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ABSTRACT

A spectral analysis of winds analyzed and initialized at the European Centre for Medium-Range Weather
Farecasts reveals an abundance of power in the 850 mb meridional wind along the equator with periods near
four days. The power is mostly in the westward propagating component.

Using high-pass filtered data it is shown that the waves have westward phase and eastward group propagation
relative to the mean wind. The longest wavelengths are found over the Pacific Ocean, while the shortest are
found over the convectively variable regions of Indonesia, South America, and Africa. Mean phase speeds at
850 mb are positively correlated with the mean wind on the equator at 500 mb and below, and negatively
correlated with the mean wind above that level. The effective advecting zonal wind of the disturbances seems
to be the density weighted average of the lower troposphere.

The structure of the disturbances bears resemblance to the expected structure of an equatorially trapped
mixed Rossby-gravity wave over the central Pacific and Atlantic oceans, although the anomalies, while statistically
significant, are extremely small. The outgoing longwave radiation (OLR) pattern is consistent with the flow
field, suggesting that the waves are not merely a model artifact. Over the Atlantic there is a mode well defined
by the zonal wind at the equator, but the OLR pattern is not consistent. Over the far western Pacific, there is
evidence of meridional propagation from Northern Hemisphere midlatitudes. North of the equator there is
meridional propagation at every longitude.

The strongest disturbances are primarily confined to the lower half of the troposphere, but at many longitudes
there is evidence of a weak first baroclinic-mode structure within the troposphere. North of the equator the
structures are barotropic.

Effective equivalent depths are estimated by comparing dispersion characteristics with mixed Rossby-gravity
dispersion curves. Where the assumption of a mixed Rossby-gravity mode is believed to be valid, the equivalent
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depths are found empirically to liec between 1-60 m.

1. Intreduction

Synoptic-scale tropical disturbances with periods of
less than a week have long been known to exist (e.g.,
Hubert 1939; Dunn 1940; Riehl 1948; Palmer 1952).
Statistical analyses of these synoptic-frequency oscil-
lations began when adequate upper air data became
available (Rosenthal 1960). A developing theoretical
framework (Matsuno 1966; Lindzen 1967) sparked
interest in identifying theoretically predicted wave
modes (e.g., Yanai et al. 1968; Wallace 1969). Recent
studies suggesting a link between the 40-50 day oscil-
lation and synoptic-scale disturbances (e.g., Murakami
et al. 1984; Nakazawa 1986; Murakami et al. 1986)
have prompted renewed interest in them.

Two distinctly different types of disturbances have
been referred to as “easterly waves.” The first is the
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classical disturbance described by Riehl (1948), which
exhibit maximum amplitude at about 20°N, wave-
lengths of about 2000 km, and eastward phase speeds
relative to the easterly advecting current. The second
type of disturbances are situated closer to the equator
and may be equatorially trapped. They have westward
phase speeds relative to the basic current and longer
wavelengths than the first type. The two types of dis-
turbances are apparently not related (e.g., Yanai and
Murakami 1970). The present study concentrates on
near-equatorial disturbances; in order to avoid con-
fusion we will not refer to them as “easterly waves.”
Westward propagating disturbances near the equator
exhibit two distinct vertical structures (Yanai et al.
1968; Holton 1971; Wallace 1971). The first type,
which attain maximum amplitude in the lower tro-
posphere, may be related to the findings of the present
study. The second type, which attain maximum am-
plitude in the upper troposphere and lower stratosphere
(Yanai and Maruyama 1966), do not appear to be
coupled to the lower tropospheric disturbances ( Yanai
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et al. 1968; Wallace and Chang 1969) and will not be
discussed further.

The earliest spectral and composite studies of syn-
optic-frequency disturbances utilized station data from
specific regions; e.g., the western Pacific (Rosenthal
1960; Wallace and Chang 1969; Yanai and Hayashi
1969; Chang et al. 1970; Nitta 1970; Yanai and Mu-
rakami 1970; Reed and Recker 1971; Wallace 1971)
Africa and the Atlantic (Burpee 1972; Burpee 1974;
Reed et al. 1977; Thompson et al. 1979) and the central
Pacific (Yanai et al. 1968; Wallace and Chang 1969;
Nitta 1970; Thompson et al. 1979). A thorough review
of the studies using spectral techniques is given by
Wallace (1971). Studies using station data are able to
estimate frequency characteristics, propagation speeds,
wavelengths, and vertical structures of the disturbances.
They are not, however, able to give a detailed four-
dimensional representation of the disturbances.

The recent advent of global datasets has allowed a
global perspective of the tropics. For example, Nitta et
al. (1985), Nitta and Takayabu (1985), and Tai and
Ogura (1987) used the 1979 FGGE analyses to ex-
amine synoptic-scale disturbances throughout the
tropics. They concentrated on spectral characteristics
and the vertical structure of the disturbances. The
present study is like the more recent studies in that we
use global, gridded datasets. Unlike previous studies,
however, we emphasize the three-dimensional structure
and the regional variation of the wave properties with
longitude in light of previous work.

The present investigation is motivated, in part, by
two recent observational studies of westward moving
waves in the Indonesian—Australian monsoon region
(Hendon et al. 1989; Davidson and Hendon 1989).

Because of a sufficiently westerly advecting wind, west--

ward moving synoptic waves slowed down over the
monsoon region, and even exhibited eastward group
propagation. It is of interest to determine if this be-
havior occurs in other regions. The importance of this
effect for forecasting cyclone development in the mon-
soon region is discussed by Davidson and Hendon
(1989). ( ,

To investigate the phenomenon of differential group
and phase propagation throughout the global tropics
we employ a technique that enables us to identify quasi-
objectively the local phase and group speeds, zonal
wavenumber, and frequency of the waves. The same
technique allows us to deduce the local vertical struc-
ture. It is assumed that the detected modes are essen-
tially equatorially trapped (i.e., zonal propagation
dominates over meridional propagation). Thus we
concentrate on variations of phase speed, wavenumber,
etc., in the zonal direction. The relation between the
propagation characteristics and the mean wind is dis-
cussed, as is, to a lesser extent, the influence of con-
vection on the wave characteristics.

Since we are concerned with the variation of tropical
wave characteristics due to varying tropical mean con-
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ditions, it is desirable to be as far removed from mid-
latitude influences as possible. Thus our analyses will
be centered at the equator (arguably the most tropical
latitude). Some results from off the equator will also
be shown, however, because the details of the structure
differ from the disturbances centered at the equator.

Furthermore, to reduce the possibility that longi-
tudinal variation of wave characteristics is due to a
change in the dominant wave type, we focus on the
equatorial meridional wind. The most pronounced
spectral peak at periods of 4-5 days resides in the me-
ridional wind (e.g., Wallace 1971). We present evi-
dence that we have isolated-the mixed Rossby~gravity
mode over the central Pacific and Atlantic oceans by
focusing on the meridional wind at the equator. The
mixed Rossby-gravity wave is the only equatorially
trapped planetary mode to have its maximum in me-
ridional wind at the equator (Matsuno 1966). While
it is possible to isolate the mixed Rossby~gravity wave
over the Atlantic, the dominant wave type there is more
consistent with an odd Rossby mode, which we isolate
by focusing on the zonal wind at the equator.

2. Data

Most of our results were obtained from eight years
(1980-87) of initialized wind fields of the European
Centre for Medium-Range Weather Forecasts
(ECMWF) at seven tropospheric pressure levels on a
2.5 X 2.5 degree grid. Daily averages of the twice-daily
analyses were formed. The year 1987 was not included
in our estimates of phase and group speed. While prob-
lems certainly exist with the ECMWEF tropical analyses
(e.g., Heckley 1985) the flow at lower (~850 mb) and
upper ( ~200 mb) levels (where abundant satellite and
aircraft winds are available ) is believed to be adequately
captured. The 850 mb level is emphasized in our anal-
ysis. Outgoing longwave radiation (OLR) measure-
ments on the same grid, which are available for the
same period, augment our analysis.

3. Preliminary analysis

Westward moving disturbances are easily detected
along the equator at most longitudes and during all
seasons. Figure 1 is a representative Hovmoller diagram
of unfiltered, twice-daily 850 mb meridional wind at
the equator over the Pacific Ocean from 1 November
through 31 December 1986. Numerous disturbances
are evident. During this particular season they tend to
originate near the date line and disappear around
130°E. Their phase speeds are 5~10 m s~ with local
periods of 4-10 days. Similar disturbances are evident
at other longitudes, particularly the Africa—Atlantic re-
gion. Affrica is thought to be a region of genesis for
westward propagating disturbances with periods of 3—
5 days (e.g., Burpee 1972).
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FiG. 1. Hovmoller diagram of twice-daily 850 mb meridional wind
at the equator from | November-31 December 1986. Contours are

plotted at intervals of 3 m s~! with negative contours dashed. Zero_

contour is omitted.

The power spectrum of the 850 mb meridional wind
at the equator as a function of longitude is presented
in Fig. 2a. The power was calculated at 61 frequencies
for each 120 day segment beginning on 1 September
and then averaged over the eight years. There is sub-
stantial power in the 3.5-6 day band (hereafter referred
to as “synoptic-frequency”) at all longitudes except
20°-30°E" and 45°-60°W. In fact, at many longitudes
there is as much power in this band as there is at periods
greater than 10 days and, in particular, near the date
line and over the eastern Atlantic there is more power
at synoptic than at lower frequencies. At these two lon-
gitudes spectral peaks in the meridional wind in the
4-6 day band have previously been detected [e.g.,
Yanai et al. (1968) and by implication, Burpee
(1972)]. The power drops off rapidly for periods less
than 4 days at all longitudes.

The synoptic-frequency power distribution at 10°N
(not shown) is quite similar to that at the equator in
both zonal variation and amplitude. At 10°S it is more
zonally constant and of slightly smaller amplitude than
at the equator. The synoptic-frequency peak in merid-
ional wind is not well-defined at 200 mb, although there

' The minimum in power at all periods over eastern Africa
(~30°E) is due to the 850 mb surface being beneath that of the
earth.
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is a monotonic increase of power with height at all
frequencies.

Spectra of 850 mb zonal wind (Fig. 2b) are more
red than the meridional component, with maximum
power always occurring at the lowest frequencies. The
power of the zonal wind is also more zonally uniform
that the power of the meridional wind. In particular,
there is no gap in power at synoptic frequencies over
South America as there is in the meridional wind com-
ponent. The power distribution at 10°N and 10°S is
similar to that at the equator.

The September—December season emphasized in the
present study represents a ‘““transition season” in the
tropics; i.e., a time of year before the large-scale con-
vection is dominated by the Indonesian—Australian
monsoon, and after it is dominated by the Indian
monsoon (e.g., Liebmann and Hartmann 1982). Dur-
ing this season midlatitude effects are least likely to be
felt at the equator, and no obvious preference for syn-
optic-frequency power in either hemisphere occurs. A
similar distribution of power exists along the equator
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FIG. 2. (a) Power spectrum of 850 mb meridional wind at the
equator as a function of period and longitude for the September—
December 1980-87 seasons. Dashed contours are plotted at values
of 1 and 2 m? s~? day. Solid contours are plotted at values of 3, 6,
12, and 20 m?s~? day with values greater than 12 m?s~2 day shaded.
(b) As in (a) except zonal wind.
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during other seasons, although this particular season
exhibits the largest synoptic-frequency peaks.

Westward propagating disturbances dominate the
spectrum of meridional wind at the equator (Fig. 3a),
especially in the 3.5-6 day band. The westward moving
disturbances in this band have wavenumbers ranging
from 3-9. Another broad peak in the spectrum occurs
for westward moving disturbances with periods of
around 10 days and wavenumbers 5-12. These waves
will not be discussed further. The zonal wind exhibits
more power at synoptic frequencies in westward than
in eastward propagating disturbances (Fig. 3b), al-
though there is no distinct peak and the amplitude is
less than in the westward propagating meridional com-
ponent.

Since the purpose of this study is to examine the
structure and zonally varying characteristics of syn-
optic-frequency disturbances, we will focus on the 850
mb meridional wind field, in which synoptic-frequency
disturbances are best distinguished from a red-noise
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FI1G. 3. Power spectrum of 850 mb meridional wind at the equator
as a function of wavenumber and period. Solid contours are plotted
at an interval of 10 m? s~2 day with values greater than 20 m? s~2
day shaded. The 5 m?s~% day contour is dashed. Periods left of center
imply westward moving disturbances. (b) As in (a) except zonal
wind.
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F1G. 4. Gain of high-pass filter as a function
of period and frequency.

spectrum. As will be shown, however, at longitudes
over the Atlantic, disturbances are as well-defined in
terms of the zonal wind at the equator as they are by
the meridional wind, in spite of the lack of a synoptic-
frequency spectral peak there.

To isolate the synoptic-frequency disturbances, we
high-pass filtered the data. This is reasonable because
synoptic-frequency westward propagating disturbances
are evident in unfiltered data (Fig. 1), there is signifi-
cant power at these synoptic-frequencies (Figs. 2 and
3), and previous studies have identified spectral peaks
between 4 and 7 days in the lower tropospheric merid-
ional wind (e.g., Wallace 1971).

The daily averages are filtered by subtracting the total
field from the field that has been passed through a 1-
2-3-4-3-2-1 temporal weighting scheme. The gain of
this filter as a function of period is shown in Fig. 4.
Fifty percent of the power (square of the gain) is passed
at periods of 8 days and 80% is passed at periods of 6
days. Unless stated otherwise, all subsequent results
have been obtained using this filter.

4. Zonally varying properties

In this section we attempt to identify the zonally
varying ensemble wave characteristics (i.e., local zonal
phase and group speeds, wavenumber, and frequency)
and to relate them to the zonally varying mean prop-
erties. To do so in a quasi-objective and compact form,
we employ a technique described by Fraedrich and Lutz
(1986)and Liebmann et al. (1989). Diagrams are pro-
duced that are like traditional Hovmoller diagrams in
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that the abscissa represents longitude and time pro-
gresses downward on the ordinate. On these diagrams,
however, a base grid point at a given latitude is cor-
related with the grid point at every longitude along a
latitude circle for a range of leads and lags of the latitude
circle relative to the base grid point. Thus these
“Hovmoller-correlation” diagrams show ensemble
propagation characteristics with contours representing
isopleths of correlation. The isopleths of correlation
start at 0.1, which, while marginally statistically sig-
nificant, explain little variance. The contours of weak
correlation are included to add definition to the dia-
gram,

A representative Hovméoller-correlation diagram of
the equatorial 850 mb meridional wind lagged with
itself at (Equator, 150°W) is shown in Fig. 5a. This
base grid point is near the eastern edge of the maximum
high-frequency power in the central Pacific (Fig. 2).
The axis of zero correlation (labeled “P”’) represents
the local phase speed. Clear westward propagation at
about 18 m s™! is observed. The group speed, or the
speed at which energy propagates, is obtained from the
axis that passes through the absolute maxima of cor-
relation (labeled “G”). The group speed is nearly zero
in this example. That is, while the individual crests of
the wave train form to the east of the grid point, pass
through it, and decay to the west, the largest amplitude
of the wave is approximately fixed at the base grid point.
At that point the wave appears as nearly a standing
oscillation. An estimate of half the wavelength is ob-
tained by measuring the distance between two succes-
sive nodes at a given time (labeled “',L”). We esti-
mate a integer zonal wavenumber 6 disturbance at this
grid point, or a wavelength of about 6700 km.

A Hovmoller-correlation diagram using a base grid
point at 150°E is shown in Fig. 5b. In this example the
westward phase speed is less (~10.5 m s7!), but the
group speed is greater (~4 m s~! eastward) and the
zonal wavenumber is larger ( ~ 11) than in the previous
example. Wallace and Chang (1969) found a zonal
wavenumber 13 structure in the lower tropospheric
meridional wind near this longitude using cross-spectral
analysis between pairs of stations, consistent with our
results. Yanai et al. (1968) estimated average zonal
wavelengths of 6000 km in the lower troposphere using
pairs of stations between 150°E and 155°W. Nitta
(1970) estimated wavelengths of 8000 to 10 000 km
in the Line Island region ( ~160°W). We will show
later that our wavelength estimates increase to the east
of the date line, so our results are consistent with those
of Nitta (1970). A third example is presented in Fig.
5c. The base grid point lies just west of Africa at 20°W,
within the region of large high-frequency variance over
the Atlantic (Fig. 2). The phase velocity is 14 m s™*
westward, the group speed is nearly zero, and the zonal
wavenumber is about 9, equivalent to a zonal wave-
length of 4500 km. Shorter wavelengths at these lon-
gitudes have been found in previous studies. For ex-
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F1G. 5. (a) Correlation between high-pass filtered 850 mb merid-
ional wind at (equator, 150°W) and 850 mb meridional wind at
every grid point on an equatorial strip that lags behind base grid
point by number of days noted on left side of diagram. Contour
interval is 0.1, starting at 0.1. Negative contours are dashed. (b) As
in (a) except base grid point is at (equator, 150°E). (¢) As in (a)
except base grid point at (equator, 20°W),
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ample, Reed et al. (1977), by compositing data from
the GATE array, found an average wavelength of 2500
km, or wavenumber 16 and westward phase speed of
8 m s™!. Thompson et al. (1979) found even shorter
wavelengths., These waves may be classical easterly
waves (Rieh! 1948 ) rather than the equatorially trapped
waves under present scrutiny.

To estimate the local wave characteristics as a func-
tion of longitude, Hovmoller-correlation diagrams (like
Fig. 5) were made with a base point at 5 degree intervals
along the equator. Our estimates of local phase and
group speeds from the meridional wind component
are summarized in Fig. 6a along with mean values of
the 850 mb zonal wind. Figure 6b contains the esti-
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F1G. 6. (a) Zonal phase (denoted by “P”’) and group (denoted by
“G”) velocities of easterly wave disturbances at the equator estimated
at 5 degree increments of longitude. Solid cuve is 850 mb mean zonal
wind averaged from 2.5°N to 2.5°S for September-December season.
(b) Local integer zonal wavenumber (denoted by “m’), high-fre-
quency 850 mb kinetic energy (solid curve), and high-frequency
OLR variance (dashed curve). Wavenumber scale is on left side of
diagram next to ordinate. Kinetic energy scale is on far left side of
diagram. OLR scale is on right side of diagram. (c¢) 200 mb mean
zonal wind (solid curve), 200 mb kinetic energy (dashed curve),
and OLR variance (dotted curve). Zonal wind scale is on left side
of diagram, next to ordinate. Other scales are as in (b).
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F1G. 7. Correlations between 850 mb zonal phase velocities at
equator and mean zonal winds averaged from 2.5°N to 2.5°S at
every level.

mated zonal wavenumbers, synoptic-frequency 850 mb
kinetic energy, and synoptic-frequency OLR variance
for reference. Mean 200 mb wind, synoptic-frequency
200 mb kinetic energy, and synoptic-frequency OLR
variance are plotted in Fig. 6¢.

At 850 mb phase velocities are everywhere westward
(Fig. 6a), with local maxima over the eastern Pacific
(18 m s7!) and Atlantic (12 m s7'). Local minima
occur over Indonesia, South America, and Africa.
Group velocities are almost everywhere eastward, and
are greatest over the monsoon region, corroborating
the results of Davidson and Hendon (1989). Group
speeds are small relative to phase speeds and they are
not as well-defined as phase speeds. Eastward group
speed maxima coincide with westward phase speed
minima and vice-versa, such that zonal group and
phase velocities are positively correlated. The estimated
zonal wavenumbers (Fig. 6b) range from about 4 in
the eastern Pacific to about 13 over Indonesia, South
America, and Africa. High wavenumbers coincide with
regions of high OLR variance, particularly over South
America and the eastern Indian Ocean, and somewhat
to regions of high kinetic energy. The relationship with
kinetic energy improves significantly at 10°S, however,
where there are peaks in kinetic energy over Africa and
South America, features that are nearly absent at the
equator. Thus high wavenumbers, low phase speeds,
high kinetic energy, high OLR variance, and relatively
westerly mean winds all coexist over the monsoon re-
gions. The highest wavenumber disturbances are found
in regions of most convective variability.






