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ABSTRACT

Rawinsonde data from tropical Pacific stations were examined for westward-propagating 3-6-day meridional
wind oscillations in the troposphere and lower stratosphere, 1973-1992. Four types were identified from cross-
spectrum and principal component analysis. 1) The dominant oscillation, near 250 mb, had a period slightly
greater than 5 days, zonal wavenumber 4-6, and modified Rossby-gravity structure near the date line. 2) In
the western Pacific lower troposphere there was broadband activity with short zonal scale, coupled to upper-
tropospheric waves in NH summer. 3) In the central Pacific, during NH autumn, there was a well-defined
~41h-day oscillation with maximum amplitude in the lower troposphere and baroclinic phase tilt above. The
vertical structure suggested coupling to deep tropical convection; this interpretation was supported by correlation
of meridional wind with antisymmetric outgoing longwave radiation. 4) In the stratosphere, Rossby-gravity
waves had periods <4 days and zonal wavenumber 3-4. Unlike tropospheric waves, these disturbances were
coherent in a shallow layer, largest in west phase of QBO and annual cycle (NH winter-spring).

1. Introduction

The role of transient (3-6 day), synoptic-scale
(1500-10 000 km) waves in the tropical Pacific has
been recognized for many years. Fortuitously, inves-
tigators in the 1960s and early 1970s could obtain sta-
tion data in this sparsely populated region, mainly in
the central and western Pacific, and it was about this
time that satellite cioud photographs became available
(Wallace 1971, 1973; Yanai 1975). Progress was made
in understanding dominant wave motions, mean flows,
and convective processes during special observing pe-
riods. In retrospect this advance seems remarkable,
considering how much more data exist today than were
available then. For example, 1) although easterly waves
in the ITCZ and Rossby—gravity waves in the central
Pacific were strikingly revealed in newer global datasets
(Liebmann and Hendon 1990; Hendon and Liebmann
1991), both had been successfully derived from station
data by 1970 (Wallace 1971). 2) Analyses and satellite
data now describe eastward-propagating intraseasonal
oscillations (Knutson and Weickmann 1987; Rui and
Wang 1990) and convective superclusters ( Nakazawa
1988; Takayabu and Murakami 1991 ) on a global scale.
Their main features were identified in station data sev-
eral years ago by Madden and Julian (1971, 1972).

Early investigators could not produce a climatology
of meridional wind oscillations describing the seasonal
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and interannual variability of wave amplitude. For this
purpose, a large volume of rawinsonde data from tra-
ditional stations (and several new ones) has accumu-
lated since 1970. Synoptic-scale waves have not been
examined comprehensively in upper-air data. Rawin-
sondes remain the only reliable, long-term data source
for quasi-biennial oscillation (QBQO) (Dunkerton and
Delisi 1985), stratospheric Rossby-gravity waves
(Maruyama 1991; Dunkerton 1991a), and vertical
finestructure from the surface to ~10 mb. Their lim-
itation is horizontal coverage. A “synoptic network”
of tropical Pacific stations, for example, will best de-
scribe oscillations passing over station latitudes with
moderately large wavelength to be observed as coher-
ent, propagating waves.

This paper will describe in rather general terms the
main features of 3-6-day meridional wind oscillations
observed by rawinsonde in the central and western
tropical Pacific, 1973-1992. Several factors related to
sea surface temperature and tropospheric circulation
make the Pacific sector an important locus of equatorial
wave generation. It is thought that Rossby-gravity
waves originate here { Yanai and Maruyama 1966;
Yanai et al. 1968; Yanai and Hayashi 1969; Nitta 1970;
Wallace 1971; Lindzen and Tsay 1975; Chang and
Miller 1977; Liebmann and Hendon 1990; Hendon
and Liebmann 1991). Excitation of Rossby—gravity
waves probably involves some combination of lateral
forcing (Mak 1969) and coupling to convection ( Hay-
ashi 1970), as suggested by Itoh and Ghil (1988) and
observational studies of Zangvil and Yanai (1980),
Yanai and Lu (1983), Hendon and Liebmann (1991),
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and Randel (1992). Their role in the easterly accel-
eration phase of the QBO was inferred from theory
(Holton and Lindzen 1972; Andrews et al. 1987,
Dunkerton 1991b; Takahashi and Boville 1992) and
observation (Maruyama 1968, 1991).

Because of momentum transport and possible con-
vective coupling, transient synoptic-scale waves are an
essential, but imperfectly understood, part of tropical
Pacific meteorology.! Seasonal and interannual vari-
ations of wave activity are expected (Wallace 1971;
Chang and Miller 1977; Yanai and Lu 1983). Upper-
air observations provide a large volume of data to in-
vestigate these climatological variations. In this in-
stance, 20 years of rawinsondes were more amenable
to statistical analysis than detailed case studies—al-
though the value of such studies may become obvious
from what follows. Our climatological survey used a
combination of cross-spectrum and principal compo-
nent techniques to calculate average wave character-
istics and their interannual variability.

Section 2 describes the data source and analysis
methods. Some results from cross-spectrum analysis
are presented in section 3 for comparison to early stud-
ies. Section 4 discusses the principal components, their
structure, and interaction. Seasonal and interannual
variability of dominant wave types is examined in sec-
tion 5; tropospheric waves are discussed further in sec-
tion 6.

2. Data analysis

Analysis of upper-air rawinsonde data covered the
period 1 January 1973 through 18 April 1992, in which
tropospheric and stratospheric data were available at
several near-equatorial stations. Approximately 42
stations located within 10 degrees of the equator had
sufficient coverage for climatological study ( most were
listed in Dunkerton 1991a). Of these, ten were selected
for analysis in the central and western tropical Pacific
(Table 1). This network was bounded on the west by
Kota Kinabalu in Malaysia ( north of Borneo), and on
the east by Atuona in east-central Pacific. For synoptic
waves these two stations were, at best, marginally co-
herent with any of the stations in between.

Time series of zonal wind, meridional wind, and
temperature were constructed at standard levels (850,
700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20,
and 10 mb), four times daily (0, 600, 1200, 1800
UTC}), by interpolating soundings linearly in time after
quality control. Prior to interpolation, questionable
data points were removed if any of these conditions
were met (in order): 1) tropical wind speeds greater

! Synoptic-scale waves are important at other tropical longitudes
but are generally incoherent between sectors. Their regional char-
acteristics outside the Pacific are interesting and will be discussed
elsewhere.
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TaBLE 1. Tropical Pacific stations within 10° of the equator having
copious data, 1973-1992. Stations used on various S-EOF grids
(CPAC, WPAC, and FTM) are indicated at right.

Long
Station Lat (°W) CPAC WPAC FIM

Kota Kinabalu 6.0°N 244 X

Koror 7.3°N 225 X X

Yap 9.5°N 222 X

Truk 7.5°N 208 X X

Ponape 7.0°N 202 X X

Kwajalein 8.7°N 192 X X

Majuro 7.1°N 189 X X X
Tarawa 1.4°N 187 X X X
Funafuti 8.5°S 181 X X
Atuona 9.8°S 139 X

than 50 m s, 2) data value greater than three standard
deviations from the long-term mean, or 3) data value
greater than three standard deviations from the current
monthly mean. The last test was necessary mainly for
stratospheric zonal wind where large monthly mean
variations were due to the QBO. At most station levels,
>98% of each time series survived quality control.

Wind speeds were available to the nearest meter per
second and direction to the nearest 10 degrees, com-
parable to measurement accuracy. Observable merid-
ional wind oscillations were ~ 1-4 m s ! or more; the
tropospheric Hadley circulation was slightly larger (2-
8 m s™"). Mean meridional circulation in the strato-
sphere was, however, too small to detect.

For cross-spectrum analysis, a record was kept of
interpolated points. Spectra were calculated using a
Hanning window 128 days long (a block of 512 points).
The window was moved forward by 32-day intervals.
An individual block was included in the average spec-
trum only if the number of points in this block was
adequate to represent the frequency band under con-
sideration. To evaluate average power and coherence
in a frequency band, a Gaussian filter was used with
maximum amplitude at 7 days and /e amplitude at
7, and 74 days. For tropospheric waves 7¢ = 5.1 days,
7. = 8.0 days, and 75 = 3.8 days. For stratospheric
waves at slightly higher frequencies, - = 4.1 days, 7,
= 5.8 days, and 75 = 3.2 days. In this case, an individual
block was retained only if at least 80 noninterpolated
points were available (on average, two data points every
3.2 days). Gaussian filters were used only to evaluate
the average spectrum of unfiltered or prefiltered data,
not as a data filter per se. Significance of coherence
was determined from Monte Carlo tests using identical
software with random deviates in place of data, or by
obtaining distributions of coherence from (mostly un-
related) rawinsonde time series. Significance depended
on the bandwidth and number of blocks used. In ex-
amples discussed below, coherence values with prob-
ability of random occurrence much less than 5% were
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considered significant provided that they were asso-
ciated with well-defined spectral peaks and did not
merely represent the isolated high values expected by
chance. This conservative approach emphasized only
the dominant frequencies, all of which had been pre-
viously identified in the literature.

For principal component analysis, station data (in-
cluding interpolated points) were arrayed on a longi-
tude-height grid. Note that the three easternmost sta-
tions were at a different latitude: Tarawa near the
equator and Funafuti and Atuona in the south equa-
torial Pacific. It was reasonable to derive spatial em-
pirical orthogonal functions (S-EOFs) on an east-west
grid using variables approximately symmetric about
the equator (e.g., meridional velocity v’ of Rossby-
gravity waves). In this paper, only v’ was used to de-
termine S-EOFs. Each S-EOF had an associated prin-
cipal component time series (S-PC). Coherent rela-
tionships between S-PCs were found by calculating
their cross spectra. Propagating waves were identifiable
as a significantly coherent pair of S-PCs. The relation
of this pair to the original data (v') and other fields
(zonal wind u' and temperature 7"') was obtained by
lag correlation with respect to the S-PCs.

To check the stability of S-EOFs, station data were
projected onto three partially overlapping grids labeled
CPAC (for central and west-central Pacific stations),
WPAC (for west-central and western Pacific stations),
and FTM (a “north—south” grid near the date line
consisting of Funafuti, Tarawa, and Majuro). CPAC
and WPAC grids gave similar results although coher-
ence and S-EOF ordering varied slightly. Horizontal
spacing of stations was irregular and sparse; S-EOFs
could not be expected to describe horizontal structure
accurately. Their main use was to establish coherent
spatial relationships.

Coherence of principal components could be im-
proved somewhat by prefiltering and normalization of
the original time series of v’ by their respective standard
deviation. Normalization was generally helpful because
it compensated for large unrelated variance at the ends
of domain (noting that Kota Kinabalu was located near
the main Hadley cell, while Atuona had upper-level
westerlies containing variance from midlatitude eddies)
and larger variance in upper troposphere relative to
lower troposphere. Optional prefiltering of data was
done with bandpass filters constructed from two ap-
plications of a triangle filter (for low pass and high
pass). The filters (N, Ny) had half-widths of N;/4
and Ny/4 days, respectively. Some examples of their
combined frequency response are shown in Fig. 1.
None of the major results depended on prefiltering or
normalization.

Cross-spectrum analysis of principal components
can be compared to two alternative techniques: com-
plex principal component analysis (Horel 1984), for
broadband phenomena, and principal component
analysis in the frequency domain (Wallace and Dick-

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 50, No. 19

variance

1.0

0.8

T

0.6

0.4}

0.0 1
4 days 2.6 2.0

FIG. 1. Frequency response of bandpass filters used in this study.

inson 1972; Wallace 1972), for single-frequency phe-
nomena. Based on prior results in the tropical Pacific,
we expect different phenomena with similar frequencies
(e.g., 4-day easterly waves, 5-day tropospheric, and 4-
day stratospheric Rossby—-gravity waves). Hence, it was
advisable to separate phenomena on the basis of spatial
structure rather than temporal frequency.

Principal components were also determined at sta-
tions individually, in one dimension (vertical struc-
ture), in two dimensions (height-time EOFs), and in
time (singular spectrum analysis). Some nonorthog-
onal EOFs were obtained by varimax rotation (sec-
tion 6).

3. Background

a. Previous results

Because our station network resembled that of early
investigators (Yanai et al. 1968; Nitta 1970; Wallace
1971, and references therein) it was instructive to per-
form cross-spectrum analysis similar to theirs. Survey-
ing earlier results, we find that westward-propagating
3-6-day oscillations were common during special ob-
serving periods but were challenging to interpret. By
1971 a “consensus” emerged that 1) these oscillations
had long zonal wavelength (8000-12 000 km) in the
upper troposphere and lower stratosphere, tilting rap-
idly west with height (their structure consistent with
an n = 0 Rossby-gravity wave); 2) in the lower tro-
posphere, disturbances in east-central Pacific had
comparably long zonal wavelength but tilted east with
height; 3) in west-central Pacific, zonal wavelength in
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lower troposphere was considerably shorter (4000 km
or less) and phase, rather than tilting continuously
eastward and then rapidly westward with height, re-
sembled a first baroclinic mode without much tilt.
Waves of “eastern” (east-central Pacific) and “western”
(west-central Pacific) type had distinct thermodynamic
structure (Wallace 1971; Chang and Miller 1977).

As noted by Wallace, the tropospheric oscillations
may or may not have been observed with these char-
acteristics in a particular year. However, it is known
from Hovmoller correlation diagrams (Liebmann and
Hendon 1990) that 2) and 3) describe the average zonal
wavelength in lower troposphere, derived from
ECMWEF analyses 1980-87.

It was inferred from these results that stratospheric
Rossby-gravity waves originate in the troposphere.
Despite shallow layers of significant coherence, waves
appear to radiate upward from one region to the next
(Yanai and Hayashi 1969).

Interpretation of tropospheric disturbances was less
clear. Regional variations suggested either that their
structure evolved from one type to another while prop-
agating westward, or that two distinct waves coexisted
in the same frequency range. Lying between these dis-
parate interpretations was an awareness that upper-
level disturbances may interact with lower levels (Yanai
1963). That this viewpoint is reasonable can be argued
from the following.? 1) It is impossible to reconcile
vertical coherence at individual stations with the notion
that two unrelated disturbances coexist (Nitta 1970).
2) It is difficult—in linear theory at least—to visualize
a continuous evolution from one type (with continuous
tilt in the east) to the other (with first baroclinic mode
structure in the west) since their group propagation is
eastward (Liebmann and Hendon 1990), opposite the
phase progression.

b. Coherence spectra

Using the method outlined in section 2, power and
coherence spectra were obtained for wind components
and temperature, 1973-1992. Power spectra of raw
data were generally “red” except that a peak near 3-6
days was sometimes discernible in meridional velocity.
In only a few instances was this peak obvious enough
to deserve attention (e.g., at stratospheric levels and at
Tarawa 850-700 mb). By contrast, coherence spectra
produced a strong signature of meridional wind oscil-
lations at most stations and levels, allowing an estimate
of central frequency. Clearest results were obtained
from wind components at the same level, denoted
“VV”’ (coherence of meridional wind between stations)

2t is known that tropical systems interact on multiple scales; clouds
are within clusters, clusters within superclusters, superclusters within
intraseasonal oscillations (Nakazawa 1988; Lau et al. 1991; Takayabu
and Murakami 1991).
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and “UV” (coherence of zonal and meridional wind
at the same station ). Some examples of VV results are
shown in Fig. 2, selected from a larger sample with
Truk and Majuro as reference stations. The most sig-
nificant 3-6-day oscillations and their central frequency
were as follows: 1) in upper troposphere, a distinct peak
at about 5 days, extending to lower frequencies (e.g.,
Majuro-Ponape, 250 mb); 2) in lower troposphere,
particularly at western stations, broadband coherence
at 4-32 days (e.g., Truk-Yap, 850 mb); 3) in the central
Pacific, lower troposphere, a peak at about 41/; days
(e.g., Majuro-Tarawa, 850 mb); 4) in the stratosphere,
a broad plateau extending from around 41/» days to
much shorter periods (e.g., Truk-Ponape or Majuro-
Ponape, 50 mb). Monte Carlo tests demonstrated that
coherence values exceeding approximately 0.16 were
significant at the 95% level in these examples.

Only in the stratosphere was significant coherence
observed below a 4-day period (excluding the diurnal
cycle). When viewing the ensemble of VV results, we
note a marked difference between coherence spectra
in troposphere and stratosphere: most tropospheric
(stratospheric) periods were longer (shorter) than 4
days, with some overlap at this point. A related obser-
vation is shown here, obtained from UV spectra. Figure
3 displays the average UV coherence spectrum of Ko-
ror, Yap, Truk, Ponape, Kwajalein, and Majuro (all
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FI1G. 2. Coherence spectra of unfiltered meridional velocity obtained
between various stations at the same pressure level. Coherence values
exceeding approximately 0.16 were significant at the 95% level.
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FIG. 3. Coherence spectra of unfiltered zonal and meridional ve-
locity at the same station and level (average of six stations from
Koror to Majuro). Note increase of dominant frequency with altitude.

north of the equator) at levels 150-30 mb. A shift to
higher frequencies with increasing altitude was appar-
ent. This result is qualitatively explained if oscillations
can be identified as Rossby-gravity waves, for which
vertical group velocity varies approximately as the cube
of intrinsic frequency (Gill 1982); dissipation removes
lowest frequencies first. Around 150 mb UV coherence
was negligible, becoming significant at periods >4 days
in the middle to lower troposphere.

¢. Horizontal wavelengths

Phases obtained from VV spectra, averaged over a
frequency band as described in section 2, gave an es-
timate of horizontal wavelength (e.g., Yanai et al.
1968). Results are summarized in Fig. 4 for lower tro-
posphere, upper troposphere, and stratosphere. In the
stratosphere and at 100 mb, zonal wavenumber k
~ 3-4. In upper troposphere k ~ 5-6, while in lower
troposphere k was about twice as large, and coherence
fell off rapidly with longitude. Lower-tropospheric re-
sults were from the west-central Pacific, and do not
necessarily contradict Nitta’s (1970) observation of
longer wavelengths in east-central Pacific (Liebmann
and Hendon 1990). Variations of frequency and hor-
izontal scale with altitude were generally consistent with
Table 2 of Yanai et al. (1968).
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Figure 4 also shows an example of phase obtained
from NH winter-spring season (JFMA): at this time,
upper-tropospheric k ~ 4, similar to the stratosphere.
Although tropospheric coherence in this season was
lower than average, the increase of zonal wavelength
may help explain an observation (discussed in section
5) that stratospheric power and coherence maximized
in JFMA season. Vertical wavelength in upper tropo-
sphere was slightly larger at this time also.

d. Vertical coherence and phase

Coherence was calculated at individual stations be-
tween all levels, 850-30 mb, and averaged over a fre-
quency band, as discussed in section 2. The resulting
patterns (not shown) indicated coherence between re-
mote levels (200-850 mb, 100-500 mb) and—at most
stations in the west-central Pacific—a shallow peak
representing stratospheric waves. By contrast, stations
farther west (e.g., Kota Kinabalu ) and farther east (e.g.,
Atuona) had different patterns. Their interpretation
may be clarified noting the different phase tilts asso-
ciated with centers of maximum coherence. At Kota
Kinabalu, tropospheric structure was of first baroclinic
mode type?; at Ponape/Majuro, continuous tilt was
obtained (when the two stations were averaged to-
gether, following Wallace 1971). At Atuona phase tilt
was continuous but more gradual, with coherence in
a deep layer extending into the stratosphere. West of
the date line there was shallow coherence in the strato-
sphere, with rapid phase tilt. The tropospheric phase
at Tarawa was like Ponape/Majuro. Between Koror
and Majuro, phase tilt depended on reference level,
suggesting a mix of disturbance types. This was not a
problem when Ponape and Majuro were blended to-
gether.

Figure 5 shows phase with respect to Majuro 100
mb, from which the rapid stratospheric tilt was obvious
here and at nearby stations. Two other points are of
interest. 1) Lower-tropospheric coherence was larger
at Tarawa and Funafuti, suggesting an equatorial con-
nection to 100-mb Majuro signal. 2) The 200-mb phase
implied zonal wavenumber k ~ 4, that is, longer hor-
izontal wavelength than that obtained from V'V spectra
at 200 mb.

e. Summary

Cross-spectrum results compared well to early stud-
ies in their estimate of dominant frequencies, horizon-
tal wavelengths, and vertical phase relationship. How-
ever, they also indicated some seasonal dependence as
well as sensitivity to reference point. The next sections
will address these two points in more detail.

3 As observed at Singapore (Dunkerton 1991a).
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F1G. 4. Phase of meridional velocity averaged over a frequency band as described in section 2, with respect to Truk (+) and Majuro (A):
(a) 50 mb; (b) 150 mb; (¢) 850 mb; (d) 150 mb in JFMA season only. For reference, the sloping dashed lines each correspond to a particular

zonal wavenumber.

4. Principal components

a. Unfiltered data: Hadley circulation

Spatial empirical orthogonal functions (S-EOFs) of
meridional velocity were derived on several station

grids as described in section 2. This was first done with
unfiltered, unnormalized data on the WPAC grid (see
Table 1). The leading S-EOF in this case explained

19.0% of variance and is shown in Fig, 6. It maximized
in upper troposphere and was larger in the western half






