
wave with ¢ = 10 is plotted in Fig. 4 (Example B).
For comparison, the analytical solution for ¢ — 0
(Rossby-Haurwitz wave) is also shown (Example A).
The frequency of the Rossby-Haurwitz wave is
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w ~ —2Qs(n® + n)7!, yielding a period of 3 days
rather than the observed 5 days.

The power spectrum of sea level air pressure from
Majuro Atoll (7°5'N, 171°23’E) is displayed in Fig.
5. The 5-day atmospheric wave produces a clear,
although broad, peak in this spectrum. The peak is
not always so obvious in surface pressure spectra
because of frequently higher energy levels in the
neighboring frequency bands. However, the oscilla-
tion is more narrow-band in wavenumber than the
background and hence always produces high ampli-
tude in air pressure coherence functions between sta-
tions separated by large distances (e.g., Fig. 6), ex-
cept at high latitudes.

The high-resolution (maximum-likelihood) wave-
number spectrum of atmospheric pressure in the 4.6—
6.0 day band, using two years of data from Canton,
Johnston, Wake, Guam, Kwajalein and Eniwetok,
is plotted in Fig. 7. The peak zonal wavenumber is
s =~ —1.6, with 95% confidence interval of —3.2
< s < 0 and half-power bandwidth As ~ 2.9, which
is consistent with previous estimates (Madden and
Julian, 1972, 1973; Burpee, 1976). The peak merid-
ional wavenumber is not significantly different from
zero at even the 80% level (95% confidence interval
is —2.5 < m < 0.7, where m is meridional wavenum-
ber in cycles per circumference), as expected for an
oscillation that is standing in latitude. The phases

Period (days)

100 10 5 1
T L IT]’II]TI L I‘V’VIY‘I_TT—I"'*
! _
10% .
>
s [ )
c
[«M]
S| 4
>‘10r— -
> 5 i
T
[+ 3]
5 | |
102} i
95%
. | L | 1
107¢ 107° 1072 107"

Frequency (cph)

F1G. 5. Power spectrum of 18 years of surface air pressure from
Majuro Atoll (7°5'N, 171°23'E). Note the broad peak at 5 days
due to the “‘equivalent-barotropic” atmospheric wave. Note the
broad peak at 5 days due to the “equivalent-barotropic™ atmo-
spheric wave. The ordinate is in units of (mb X 10)?/cph. Oth-
erwise, plotted as in Fig. 1.
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Fi1G. 6. Coherence amplitude and phase between seven years of
surface air pressure from Canton Island (2°46'S, 171°43'W) and
Balboa (8°57'N, 79°34'W), which are separated by more than
10000 km. Note the large amplitude at 4-6 days due to the
atmospheric wave; if s = —1 the phase should be 267°, and if s
= —2 the phase should be 174°. Plotted as in Fig. 2.

of the coherence functions for the station pairs sep-
arated by the largest distances uniformly imply (as-
suming no meridional propagation) that the zonal
wavenumber is closer to —1 than —2 (e.g., Fig. 6).

20 T
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F1G. 7. Wavenumber spectrum of surface air pressure in the
4.6-6.0 day band using two years of data from Canton, Johnston,
Wake, Gaum, Kwajalein and Eniwetok. The contours are power
relative to the peak maximum, in negative decibels with the minus
sign dropped. Peak is indicated by 0.
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TABLE 2. Coherence and gain between sea level and surface
air pressure in the 4-6 day band.

JOURNAL OF PHYSICAL OCEANOGRAPHY

Period (days)
100 105

VOLUME 12

a

360° T

LARES S

AR L

270°

180°

Phase

90°

Amplitude
fe]
3

o
N
o

2

0
107*

| 1
107 107
Frequency (cph)

Period (days)

100 10 5

360° r~r—

270°

T T

T T T

Coherence*
Years Gain*

Station of data ~ Amplitude Phase® (cm mb™)
Balboa 5 0as 0% _osn 13rsom
Galapagos 40, . ig'?f -150 £ 14 116 % 034
Canton 65 000 08 imrar os6xon
Majuro 2 0 % miam os1rom
Kwajalein 40 036 T% 7219 asex o9
Eniwetok 200 03a M9 a0x29  0s1x026
Truk 39 039 Y007 3414 063016

~0.09

Yap 1.6 0.50 tg;f 148 + 23 0.83  0.40
Guam O 04 % 0s14 oe3xous
Wake e Y 02 oassous
Johnston 5.6 013 tg(l): 41 +61 037+ 036
PagoPago 2.1 0.36 tg: }; 114+28 079 +0.24
Hilo B0 Y aesn as7zons
Honolulu 11.3 0.53 tg:gg 159+ 8  0.44 + 0.09
Midway 40 ‘_‘g-g; 161+ 7 095+ 0.15

* Error bars are the 95% confidence intervals (see Otnes and Enochson,
1972).
® Positive phase indicates sea-level leads. Phase is in degrees.

{For more convincing evidence of the mean wave
characteristics (see Madden and Julian, 1972, 1973).]

The maximum amplitude of pressure occurs at
midlatitudes (Fig. 4) where it probably averages 1
mb at the surface (Madden and Julian, 1973; Misra,
1975). The corresponding winds are too weak to be
detected at sea level due to the existence of more
energetic shorter scale (and widerband) processes,
such as Rossby-gravity and easterly waves in the
tropics (see Wallace, 1971; Shapiro, 1977; Luther,
1980) and storm systems at all latitudes. (N.b., the
mean pressure fields associated with these processes
are generally weaker than the barotropic oscillation
at low latitudes but tend to obscure the barotropic
oscillation at high latitudes.)

b. Sea level-air pressure relations

The coherences between sea level and air pressure
in the 4-6 day band, for all the Pacific stations with
co-temporal sea level and weather records, are given
in Table 2. In addition, the complete coherence func-
tions from Truk Atoll and the Galapagos Islands are
plotted in Fig. 8. The coherence amplitude is high
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FiG. 8. Coherence amplitude and phase between sea level and
atmospheric pressure for (a) 5.9 years of data from Truk Atoll
(7°27'N, 151°52°E), and (b) 4 years of data from the Galapagos
Islands (0°54'S, 89°34'W). The coherence amplitudes are strong
in the 4-6 day band while the phase is not 180°, so sea level is
not responding statically to air pressure. Positive phase indicates
that sea level leads. Otherwise, plotted as in Fig. 2.

in the 4-6 day band (except at Canton, Majuro and
Johnston), although the amplitude is typically not
significantly different from the amplitudes at neigh-
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boring frequencies, as in Fig. 8a. What distinguishes
the 4-6 day band is the coherence phase.

If the sea level response to air pressure is static,
the phase should be 180° (i.e., the “inverted barom-
eter” effect), but the phase is not 180° at 4-6 days
(except perhaps at Balboa), while it almost always
is at neighboring frequencies, as in Fig. 8a. Also, the
gain is significantly different (at the 95% level) from
the static 1.01 cm mb™! at 10 of the 15 stations.

Of the three stations which show the lowest co-
herence between sea level and atmospheric pressure,
two (Canton and Majuro) are within the equatorial
waveguide, where sea level in the 4-6 day band is
dominated by low-mode, equatorially-trapped, iner-
tia-gravity waves and is coherent with surface winds
(Wunsch and Gill, 1976; Luther, 1980). The fact
that sea level, from the two remaining stations that
are well within the equatorial waveguide (Truk and
Galapagos), is coherent with air pressure (Fig. 8)
and not the surface winds suggests that the low-
mode, inertia-gravity waves decay from the central
Pacific toward the meridional boundaries. Consistent
with this interpretation, neither the Truk nor Ga-
lapagos sea level spectrum exhibits the narrow-band
peaks associated with inertia-gravity waves, as at
Christmas Island (Fig. 1). [For further details of the
inertia-gravity wave field, see Luther (1980).]

The remaining station where sea level is only
slightly coherent with air pressure (Johnston Island)
has anomalously high sea level energy levels in the
1-30 day band compared with nearby Honolulu and
Hilo and the more distant, but similar latitude, Wake
Island. [ This fact was first noted by Wunsch (1966).]
The Johnston spectrum is quite similar to that from
Midway Island, but Midway is much more coherent
with air pressure. The origin of the “excess” energy
at Johnston Island is unknown, but local island ef-
fects can be ruled out.

The coherences for Kwajalein, Eniwetok and Hilo
in Table 2 are in excellent agreement with the sea-
level-weather regressions computed by Groves and
Hannan (1968) and Miyata and Groves (1971) using
datasets that do not temporally overlap those used
here. Both papers suggest the 4-6 day band is un-
usual in that sea level is coherent with atmospheric
pressure yet does not respond statically.

Only sea level from Canton and Majuro is strongly
coherent with surface winds in the 4-6 day band.

4. Possible barotropic, planetary basin mode(s)? A
review

High coherence amplitudes between sea level rec-
ords throughout the North Pacific in the 4-6 day
band (e.g., Table 4, to be discussed later) negate the
possibility that the oscillation is primarily baroclinic,
since free baroclinic oscillations at those periods are
necessarily confined to narrow equatorial or bound-
ary waveguides (e.g., Philander, 1978). A plausible
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F1G. 9. Coherence amplitude between sea level records, showing
significant (at the 95% level) amplitude in the 4-6 day band. The
cause of the 3-day peak is unknown. Plotted as in Fig. 2. (a) Seven
years from Honolulu (21°19'N, 157°52'W) and San Francisco
(37°48'N, 122°28'W). The stations are separated by ~3900 km.
(b) Seven years from Canton (2°49'S, 171°40'W) and Balboa
(8°ST'N, 79°34'W). The stations are separated by ~10 300 km.

hypothesis at this point is that the oceanic oscillation
is composed of one or more barotropic normal modes'

! On the basis of a single sea level-air pressure coherence func-
tion, Wunsch and Gill (1976) postulated a “resonant barotropic
response” at 5.4 days.
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of the Pacific basin, probably planetary modes due
to the long period. [ The longest-period gravity mode
computed by Platzman er al. (1981) for the Pacific
has a period of 35.8 h.] Since sea level is coherent
in the 4-6 day band over large distances (Fig. 9 and
Table 4), the oceanic oscillation must be narrow-
band in wavenumber, or, equivalently, the oscillation
is composed of a small number of modes, probably
only one.

The search for planetary waves in the Pacific be-
gan with Groves and Zetler’s (1964) calculation of
the coherence between sea level measured at Ho-
nolulu and San Francisco. Their resuits are in ex-
cellent agreement with Fig. 9a, but without further
evidence they could not prove that the coherence in
the 4-6 day band was due to “normal modes of long
wavelength, or coherent weather.” Groves and Han-
nan (1968) made a more determined attempt to find
planetary waves in sea-level measurements from
Kwajalein and Eniwetok. After removing the effects
of local weather on-sea level, they concluded that a
small amount of planetary wave energy was present
in the 5-10 day band. Longuet-Higgins (1966), in
a classic numerical study of the planetary modes of
a hemispherical basin centered at the equator, sug-
gested that a small peak at two days period in the
power spectrum of sea level at Honolulu (computed
by Munk and Cartwright, 1966) was an indication
of the gravest planetary mode of the Pacific Ocean.
In a later note, referring to the sea-level coherence
between Honolulu and Mokuoloe on the island of
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Oahu (computed by Miyata and Groves, 1968), Lon-
guet-Higgins (1971) retracted this initial suggestion,
but argued that peaks in the coherence at 2.9 and
4.3 days were possibly manifestations of the gravest
planetary modes of the Pacific. The peaks could also
be due to island-trapped waves, he noted. There is
certainly no doubt that the peaks are not related to
equatorially-trapped inertia-gravity waves which are
miniscule at 10°N, let alone 21°N, the latitude of
Honolulu, although this equatorial connection has
been suggested (LeBlond and Mysak, 1978, p. 164).

The gravest planetary eigenmodes and eigenfre-
quencies for flat-bottom geometries which idealize
the Pacific basin have been computed by several in- -
vestigators. The eigenfrequencies for the lowest
modes, from the most thorough analyses, are listed
in Table 3. The gross differences in the model dy-
namics are indicated in the table. The spacing be-
tween modes is small, even for the gravest modes,
and decreases for the higher modes.

Identification of the real ocean mode(s) respon-
sible for the 4-6 day coherences in Figs. 2, 8 and 9,
solely by matching the observed and theoretical fre-
quencies, is impossible without a complete numerical
solution with realistic geometry and topography,
since the theoretical frequencies are sensitive func-
tions of basin dimensions, depth and bottom slope.
Longuet-Higgins (1965) found that for a midlatitude
rectangular basin the frequency increased as any
basin dimension increased. Therefore, in a later pa-
per, Longuet-Higgins (1971) reduced the frequencies

TaBLE 3. Eigenfrequencies of the gravest planetary modes in a homogeneous, flat-bottomed ocean
with dimensions on the order of the Pacific.

Rattray & Mofjeld &
Longuet-Higgins & Charnell Rattray
Longuet-Higgins (1966) Pond (1970) (1966) (1971)
Basin geometry Hemisphere Circle® Hemisphere Rectangle® Rectanglef
Rotational terms Xk . B-plane Q X k B-plane B-plane
e = (2Qa)*/gD 0 0 22+ 22 22
Periods (days) of gravest modes®
Symmetrical
1 33 2.4 4.5 4.1 4.2
2 ' 4.1 3.3 5.0 4.9 5.0
3 : 5.0 45 5.6 6.0 6.1
Antisymmetrical .
1 1.6 1.5 ) 2.0 2.7 2.6
2 2.6 2.4 29 38 3.8
3 3.6 3.5 3.8 5.1 5.2
4 4.6 4.5 4.7 5.3 5.6

% ¢ = 22 corresponds to & = 4 km.

® Symmetry describes the structure of the surface displacement with respect to the equator. Ordering of the modes is on the basis
of period. ‘

° The basin is centered on the equator with radius = /2 times the radius of the earth.

¢ Longuet-Higgins & Pond computed the frequencies for nearly all values of e. We have chosen only the one value here for comparison
with the other models. )

¢ Zonal dimension is 1.3 X 10* km. Meridional extent is 6 X 10° km north of equator to 1.1 X 10* km south of equator.

! Basin is centered on the equator with zonal and meridional dimensions of 1.25 X 10* km.
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of the gravest modes of a hemispherical basin {com-
puted by Longuet-Higgins and Pond (1970)] by 30%
to try to match the modes with the observation of
sea level coherence between Honolulu and Mokuoloe.
But Mofjeld and Rattray (1971) found that for a
rectangular basin centered on the equator the fre-
quency is also a strong function of the ratio of the
two basin dimensions. The mode periods in Table 3
have not been adjusted for any differences between
the model basin dimensions and the dimensions of
the Pacific Ocean. Such an adjustment seems espe-
cially futile since topography (shelves, ridges, etc.)
has been found to increase dramatically the fre-
quencies of the planetary basin modes in numerical
models (Christensen, 1973b; Platzman, 1975) and
analytical studies (Ripa, 1978).

Indeed, topographic vortex stretching is usually so
much stronger than planetary vortex stretching that
it is hard to imagine that a basinwide planetary mode
could exist in the real oceans. One expects the modes
to be topographically controlled and so confined to
regions much smaller than the basin dimensions.
[This concept is clearly demonstrated in Willebrand
et al.’s (1980) numerical studies, as mentioned in the
Introduction.] However, the impressive computa-
tions by Platzman et al. (1981) of the normal modes
of the world’s oceans suggest that “hybrid” modes
exist in the real rough-bottomed oceans. The ‘“hy-
brid” modes have much of their energy trapped to
a particular topographic feature yet have non-zero
amplitude in the rest of the basin, where they gen-
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erally have westward phase propagation. Unfortu-
nately, Platzman et al. (1981) did not compute the
modes for periods longer than 3! days.

The models listed in Table 3 differ substantially
in their choices of horizontal boundary conditions.
Although the periods of the gravest modes are rel-
atively insensitive to the boundary conditions (Buch-
wald, 1973; Flierl, 1977), the improper choice of
boundary conditions may arbitrarily rule out possible
solutions to the quasi-geostrophic equations, leading
to misconceptions of the value of coastal observa-
tions. For instance, Longuet-Higgins (1971) dis-
misses the sea-level coherence (or lack thereof) be-
tween Honolulu and San Francisco [as computed by
Groves and Zetler (1964), but see Fig. 9a] since “the
vertical displacement is theoretically small” at San
Francisco, but this theoretical result was due to the
restrictive requirement that the streamfunction be
zero on the horizontal boundaries (Longuet-Higgins,
1965). Larichev (1974) emphasized that since the
theoretical planetary modes can have significant dis-
placement at the boundaries, long records of sea level
at coastal stations may be useful for studying the
modes in the real oceans. Several coastal stations
have been used in the present study.

5. Phase propagation of the oceanic wave

Table 4 lists the sea level coherence amplitudes
and phases in the 3.5-6.0 day band for selected sta-
tion pairs. This band was chosen so as to increase

TABLE 4. Coherence amplitude and phase between sea level records: (3.5-6.0 day band).

Latitudinal Longitudinal
Phase’ separation separation Phase of?

Station 1° Station 2 Amplitude® (deg) (deg) (deg) forced wave
Honolulu Balboa 0.25 126 + 33 12.4 78.3 ~78 to —157
Canton Balboa 0.24 73+ 26 11.8 92.1 ~92 to —184
Kwajalein Canton 0.30 ~13 £ 17 11.5 20.6 —21to —41
Truk Kwajalein 0.38 -8+ 13 1.3 15.9 —-16to —32
Eniwetok Canton 0.44 0+27 14.2 26.0 -26 to —52
Yap Truk 0.49 ~-11x19 2.1 13.7 —14to -27
Guam Kwajalein 0.40 0+15 4.7 23.1 —23to —46
Guam Eniwetok 0.50 —-40 + 26 2.1 17.7 —18to —36
Guam Wake 0.34 -26 £ 16 5.8 22.0 —22to —44
Wake Johnston 0.35 -31+22 2.5 23.8 —2410 —48
Kwajalein Honolulu 0.34 —98 £ 29 12.6 34.4 ~34t0 —69
Johnston Hilo 0.26 —49 + 24 3.0 14.5 ~15t0 —29
Canton Honolulu 0.24 —52+£22 24.1 13.8 ~14to —28
Canton Hilo 0.24 -62 + 26 225 16.6 ~17to —33
Kwajalein Pago Pago 0.35 -25 + 33 23.0 216 —22to —43
Pago Pago Hilo 0.33 —27 + 36 340 15.6 ~16to -31
Massacre Bay Hilo 0.26 —50 + 25 33.1 31.7 —~32to —63
Honolulu San Francisco 0.26 -127 £ 20 16.5 35.4 —-35t0 —71
Hilo San Francisco 0.27 —142 £ 18 18.1 32,6 —-33to —65
Massacre Bay San Francisco 0.18 123 +£ 28 15.0 64.3 —64 to —129

* Station 1 is always westward of station 2.

® Coherence amplitudes have not been corrected for bias, but all are significantly non-zero at the 95% level.
¢ Positive phase indicates first station leads second. Error bars are 95% confidence limits.
¢ This is the phase (in degrees) expected if the oceanic oscillations were solely the forced (i.e. static) response to the atmospheric

forcing with zonal wavenumber -2 < 5 < —1.
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the degrees of freedom in the coherence estimates
after it was found that the phase changed only a
small amount across this band. In general, the res-
olution of the original coherence computation was
chosen to produce six independent estimates in the
3.5-6.0 day band. The estimates with significantly
nonzero amplitudes (at the 90% level) were then vec-
“tor-averaged to produce a final estimate, which ap-
pears in Table 4 if the amplitude is significantly non-
zero at the 95% level. Coherences have not been com-
puted for all combinations of station pairs, but only
a representative sampling. In anticipation of the
large zonal scale of the oscillation, only station pairs
separated by more than 10° of longitude are included
in Table 4. And finally, only station pairs with at
least one station poleward of 8° from the equator are
considered, in order to avoid “contamination” by
equatorially-trapped inertia-gravity waves at 4-6
day periods. It should be mentioned that although
the inertia-gravity waves dominate the sea-level spec-
- tra at 4-6 days in the central Pacific equatorial wave-
guide, they do so discontinuously (Fig. 1); in other
words, the “background” between the inertia-gravity
peaks is influenced by the barotropic mode. Hence
cross-spectra between stations within the equatorial
waveguide and those outside the waveguide can yield
information on the barotropic mode (e.g., Fig. 9b).
The most poleward stations in the dataset, Massacre
Bay (~54°N) and Pago Pago (~14°S) are included
in Table 4, supporting the idea that the oscillation
is basin-wide.

To test again whether the oceanic oscillation is
solely a forced response to the atmospheric forcing,
the expected forced-wave phase differences between
the stations, assuming that the forcing is westward-
propagating with wavenumbers —1 to —2 (as dis-
cussed in Section 3a), are shown in Table 4. Ideally,
we would like to have the actual phase differences
of the forcing as computed from surface air pressure
data, but we do not have enough data for this pur-
pose; although, for example, the reader can compare
the phase in Fig. 6 at 5 days with Table 4. The
computed sea-level coherence phases are signifi-
cantly different from the expected forced-wave phases
for 45% of the station pairs shown. Although by itself
not conclusive, this is another bit of evidence that
the oceanic wave has free-wave components.

Planetary basin modes contain propagating as well
as standing components. In S-plane models of plan-
etary modes, the wavelength of the propagating com-
ponent is always independent of latitude and mode,
and the phase propagation direction is always west-
ward. However, this is not the case for basins with
non-constant 3, in which higher modes have am-
phidromic points indicating eastward and meridional
phase propagation in some regions. A consistent in-
terpretation of the phases in Table 4 is that the
oceanic wave has westward phase propagation with
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no nodes or amphidromes within the bounds of the
dataset, analogous to the gravest symmetric mode
of a hemispherical basin computed by Longuet-Hig-
gins (1966; see Figure 7).2 However, the coherences
between Massacre Bay, Hawaii and San Francisco
support equally well the possibility of an amphidrome
to the north of Hawaii. Constructing phase diagrams
at this time, therefore, seems premature.

6. Power spectra, amplitade and frequency-band-
width estimates

The 4-6 day oceanic oscillation, which is clear in
the coherences (Figs. 2,8 and 9), is not a pronounced
feature in the sea-level power spectra. This suggests
that dissipation has smeared the frequency response
into a broad frequency band, while the wavenumber
bandwidth is narrow relative to the background
noise, as for the 5-day atmospheric oscillation. Dis-
sipation can be expected to skew the modal amplitude
structure so that the strongest amplitudes are in the
west, due to the different zonal scales of eastward
and westward group velocity Rossby waves (Wunsch,
1967). In fact, some of the sea-level power spectra
in the west Pacific do suggest a peak around 5
days; for instance, at Eniwetok Atoll in Fig. 10. [The
5.4 day peak at Eniwetok is definitely not due to
equatorially-trapped inertia-gravity waves (Luther,
1980).] However, the sea-level spectrum at nearby
Wake Island (also shown in Fig. 10) has only a slight
“plateau” at 5.4 days, reflecting larger background
energy levels at periods >5 days. Eniwetok and Wake
are still strongly coherent at 4-6 days (Fig. 2).

Assuming the ocean is a linear system and that
the frequency bandwidth of the power spectrum peak
is the result of dissipation, the resonance quality, or
Q (Munk and MacDonald, 1960), can be estimated.
Using the spectra from Eniwetok Atoll (Fig. 10) and
Guam (not shown), @ ~ 4. (Wunsch, 1972, esti-
mated Q = 3.3 for a gravity mode of the North At-
lantic.) The Q of the atmospheric forcing (Section
2) is also ~4 suggesting that this value should be
considered an upper bound for the Q of the oceanic
wave, since the bandwidth of the response is con-
strained to be less than or equal to the bandwidth
of the forcing, if only a single oceanic mode is pres-
ent. If more than one mode is present, the Q will
have been underestimated, but the phases and sig-
nificant amplitudes, at 4-6 days, of the coherence
functions between sea-level records separated by
large distances belie the presence of more than one
mode.

The -e-folding decay time of the energy in the 4-
6 day ocean wave is ¢, < 3 days, assuming Q < 4.

2 Longuet-Higgins (1966) refers to the symmetry properties of
the stream-function, whereas here we refer to the symmetry prop-
erties of sea-level displacement.
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F1G. 10. Sea-level power spectra of 8.3 years of data from En-
iwetok Atoll (11°21'N, 162°21'E) and 5.5 years of data from Wake
Istand (19°17'N, 166°39'E). Eniwetok, with a lower background
level than Wake, has a peak, albeit broad, at ~5.4 days. This peak
is not clearly present at Wake, although the energy level in the
4-6 day band is the same at both stations. The straight lines have
—4/3 slopes, are separated by two orders of magnitude in their
y intercepts and are intended solely for reference. Otherwise, plot-
ted as in Fig. 1. See Fig. 2 for the coherence between these two
stations.

Therefore, more than 80% of the wave’s energy (55%
of the amplitude) is lost per cycle. Although such
large damping may seem to obviate the usefulness
of describing the oceanic motion in terms of wave
kinematics, in fact, oscillatory behavior is pro-
nounced until the damping is closer to critical, which
occurs when Q = Y.

The root-mean-square amplitude of the 5.4-day
“peak” at Eniwetok and Guam is ~0.4 c¢m, using
a Q of 4. Groves and Hannan (1968) estimated that
the planetary wave energy at ~5 days period at
Kwajalein and Eniwetok corresponded to an rms sea-
level amplitude of ~0.5 cm.

7. Summary of observations and deductions

Tropical sea-level fluctuations in the 4-6 day band
are coherent with surface air pressure and incoherent
with surface winds outside the central Pacific equa-
torial waveguide (~ +8° and ~160°E to 100-
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130°W). Within the waveguide, sea level is coherent
with surface winds and dominated by low-mode in-
ertia-gravity waves.

The sea-level response to the atmospheric pressure
forcing is non-static (i.e., not an “inverted barome-
ter”) as evidenced by sea level-air pressure coher-
ence phases that are not 180°, sea level-air pressure
gain amplitudes that are usually not 1.01 cm mb~},
and inter-sea-level coherence phases that are fre-
quently larger than expected for a purely forced
wave.

The atmospheric forcing is in the form of a
damped, “equivalent-barotropic”, free planetary os-
cillation of the atmosphere with strong surface pres-
sure field and weak surface wind fields. The wave
structure is consistent with a global solution to the
Laplace tidal equations that has a 5-day period, 10
km equivalent depth, zonal wavenumber s = —1 and
degree n = 2 (Madden and Julian, 1972, 1973).

Significant coherence amplitudes in the 4-6 day
band between sea-level records at all latitudes imply
that the oceanic oscillation is barotropic. Significant
coherence amplitudes over long distances imply that
the oscillation is narrow band in wavenumber or,
eqivalently, is composed of a small number of modes,
probably only one.

The “free” wave component of the oscillation is
probably a planetary wave, judging from the period
and ubiquitous westward propagation. From the in-
ter-sea-level coherence phases, the zonal wavelength
of the propagating component varies between 7 000
and 30 000 km, if no meridional propagation is as-
sumed.

The sea-level fluctuation in the west Pacific was
found to have an rms amplitude of ~0.4 ¢cm, with
@ < 4 and, hence, an energy e-folding time 7, € 3
days.

8. Discussion, with caveats and plans

The actual horizontal structure of the 4-6 day
oceanic oscillation is likely to be complex due to to-
pography (see Platzman et al., 1981). However, it
is of some interest to note that the meridional am-
plitude structure of sea level for the gravest, sym-
metric mode of a flat-bottomed, hemispherical basin
(Christensen, 1973a) is nearly identical to the forc-
ing function pressure field described in Section 3
(Fig. 4).

As mentioned in Section 3, the surface air pressure
fluctuations due to synoptic-scale weather systems
obscure the “barotropic” atmospheric wave at mid-
latitudes. Concomitantly, the sea-level response to
the atmospheric wave tends to be obscured at high
latitudes by the “static” sea-level response to the
synoptic pressure fluctuations. It is possible that en-
ergy from the synoptic fluctuations ends up in the
4-6 day planetary oscillation of the Pacific, but this
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is unlikely to be an important process because of the
wide mismatch of horizontal scales and propagation
directions at midlatitudes.

For the excitation of a normal mode of a linear
system, the coherence phase between response and
forcing is expected.to pass through 180° as the fre-
quency of the forcing crosses the resonance fre-
quency. That this does not occur in the sea level-air
pressure coherences at 4-6 days (e.g., Fig. 8) could
be due to the fact that the background sea level en-
ergy is coherent with air pressure and has a uniform
phase of 180° (Fig. 8a). Similarly, the oceanic re-
sponse itself can have an important “forced” com-
ponent which contributes a-uniform phase (in this
case, 180°) to the sea level-air pressure coherences.
The relative energies in the “forced” and “free” com-
ponents of the 4-6 day oceanic oscillation have not
been determined. ’

The energy decay time, ¢, < 3 days, found for the
oceanic oscillation is much shorter than values typ-
ically found in analytical and numerical studies of
the strength of atmospherically forced planetary os-
cillations. For instance, Miiller and Frankignoul
(1981) employ a scale-independent damping that
corresponds to an energy decay time of ¢, = 100 days.
With stronger damping, corresponding to ¢, = 3 days,
the atmospherically forced oscillations computed by
Miiller and Frankignoul (1981) would be insignifi-
cant compared with observed energy levels in the
ocean. It is, of course, unlikely that the damping is
scale-independent or that baroclinic oscillations will
be heavily damped. The curiosity is why the 4-6 day
oceanic oscillation, with such a large horizontal scale,
is so strongly attenuated. Bottom drag and lateral
diffusion (using typical values for the friction coef-
ficients) cannot produce such a short decay time.
Perhaps topographic wave drag is an important pro-
cess.

In retrospect, the dataset used here is quite in-
adequate for studying a basin-wide oscillation, not
just because of the non-uniform distribution of island
platforms, but also because of the lack of coastal
data. ‘Some of the observations, such as the lack of
nodes and amphidromes, are suspect due to the pau-
city of data. To remedy this situation, more coastal
(and island) tide-gage and weather records are being
assembled. It should be possible to produce co-phase
maps of the 4-6 day oceanic oscillation. Application
of the seismological “stacking” techniques (Buland
et al., 1979) should improve estimates of amplitude
and Q.
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