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ABSTRACT

The signature of 4~5-day period Rossby-gravity waves is searched for in the tropical convection field across
the Indian-Pacific oceans. The convergence/divergence field of these waves in the lower troposphere is anticipated
to produce an antisymmetric fluctuation in tropical convection. Antisymmetric fluctuations of tropical convection
are shown to exhibit a pronounced spectral peak at a 4-5-day period only during boreal fall and only within
about 30° longitude of the date line. The peak amplitude occurs around 7.5° latitude. These fluctuations
propagate westward at 15-20 m s~ with zonal wavelength of about 7000-9000 km. The fluctuations of convection
are coherent and out of phase with the equatorial meridional wind, which also exhibits a pronounced spectral
peak at a 4-5-day period in the lower troposphere near the date line. The antisymmetric zonal wind also is
strongly coherent with the antisymmetric convective fluctuations in this region. The horizontal distributions of
the 4-5-day power and coherence of the winds and convection are consistent with that produced by a convectively
coupled Rossby~gravity wave that is confined near the date line.

The localization of the convectively coupled Rossby-gravity wave activity near the date line during boreal fall
is postulated to be due to the unique meridional distribution of sea surface temperature at this location. The
equatorial minimum flanked by maxima at about 5°-10° latitude is thought to encourage antisymmetric convection,
which interacts efficiently with Rossby—-gravity waves. The fall maximum in convectively coupled Rossby~gravity
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wave activity is consistent with these unique sea surface temperatures occurring only during fall.

1. Introduction

Atmospheric Rossby-gravity waves (Matsuno 1966)
were first detected in the lower stratosphere across the
tropical Pacific Ocean (Yanai and Maruyama 1966).
Subsequently, these waves, with zonal scale 8000~
10 000 km and a 4-5-day period, were traced to the
upper troposphere ( Yanai et al. 1968). The waves ex-
hibit westward tilt with height in the upper tropo-
sphere-lower stratosphere and are associated with up-
ward flux of wave energy at the tropopause level (Yanai
and Hayashi 1969). This was shown by Lindzen and
Matsuno ( 1968) to be indicative of vertical propagation
away from a tropospheric source. These vertically
propagating Rossby-gravity waves are thought to play
a key role in the general circulation of the stratosphere
(Holton and Lindzen 1972). The tropospheric source
of the Rossby—gravity waves, however, has never been
conclustvely identified.
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Two important tropospheric sources have been hy-
pothesized to be responsible for the generation of
Rossby-gravity waves seen in the lower stratosphere—
upper troposphere. Asymmetric lateral forcing from
midlatitudes was proposed theoretically by Mak (1969)
and was later given support observationally by Zangvil
and Yanai (1980). An important consequence of this
theory is that the observed activity of Rossby—gravity
waves should display a distinct seasonal variation.
Maximum activity should occur during solstice con-
ditions in conjunction with the strongest antisymmetric
lateral forcing from midlatitudes. While limited evi-
dence from a one-year integration of a general circu-
lation model supports this prediction (Hayashi and
Golder 1980), observational evidence is lacking.

The other proposed source of Rossby-gravity waves
is wave-CISK (Hayashi 1970), whereby free Rossby-
gravity modes are generated by the unstable interaction
with cumulus convection. Convection is presumed to
be generated in phase with the wave convergence in
the lower troposphere. Despite Hayashi’s inability to
explain the observed wavelength and period (as with
most linear wave-CISK calculations the fastest growing
modes are the smallest-scale gravity waves), the struc-
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ture of the model’s 4-5-day mode was quite realistic. emphasize the annual variation of the wave activity
Furthermore, tropical convection is observed to be that is coherent with convection since this may shed
modulated at the same spatial and temporal scales as light on the source of the waves in the upper tropo-
the observed Rossby-gravity waves (Zangvil and Yanai sphere.
1981), consistent with the wave-CISK hypothesis. The Counter to most previous studies that detected
problem of scale selection in wave-CISK models can Rossby-gravity waves in the motion field, we will first
be alleviated by the incorporation of nonlinear cumulus  look for the signature of the waves in the cloud field.
heating (Itoh and Ghil 1988) and hence wave-CISK If wave convergence is responsible for generating and
remains a viable mechanism for the generation of supporting convection, then the convection field co-
Rossby-gravity waves. herent with the wave should have the antisymmetric
While it is difficult to predict what sort of annual structure depicted in Fig. 1 (e.g., the clouds/no clouds
variation of Rossby-gravity wave activity should occur occur in phase with the lower tropospheric conver-
if indeed wave-CISK is the dominant generation gence/divergence). Thus, antisymmetric convective
mechanism, a clear indication of the waves should be fluctuations in the 4-5-day period range will be
seen throughout the depth of the troposphere if they searched for throughout the Indian and Pacific oceans.
are coupled to the convection. Across most of the west- We will initially concentrate on the fall season since
ern Pacific Ocean, however, the predominant 4-5-day this is the season when Liecbmann and Hendon (1990)
‘period modes in the lower troposphere have spatial detected a convectively coupled Rossby—gravity wave
scales much smaller than 10 000 km and do not appear signal near the date line in the lower tropospheric
to be Rossby-gravity waves (Wallace 1971; Liebmann  winds. A similar analysis will then be performed with
and Hendon 1990). But near the date line, the pre- the 850-hPa equatorial meridional wind field. This field
dominant lower tropospheric mode with a 4-5-day pe-  is well suited for the isolation of Rossby-gravity modes
riod does appear to be a long Rossby-gravity wave since the meridional wind is a maximum on the equa-
(Nitta 1970) and is associated with both convection tor for these waves (Fig. 1). If the observed Rossby-
(Liebmann and Hendon 1990) and the upper tropo- gravity waves are coupled to the convection, a consis-
spheric waves (Nitta 1970). The issue of why the waves  tent relationship (in space and time ) between the wind
are readily detectable across much of the Pacific in the and convection should emerge and it should be evident
upper troposphere, but only near the date line in the in the lower tropospheric wind field. Significant 4-5-
lower troposphere, may be related to the coupling with  day activity in the equatorial meridional wind indeed
convection. is shown to coincide with that described by the anti-
In the present study we wish to pursue convective symmetric cloud field and they are correlated indicative
coupling as a mechanism for the generation of the 4- of Rossby-gravity waves. Cross correlation with the
5-day period Rossby-gravity waves by examining the zonal wind confirms the Rossby-gravity waves are
relationship between the wave fields (as depicted in  coupled to the convection only near the date line and
wind analyses) and tropical convection [as deduced only during fall.
from satellite observed outgoing longwave radiation
(OLR)]. In contrast to the zonally averaged approach 2+ Data
of Zangvil and Yanai (1980), we will concentrate on The primary data examined in this study are gridded
the longitudinal variation of the relationships. We will OLR and ECMWF winds. The OLR data are available
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FIG. L. Velocity (arrows) and divergence ¢contours) fields for the inviscid Rossby-gravity wave
as given by Matsuno (1966). Zonal wavenumber 5 with westward phase speed —17 m s is
displayed. Maximum meridional wind is | m s~ and the contour interval for divergence is 0.2
X 1076 s™!, The zero contour is omitted and the odd contours are shown.
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from 1974 to 1988 (1978 missing) and the winds are
available from 1980 to 1988. These data are on a 2.5
deg grid and are available once per day. The zonal and
meridional winds are provided at seven levels in the
vertical (1000, 850, 700, 500, 300, 200, and 100 hPa).

Much of this study deals with the spectral analysis
of the OLR and winds. Since we are interested in the
seasonal variation of wave activity, spectral quantities
are created for 12 successive overlapping 2 month pe-
riods during the year and then averaged over all years.
To do this, 64-day time series beginning the first of
each month were analyzed. For each segment the trend
was removed (we, thus, treat the seasonal cycle as a
trend, but because we are interested in high-frequency
fluctuations only, this should not distort our analysis)
and the ends of the series were tapered to zero. A FFT
was performed on each 64-day segment and the re-
sulting power and cross power (complex ) were averaged
over all available segments (13 or 14 years for the OLR
and 8 or 9 years for the winds).

The nominal bandwidth of 1/64 cpd was increased
by successive convolutions in frequency with a running
1-2-1 filter. For study of single 2-month segments,
one pass was applied. For study of the annual variation
of wave activity, three passes were applied. This process
increases the bandwidth to 2/64 and 4/64 cpd, re-
spectively. The wide bandwidth for the seasonal in-
vestigation was chosen to ensure that all of the variance
associated with the 4-5-day period fluctuations could
be captured by the single frequency 14/64 cpd (4.5-
day period). The degrees of freedom per spectral es-
timate are also increased by this convolution in fre-
quency; for the single pass it increases to 3 and for the
triple pass it increases to 7. The total degrees of free-
dom, after treating each segment from each year as an
independent realization, is about 40 (91 for three
passes) for the OLR and 24 (56 for three passes) for
the winds.
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The degrees of freedom for coherency calculations
are further increased by repeating the identical calcu-
lation at adjacent grid points (i.e., 2.5 deg apart) and
averaging the cross power prior to creating coherency.
While the actual number of degrees of freedom is not
significantly increased by this process, beneficial
smoothing of the coherency spectrum results.

Use is also made of the antisymmetric-symmetric
decomposition technique pioneered by Yanai and
Murakami (1970). Any field that is a function latitude,
¢, can be written as

W(¢) = Wi(¢) + Wi(¢)
where W, (¢) = (W(¢) — W (—¢))/2 is the antisym-
metric component and W (¢) = (W (¢) + W(—¢))/
2 is the symmetric component. The zonal wind and
convection field associated with Rossby—gravity waves
are antisymmetric (Fig. 1), and consideration of these
antisymmetric components effectively isolates the
Rossby—gravity waves (e.g., Zangvil and Yanai 1980).

3. October-November season
a. Antisymmetric OLR fluctuations

We begin by examining the frequency spectrum of -
the antisymmetric OLR at 7.5°, OLR, (7.5°), during
October-November. This latitude is central to the range
in which Zangvil and Yanai (1980) detected Rossby-
gravity waves using antisymmetric zonal wind statistics.
We will show subsequently that the antisymmetric
OLR power associated with Rossby-gravity waves does
indeed peak at 7.5° latitude. The October-November
season (recall that this segment begins on 1 October
each year and runs 64 days) falls midway in the fall
period used by Liebmann and Hendon (1990). Only
near the date line did they find convectively coupled
Rossby-gravity waves in the lower troposphere.

The longitudinal distribution of OLR, (7.5° ) power
is shown in Fig. 2 for October-November. Large an-
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FI1G. 2. Power of OLR, (7.5°) as a function of longitude and frequency (cpd) for October—
November. The contour interval is 3 W2 m™ and the bandwidth is 2/64 cpd.
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tisymmetric power at a 4-5-day period occurs only be-
tween 150°E-150°W. A meridional section at 167.5°E
(averaged from 165°-170°E) shows the antisymmetric
power (upper half of Fig. 3) to be dominated by 4-5-
day period fluctuations centered at 7.5°. In the lower
half of Fig. 3, the ratio of the antisymmetric to sym-

metric power is displayed. The antisymmetric peak at .

4--5 days contains more than twice as much power as
the symmetric fluctuations. That the antisymmetric
fluctuations dominate the total variance at these fre-
quencies is seen from the coherence squared between
OLR (7.5°N) and OLR (7.5°S) at 167.5°E (not
shown). Significant coherence squared only occurs at
4-5-day periods with a peak value of 0.45 occurring at
14/64 cpd (i.e., 45% of the variance at 7.5°S can be

explained by fluctuations at 7.5°N). Consistent with

the antisymmetric component dominating the spec-
trum at 4-5 days (Fig. 3), the fluctuations are 180°
out of phase at this frequency.

To determine the zonal scale of these antisymmetric
convective fluctuations, the correlations of OLR, (7.5°,
180°E) with OLR (7.5°N) (Fig. 4a) and with OLR
(7.5°S) (Fig. 4b) are created and displayed as
Hovmoéller correlations maps (e.g., Licbmann and
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FIG. 3. Latitudinal distribution of OLR, power, averaged between
165° and 170°E, as a function of frequency for October-November
(upper half). The latitudinal distribution of the ratio of OLR, to
OLR; power is displayed in the lower half. The contour interval for
power is 3 W2 m™ and the bandwidth is 2/64 cpd. Solid contours
in the lower half are for the ratio greater than one (interval 0.2).
Dashed contours are for the ratio less than one (contours are the
inverse of the solid contours).
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Hendon 1990). These were created by first filtering the
64-day segment beginning on 1 October each year with
a narrow bandpass filter (half-power at 3.5 and 6.5
days; Murakami 1979) and then computing the cor-
relations at the requisite lags.

The antisymmetric fluctuations are seen to possess
a dominant wavelength of 7000-8000 km and to prop-
agate westward at about 15-20 m s™' (Fig. 4). They
maintain their integrity from about 150°W to 150°E
in both hemispheres though a slight indication of larger
and more extensive correlation is evident in the North-
ern Hemisphere. Little group propagation is seen,
which may be an indication that the waves are being
generated locally. It is interesting that only about a half
of a wavelength is ever evident in the zonal direction
but that locally the wave remains strong over many
cycles.

In agreement with Liebmann and Hendon (1990),
who performed a similar analysis with the filtered
equatorial meridional wind, the wavelength and phase
speed decrease rapidly as the base point is moved west-
ward. The correlations also drop off dramatically in
the Southern Hemisphere for base points west of
160°E. Similarly as the base point is moved eastward,
the phase speed and wavelength increase, reaching a
maximum of about 20 m s~! and 10000 km near
160°W. These results are also consistent with the lim-
ited station analysis of Nitta (1970).

It is interesting that Wallace (1971) also detected a
pronounced antisymmetric fluctuation in convection
at the 4-5-day period near the date line using one sea-
son (July-October 1967) of cloud brightness data. No
zonal propagation of these antisymmetric fluctuations
was detected and, in fact, Wallace interpreted them as
standing oscillations. It is possible that no systematic
propagation occurred during the single season he ex-
amined. The low-pass filtering employed by Wallace
{1971) may also have limited the detection of the zonal
propagation.

In summary, 4-5-day period antisymmetric OLR
fluctuations, with scales that are consistent with pre-
viously detected upper tropospheric Rossby-gravity
waves, possess significant power in a limited region of
the Pacific-Indian oceans only near the date line. These
fluctuations have zonal scales 7000-10 000 km and
westward phase speeds of 15-20 m s™!, but appear to
develop locally in space (i.e., zero group velocity). It
remains to be seen how coherent these fluctuations are
with the winds and whether they are truly a reflection
of Rossby—gravity waves.

b. Equatorial meridional wind activity

Prior to computing the correlation between the
clouds and the winds, the equatorial 850-hPa meridi-
onal wind, v, is examined for spectral peaks at 4-5
days. Rossby—gravity waves are expected to have max-
imum v amplitude on the equator (Fig. 1). Liecbmann
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FIG. 4. Longitude-lag (Hovmdller) representation of the correlation between OLR, (7.5°,
180°) with the total OLR at 7.5°N (a) and 7.5°S (b). The fields were bandpass-filtered (3.5-6.5
days) prior to computing the correlation. The contour interval is 0.1 (negatives dashed) with the

zero contour omitted.

and Hendon (1990) showed the vgso (0° latitude)
spectrum to possess a distinct peak at 4-5 days near
the date line during fall. This peak is confirmed by
examining the latitudinal distribution of power in vgs
at 167.5°E (central to the spectral peak in OLR,) for
October—-November (Fig. 5). The spectrum displays a
prominent peak at a 4-5-day period centered near the
equator, consistent with Rossby-gravity wave activity
(Fig. 1). Examination of the longitudinal distribution
of power along the equator (not shown) confirms that
this peak at the 4-5 day period is also confined within
30° longitude of the date line.

¢. Cross correlation between OLR and winds

During fall both the OLR and 850-hPa meridional
wind exhibit characteristics of 4-5-day Rossby—gravity
wave activity, which are highly localized in space (i.e.,
within about 30° longitude of the date line). To de-
termine if these fields are fluctuating coherently and
indeed are a reflection of Rossby—gravity waves, the
cross correlations between the clouds and wind fields
are examined. In some of the computations that follow,
the coherency between the time series of OLR, (7.5°)
and the wind fields will be computed. Some care is
needed in interpreting these results since a field con-

fined only to one hemisphere will possess an equal
symmetric and antisymmetric component. Thus, a
large cross correlation may occur with an antisym-
metric field, but may be due only to a fluctuation in
one hemisphere. Comparison to the actual latitudinal
distribution of power in each field may be necessary
to distinguish if the field is truly dominated by anti-
symmetric fluctuations.

For convection driven by Rossby-gravity wave con-
vergence (e.g., Fig. 1), we expect an out-of-phase re-
lation between v (0°) and antisymmetric OLR (op-
posite sign to convection) while the zonal wind, u,
should be antisymmetric and lead OLR by a quarter
cycle. The coherency squared and phase between vgso
(0°, 167.5°E) and the total OLR at 167.5°E as a func-
tion of latitude (Fig. 6a) and OLR, (7.5°, 167.5°E)
with ugso at 167.5°E as a function of latitude (Fig. 6b)
are displayed for October-November. The only sig-
nificant correlations are found in the 4-5-day band
and are consistent with those produced by a 4-5-day
Rossby-gravity wave. Both fields show peak coherence
at 7.5° latitude. The magnitude of the coherence
squared (about 0.5) indicates that roughly 50% of the
variance in this frequency range can be attributed to
these Rossby—gravity waves. Both the OLR (Fig. 6a)






