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Abstract

We investigate the relationship between mixed Rossby-gravity waves (MRGWs) and convection
in a general circulation model. The experiments described are performed in a general circulation
model with the lower boundary set to that of an ocean surface everywhere. Several experiments are
run varying the convective parameterization scheme (using either a modified Kuo scheme or a moist
convective adjustment scheme) and varying the tropical sea surface temperatures (specified to be
zonally symmetric in all cases), thereby changing the location of the modeled intertropical convergence
zones (ITCZs). The appearance of a robust MRGW occurs when the sea surface temperature is such
that two I'TCZs straddle the equator. The particular sea surface temperature distribution used and the
parameterization scheme for convection also affect the structure and strength of the modeled MRGW.
The vertical structure of MRGWs is analyzed in the experiment in which this wave mode is the most
energetic. We show that MRGWs of several different zonal length scales exist in the troposphere in
association with convection; however, it is only the longer length scales which can be discerned in the
upper troposphere and lower stratosphere.

1. Introduction antisymmetric about the equator in the central Pa-
cific, is associated with MRGWs in the lower tro-
posphere with periods of 4 days. This is consistent
with Salby et al. (1991) who find that the bright-
ness temperature signal tends to be anti-correlated
across the equator during the occurence of double
ITCZs.

Early analysis of station data in the equatorial Pa-
cific indicates disturbances with wavelengths rang-
ing between approximately 3000 and 10000 km with
periods of 4-5 days (see Wallace, 1971, for a review
of this early work). As discussed by Wallace (1971)
the shorter wavelength modes, generally with max-
imum amplitude in the meridional wind between
5° and 10° latitude and prominent at the western
Pacific stations, are distinct from the modes with
longer wavelengths and with maximum amplitude
©1993, Meteorological Society of Japan on the equator. A wave found across the Pacific

Waves with a four to five day period are ubiqui-
tious in the tropics. These waves include the easterly
waves observed over the Pacific and Atlantic basins
as well as both upper and lower tropospheric mixed
Rossby-gravity waves (MRGWs). In this frequency
range there is a large peak in the cloud brightness
spectrum (Zangvil and Yanai, 1981), in the outgo-
ing longwave radiation (OLR) and in the brightness
temperature (Salby et al., 1991), especially in the re-
gion of the intertropical convergence zone (ITCZ).
Salby et al. (1991) attribute much of this brightness
variance to easterly waves (Reed and Recker, 1971).
MRGWs also contribute to the prominent 4 day
peak in the brightness spectrum. Hendon and Lieb-
mann (1991) (HL) demonstrate that an OLR signal,
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in the lower stratosphere, discovered by Yanai and
Maruyama (1966) and often referred to as the Yanai
wave is identified with a MRGW mode of wavelength
10000 km. Reports of fluctuations in the meridional
wind in the lower troposphere with wavelengths be-
tween 8000 and 10000 km (wavenumbers 4 and 5) are
documented from station data over the central equa-
torial Pacific (Nitta, 1970; Yanai and Maruyama,
1970).

Using the analysis product from ECMWF, Lieb-
mann and Hendon (1990) (LH) show a broad peak in
the power of the equatorial meridional wind at 850
mb in the Pacific basin for westward moving dis-
turbances in the 3.5-6 day band and wavenumbers
4-8. In the central Pacific a regression about the 850
mb equatorial meridional wind gives a wavenumber
of about 6 or 7, with a structure and dispersion
relationship consistent with equatorially trapped
MRGWs (LH). This wave is unambigiously corre-
lated with OLR anomalies. The relation of this wave
to the upper tropospheric Yanai wave has not been
firmly established, nor the relation of the Yanai wave
to clouds.

While the tropospheric MRGW contributes to the
large 4 day peak in the brightness spectrum, the
MRGW in the lower stratosphere is thought to be
important in forcing the easterly phase of the strato-
spheric quasi-biennial oscillation (QBO). Absorp-
tion of this wave induces a westward acceleration to
the lower stratospheric winds when the mean wind
shear is easterly, thus causing a descent of the zonal
mean easterlies (Lindzen and Holton, 1968; Holton
and Lindzen, 1972).

The forcing mechanism for MRGWs is still specu-
lative. Hayashi (1970) finds that parameterizing the
heating with a CISK type parameterization desta-
bilizes the neutral equatorial modes. The three
dimensional structure of the resulting destabilized
MRGW agrees very well with the observed struc-
ture. In particular, the southwest (northwest) to
northeast (southeast) tilt of the wave in the north-
ern hemisphere (southern hemisphere) and the verti-
cal phase structure is consistent between theory and
observations. Although Hayashi shows the unstable
MRGW is preferred over the Rossby wave modes,
he cannot explain the frequency or wavelength of
the observed waves: the instability analysis favors
longer wavelengths and shorter periods than those
observed. Kuo (1975) argues that the preferred spa-
tial and temporal scales of the most unstable CISK
equatorial modes are consistent with observed wave
characteristics if waves with sufficiently short peri-
ods cannot supply water fast enough to sustain an
instability through the CISK mechanism. Numeri-
cal experiments with a primitive equation (-plane
model (Itoh and Ghil, 1988) support the conclu-
sion that the phase speed associated with the longer
westward propagating MRGWs is too fast to effec-
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tively excite wave-CISK.

The model results of Holton (1974) indicate that
equatorially antisymmetric heating with a 5 day pe-
riod effectively generates MRGWs. Salby and Gar-
cia (1987) (SG) demonstrate with linear theory the
sensitivity of the equatorially trapped modes to the
three dimensional structure of stochastic heating. In
particular, the amplitude of the response of a partic-
ular wave mode (with fixed length and time scales)
to the heating is given by the projection of the heat-
ing, prescribed in time and space, onto the Hough
mode in question. The projection is particularily
strong if the heating spectrum is white because the
response to heating scales by the inverse of the wave
frequency. A white heating spectrum allows efficient
projections onto the fairly high frequency MRGW.
SG show that a stochastic distribution of heating,
defined by given spectral characteristics, can pro-
duce weak MRGWs when the heating is located to
the north of the equator (they did not study the
case governed by the stochastic heating generated
in both hemispheres by a double ITCZ). However,
their analysis is linear and does not account for the
stability of the wave solution or the feedback of the
forced wave on the heating field.

Recently, HL show that in the central Pacific the
lower tropospheric wave amplitude of the MRGW is
strongly peaked during the boreal fall season, coin-
ciding both spatially and temporally with a region
where the sea surface temperature (SST) reaches
values greater than 28° on both sides of the equator.
This SST distribution favors convection located off
the equator in both the northern hemisphere (N.H.)
and southern hemisphere (S.H.). In fact, during the
fall months in the central Pacific two ITCZs are of-
ten observed straddling the equator. Moreover, the
power of OLR antisymmetric about the equator is
almost three times the symmetric power (HL). The
coincidence of MRGW modes with equatorially sym-
metric SSTs and equatorially antisymmetric heating
suggests a strong relationship between SST, the lo-
cation of convection and the occurence of MRGWs
(HL).

The fact that the peak amplitude of this wave oc-
curs during the equinoctial seasons suggests that the
primary forcing mechanism for lower tropospheric
MRGWs is not from mid-latitude disturbances as
postulated by Itoh and Ghil (1988)'. Randel (1992)
also stresses the importance of lateral forcing, cou-
pled with near zero or easterly winds at the equa-
tor in forcing an apparent MRGW in the upper
troposphere?. Randel finds very little evidence of a

ITtoh and Ghil are lead to predict the maximum power
of MRGWs occurs during solsticial seasons when the equa-
torially asymmetric component of the mid-latitude forcing is
largest.

2Randel (1992) identifies a wave in the upper troposphere
over the eastern Pacific with a period between 6 and 10 days
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Table 1. The experiments are identified in the left hand column. The case is identified first by the type of
convective scheme, either Kuo or moist convective adjustment (MCA), and then by the lower boundary
sea surface temperature condition. The second column indicates the location of ITCZ(s) for each
model run. The average precipitation (mm/day) within each ITCZ is found in column three. Finally
the maximum sea surface temperature is given in column 4. The SST distributions used are summarized
here: Std: The standard SST distribution. SST is symmetric about the equator with maximum SST
on the equator. This distribution is the observed SST distribution for March 21, zonally averaged and
symmetrized about the equator. Pegq: A strongly peaked symmetric SST distribution, with a marked
SST maximum on the equator. The maximum SST is as in the standard case. Poeq: As in the Peq case,
but with the peak in the SST located in the Northern Hemisphere at 10°N. Feb: SST is asymmetric
about the equator with maximum temperature in the Southern Hemisphere. It is representative of the
climatological February temperatures in the central Pacific, but the equatorial asymmetry has been
further emphasized. Oct: The SST is the symmetrized climatological October SSTs in the central
Pacific, which features a SST minimum on the equator.

ITCZ PRECIPITATION | MAXIMUM
CASE LOCATION (mm/day) SST (K)
S.H. | NH. | S.H. N.H.
Kuo-Feb 13.5° 7° 12.5 8.0 302.7
Kuo-Oct 7° 7° 10.7 10.2 302.0
MCA-Oct 7° 7° 7.4 8.0 302.0
Kuo-Std 4-7° | 4-7° | 8.3 8.7 301.0
MCA-Std Eq. 14.6 301.0
Kuo-Poeq 10°N 17.5 301.0
Kuo-Peq Eq. 19.0 301.0

connection between this wave mode and lower tropo-
spheric forcing by convection. Hayashi (1974) doc-
uments a 4-5 day peak in the meridional wind in
the lower stratosphere, corresponding to a MRGW
of wavenumber 4 in the GFDL general circulation
model. He finds very little relation, however, be-
tween the space-time distribution of tropospheric
convective sources and this MRGW.

In this paper we will concentrate on the convective
activity associated with the equatorially trapped
tropospheric MRGW in a general circulation model
(GCM). We show the relation between this tropo-
spheric wave mode and the MRGW observed in the
lower stratosphere. We find, consistent with the hy-
pothesis proposed by HL, that the robust presence
of the MRGW coincides with the presence of two
ITCZs straddling the equator. The paper proceeds
as follows. Section 2 gives a brief description of the
model and the experimental setup. Section 3 docu-
ments the horizontal and vertical structure of the
MRGW mode in the model experiment in which
it is the most pronounced and examines the rela-
tionship between the MRGW observed in the lower
troposphere and that observed in the upper tropo-
sphere/lower stratosphere. Section 4 examines the
sensitivity of the MRGW to the number and loca-
tion of the ITCZs, as well as to the SST and con-

and a wavenumber between 4 and 7. This wave has the hor-
izontal structure of a MRGW, although it is not necessarily
centered over the equator. It is evidently distinct from the
4-5 day MRGW mode.

vective scheme. Section 5 gives our conclusions.
2. Description of experiment

All experiments are performed with an aqua-
planet version of the NCAR Community Climate
Model (Version 1) (CCM1) with T42 resolution and
a vertical grid of 12 levels. The sigma values of
the 12 levels are 0.991, 0.926, 0.811, 0.664, 0.500,
0.355, 0.245, 0.165, 0.110, 0.060, 0.025 and 0.009.
Simple bulk aerodynamic parameterizations of sur-
face exchange, and subgrid-scale vertical diffusion
are used (Deardorff, 1972). Large-scale stable con-
densation, parameterized convection and radiatively
active clouds are included in this model. For fur-
ther information on the CCM1 see Williamson et al.
(1987).

All experiments run are at least 80 days in length.
They are run in a perpetual March 21 simulation,
so that the sun is situated directly over the equa-
tor. The diurnal cycle is not simulated. The lower
boundary condition for these runs is that of a sea
surface, where the temperature has been fixed at a
value independent of longitude. The experiments
are performed with either a moist convective ad-
justment (MCA) cumulus parameterization scheme
(following Manabe et al., 1965), or a modified Kuo
type convective parameterization [derived from Kuo
(1965, 1974), Anthes (1977), Donner et al. (1982),
Donner (1986) and Krishnamurti et al. (1983)]. Fur-
ther information on these convective parameteriza-
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Fig. 1. The prescribed meridional distribution of sea surface temperature vs. latitude for various experi-
ments. The Standard SST distribution (“Std”, solid line), February (“Feb”, short dashed line), October
(“Oct”, dotted line) and peaked (“Peq”, long dashed line) sea surface temperature distributions are

shown.

tions as well as the version of the model used in this
study is given in Hess et al. (1993) (HBR).

Each experiment discussed below can be labeled
by the type of convective scheme used (either Kuo
or MCA) and by the SST distribution used (see Ta-
ble 1). Five zonally symmetric SST distributions are
used, referred to as: Std, Oct, Feb, Peq and Peoq.
Four of these distributions are shown in Fig. 1. The
standard SST distribution (“Std”) uses the observed
zonally averaged SST for March 21, symmetrized
about the equator, with the SST modified near the
poles so temperatures remain above freezing. The
maximum SST is on the equator in this case. The
“Feb” SST profile is similar to the climatological
February temperatures in the central Pacific Ocean,
characterized by an asymmetric SST profile about
the equator, with the maximum SST located at
10°S (the climatological hemispheric asymmetry in
the February SST has been over-emphasized in the
“Feb” SST profile given here). The “Oct” SST re-
sembles the climatological October SST of the cen-
tral Pacific and features a slight SST minimum on
the equator, with SST maximums located near 10°N
and 10°S. The SST distribution noted by “Peq” is
sharply peaked with the maximum SST located on
the equator, while “Poeq” (not shown) is similar to
the “Peq” case, except it has the strongly peaked
SST maximum located at 10°N.

The location of the ITCZ is sensitive to both the
SST and to the convective parameterization scheme
used (HBR). It is evident from the Table 1 that two
ITCZs are obtained using the Kuo scheme except in
the case where the ITCZ is sharply peaked (Poeq,

Peq). In the moist convective adjustment scheme
a double ITCZ only occurs when the model SST
resembles the October SST in the central Pacific.

3. Modeled mixed Rossby-gravity waves

In this section we examine the structure of the
MRGW in the CCM1, then discuss the observed
structure from a theoretical viewpoint. We con-
centrate on the Kuo-Oct case, as it is this experi-
ment which produces the most power in the MRGW
mode. In this experiment a double ITCZ is pro-
duced over the warmest water (see Table 1). In
(3.1) we examine the horizontal structure of the
MRGW in the lower troposphere and document that
the CCM1 produces a mode very similar to that
found by LH, then we examine the vertical struc-
ture of this wave and the relationship between the
lower tropospheric wave mode and the upper tropo-
spheric/lower stratospheric wave. The coarse verti-
cal resolution above the lower stratosphere suggests
the use of caution in the interpretation of the re-
sults above approximately 20km. In (3.2) we dis-
cuss the wavenumber selection of the MRGW due
to the zonal mean wind in the upper troposphere
and lower stratosphere.

3.1 Structure of the modeled mixed Rossby-gravity
wave

The distinctive signature of a MRGW is a merid-
ional wind that is strongest on and symmetric about
the equator (Matsuno, 1966). [The MRGW is dis-
tinct from the easterly wave which is localized off
the equator and has eastward phase speeds with re-
spect to the advecting wind (see, e.g., Reed and
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Fig. 2. Sections of the power of the equatori-
ally symmetric component of the merid-
ional wind for the Kuo-Oct case based
on daily data for 64 days. a) Height-
period section of the symmetric merid-
ional wind. The contour interval is .1
m? /sec? /spectral estimate. b) Latitude-
period section of the symmetric meridional
wind at 811 mb. The contour interval is .05
m?/sec? /spectral estimate.

Recker, 1971).] The power of the equatorial sym-
metric meridional wind (the symmetric meridional
wind is defined as: [v(1.4°)+v(—1.4°)]/2, where v is
the meridional wind) in the 2.5-5 day range reaches
maximum amplitude in the lower troposphere, in
the upper troposphere and again in the lower strato-
sphere, with apparent nodes in the power near 5 and
18 km (Fig. 2a). The distribution of power in this di-
agram agrees qualitatively with that obtained in the
modeling study of Hayashi (1974) and with the ob-
servational study by Yanai and Murakami (1970).
The latter paper shows power spectra of the merid-
ional wind at equatorial stations with the maximum
power between 4 and 5 days near 2 km, 10 km and 16
km; nodes in the power occur between these heights.
We note from Fig. 2a that in the upper troposphere
much of the power is at periods greater than 5 days.
Upper tropospheric waves with periods between 6
and 10 days have recently been investigated by Ran-
del (1992). Fig. 2b documents that the peak in the
power of the symmetric meridional wind at 811 mb
(1.4km) in Fig. 2a is indeed centered on and sym-
metric about the equator. The sharp peak near 3.6
days in the power of the meridional wind is similar
to observations over the central pacific at 850 mb
(HL) and is consistent with the expected structure
of a MRGW.

Figures 3a and 3b show the distribution of power
for the equatorially symmetric meridional wind
at 811mb (1.4km) and equatorially antisymmet-
ric rainfall (defined as [P(7°)— P(—7°)]/2, where

PERIOD (Days)

Fig. 3. The wavenumber versus period spectra
for westward moving disturbances for the
Kuo-Oct case at 811 mb, based on daily
data for a 75 day time series. a) The sym-
metric component of the meridional wind
about the equator at 811 mb. The contour
interval is .025 m?/sec? /spectral estimate.
b) The antisymmetric component of rain-
fall about the equator. The contour inter-
val is .06 mm?/day? /spectral estimate.

P is the precipitation) for westward moving dis-
turbances. At 811 mb the maximum power in the
symmetric meridional wind occurs at wavenumber
7 (with secondary maxima at wavenumbers 5 and
3) and a period near 3.6 days. The power in anti-
symmetric rainfall coincides (Fig. 3b) to a large ex-
tent with the power for the equatorially symmetric
811 mb meridional wind, with maxima at wavenum-
bers 7, 5 and 3. It is not surprising that the cloud
distribution is highly correlated with the lower tro-
pospheric wave disturbance at wavenumber 7 (not
shown).

A Hoffmoller plot of the symmetric meridional
wind on the equator is shown in Fig. 4 for the Kuo-
Oct case at 811 mb. The symmetric meridional wind
has been processed using a band pass filter (Mu-
rakami, 1979) with half power at 2.5 and 5 days.
The westward propagation of the meridional wind
component on the equator is evident. It is clear
from Fig. 4 that regions of strong meridional winds
with westward phase propagation tend to occur spo-
radically in “packets”, with nearly stationary group
propagation. This stationarity has also been noted
by Wallace (1971) using observations of clouds. The
packets tend to be strongly localized about adjacent
longitudes, extending approximately one wavelength
in width, and amplify and decay over a timescale of
about 10 to 15 days. The mechanism for this slow
timescale growth and decay is not known.

The coexistence of several temporal and spatial
scales for westward propagating disturbances can be
seen in Fig. 4 (and is suggested by Fig. 3). The dis-
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Fig. 4. Hoffmoller plot of the time filtered
symmetric meridional wind at 811 mb on
the equator between 0 and 80 days and
from 0° to 360° for the Kuo-Oct case.
The contour interval is 3 ms™!.
contours are solid, negative contours are
dashed. The time filter has half power at

2.5 and 5 days.

Positive

turbance centered near 235° day 25 has a period of
about 3.6 days, a zonal wavenumber near 8 and a
westward phase speed of 15ms~!. The disturbance
located near 110° at 33 days has the same period,
but is between wavenumber 4 and 5 and has a phase

Vol. 71, No. 3

speed of 29 ms~!. These two scales are in agreement
with the various length scales of MRGWs observed
in the lower troposphere.

The structure of the 2.5-5 day wave is depicted
clearly by regression analysis. The geopotential
heights, wind and rainfall are regressed onto the
symmetric meridional wind at 811 mb for the Kuo-
Oct case (Fig.5). All fields are band passed filtered
(from 2.5 to 5 days) in this regression, and in all sub-
sequent regressions. The features shown in this fig-
ure are highly statistically significant and have the
characteristics of a MRGW (Matsuno, 1966): the
geopotential height field, zonal velocity and rainfall
are antisymmetric about the equator, the meridional
wind is symmetric about the equator and maximizes
on the equator. The wave in this regression resem-
bles that obtained by LH (their Fig. 12) using the
ECMWF analyses product and a base regression
about a point over the central Pacific at 850 mb,
where OLR is used as a proxy for rainfall. Both fig-
ures show the geopotential height maxima (minima)
to be located in the vicinity of 10° latitude with a
southwest (northwest) to northeast (southeast) tilt
of the geopotential height fields in the N.H. (S.H.).
The rainfall maximum in the model and the OLR
minimum in the data also exhibit a southwest to
northeast tilt in the N.H., with the maximum rain-
fall (minimum OLR) displaced towards low pressure
from the maximum convergence of the wind at 811
mb. The displacement of the rainfall from the con-

KUO—-OCT REGRESSION SDEV V= 2.0 (811 MB, 2.5—-5 DAYS)

25N
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81.5w

19901
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Fig. 5. Latitude, longitude section of a zonally averaged linear regression analysis performed at each lon-
gitude point at 811 mb between the symmetric meridional wind on the equator and the anomaly vector
winds (arrows), geopotential heights (contours) and rainfall (shading). The fields represent anomaly
fields bandpass filtered, with half power at 2.5 and 5 days. The contour interval for the geopotential is
.2 m, negative contours are dashed, positive contours solid and the heavy contour is the zero contour.
The rainfall is in mm/day and the wind fields are in ms™*. All fields are scaled to the standard deviation
of the meridional wind symmetric about the equator: 2 ms™'. Within the heavy dashed line the winds
are significant at the 95 % level. Outside of the region of significant winds the 95 % significance for the
geopotential height is marked by ‘+’. The significance is computed using a Student-t test, assuming 16
independent longitudinal points (assuming every 8 points are independent) and 20 independent time
samples (assuming every 3.5 days are independent).
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Fig. 6. Height, longitude section of a zonally averaged linear regression analysis performed at each longitude
point between the 811 mb symmetric meridional wind on the equator and the following: the anomaly
vector winds (arrows), antisymmetric geopotential heights (10°N minus that at 10°S) (contours) and
antisymmetric latent heating (7°N minus that at 7°S) (shading, with scale given on the right). The
longitudinal component of the vector wind field is given by the regression with the antisymmetric
component of the zonal wind field (10°N minus that at 10°S); the vertical component is given by
the regression with the equatorially symmetric component of the meridional wind. (Thus, the vectors
give an indication of the strength and the phase of the wind field). The fields represent anomaly
fields bandpass filtered with half power at 2.5 and 5 days, scaled by the standard deviation of the
meridional wind symmetric about the equator (vsay). a) No spatial filtering, vsay =2 ms™!; b) fields are
spatially filtered between wavenumbers 6 and 8, v,4, =1.2 ms™!; ¢) fields are spatially filtered between
wavenumbers 3 and 5, vsgy, =1 ms*l; d) fields are spatially filtered between wavenumbers 1 and 3, vsay
=.96 ms~!. The contour interval for the geopotential is .3 m, negative contours are dashed, positive
contours are solid, and the heavy contour is the zero contour. The heating is in degrees/day and the
wind fields in ms™!. Note different intervals for the heating in each section. Regions of significant
winds at the 95 % level are indicated by ‘o’, regions of significant geopotential outside of the region of
significant winds are marked by ‘+’. The significance is computed as in Fig. 5, but based on 7, 5 and
3 spatial degrees of freedom respectively for parts (b), (c) and (d).

vergence at 811 mb, towards low pressure, is prob-  Holton et al., 1971). The wavelength of the MRGW
ably a consequence of the fact that the low level is estimated to be about 5600 km in the model data,
boundary layer boundary layer convergence is dis-  corresponding to a wavenumber of about 7. The
placed towards low pressure in moist MRGWs (e.g., regressed wavelength is heavily weighted towards
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the predominant scale of the MRGW and is slightly
shorter than that in the central Pacific during the
boreal fall (LH), also estimated using a regression
analysis. In summary, the CCM1 successfully re-
produces the horizontal structure of the MRGW ob-
served by LH in the Kuo-Oct case.

We proceed to examine the vertical structure of
this wave mode. Figure 6a shows the results of a re-
gression of the symmetric meridional wind at 811 mb
and the heating, geopotential anomalies and wind
at other levels: see the caption for an explanation
of this figure. The phase relationships depicted are
consistent with those expected for MRGWs at all
altitudes: the symmetric component of the merid-
ional wind is 90° out of phase with the antisym-
metric components of geopotential height, heating
and zonal wind. A horizontal regression analysis at
25 mb (25.8 km) (not shown) indicates that the hori-
zontal structure of the disturbance is consistent with
that of a MRGW; the case is not so clear for the dis-
turbance located at 245 mb (9.8 km) in Fig. 6a. The
features shown are highly statistically significant in
the vicinity of the heating in the lower troposphere,
as well as to the east of the heating in the lower
stratosphere. The strongest heating occurs just to
the west of the regression point with weak heating
signatures also occuring further to the east and to
the west. In the vicinity of the heating the regression
indicates a pronounced baroclinic structure within
the troposphere, with a reversal of phase near the
heating maximum. Away from the heating maxi-
mum the regressed wave tilts only slightly within
the troposphere: the eastward tilt of the MRGW ob-
tained by LH within the troposphere is not readily
observed. Above the heating maximum the modeled
MRGW exhibits a strong westward tilt in geopo-
tential height, indicative of an upwards propagating
mode. At 26 km and above the vertical structure of
the disturbance is probably influenced by the upper
model boundary. The group propagation appears to
be upward and eastward in agreement with that ex-
pected for a MRGW and consistent with a low level
energy source.

One of the most striking features of the regres-
sion shown in Fig. 6a are the different length scales
of the oscillations in the winds and geopotential
height between the lower troposphere and the up-
per troposphere/lower stratosphere. The apparent
zonal length scale of the MRGW appears to increase
rapidly with increasing height. Height-longitude re-
gressions spatially filtered from wavenumbers 6-8,
wavenumbers 3-5 and wavenumbers 1-3 are shown
in Fig. 6b, 6¢ and 6d. In the lower troposphere the
heating projects onto each of these zonal wave modes
in a manner consistent with that expected from
the low level convergence associated with MRGWs:
the antisymmetric heating is located just to the
west of the maximum meridional velocity within
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Fig. 7. As in Fig. 3a, but at 60 mb. The con-
tour interval is .015 m? /sec? /spectral esti-
mate.

the low geopotential anomaly. The heating anoma-
lies strongly project onto the geopotential height
anomalies at all wavelengths, despite the fact that
the precipitation (and the heating) occur primar-
ily at wavenumber 7 (Fig.3). This suggests that
the convective heating is fundamental to the main-
tenance of all wavelength MRGWs, irregardless of
the scale of the modes. It is immediately appar-
ent from this figure that while the wavenumber 3-5
and wavenumber 1-3 lower tropospheric wave com-
ponents have upper tropospheric and lower strato-
spheric counterparts, the wavenumber 6-8 compo-
nents are confined to the lower and middle tropo-
sphere.

The shift of power towards longer length scales
above the tropopause is confirmed in Fig. 7 (com-
pare with Fig.3), which shows the power of the
symmetric meridional wind as a function of period
and wavenumber for westward moving disturbances
at 60 mb (19.6 km), a level located above the con-
vective heating. At this height most of the power
is shared between wavenumber 4 and wavenumber
2. A wavenumber of 4 is in agreement with that
of the longer wavelength MRGW mode, often re-
ferred to as the Yanai wave (Yanai and Maruyama,
1966), observed in the upper troposphere and lower
stratosphere. At 25 mb (25.7 km) the power is dom-
inated by wavenumber 2 (not shown). The power at
wavenumber 7 is not visible above 15 km. The power
of the symmetric meridional wind for wavenum-
bers 7, 4 and 2 is shown as a function of height
in Fig.8. In the lower troposphere the response
maximizes, near 3.6 days in each case, as expected
from the association of each wave mode with con-
vection, documented above. For the wavenumber 4
and wavenumber 2 modes there is also considerable
response in the upper troposphere and lower strato-
sphere, with very little shift in frequency between
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Fig. 8. As in Fig. 2a, but for the symmetric meridional wind spatially filtered at: a) wavenumber 7, b)

wavenumber 4, c) wavenumber 2. Contours at
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Fig. 9. Height versus period section of the coherence squared and phase between the symmetric meridional

wind and the: a) symmetric meridional velocity at 811 mb and b) antisymmetric precipitation. Upwards
pointing arrows mean the fields are in phase. An arrow pointing to the right (left) means the field leads
(lags) the unfiltered meridional velocity by a quarter cycle. Contours at .05, .1, .2, .4, .8 in a) and .03,
.06, .12, .24, .48 in b). The 95 % significance level is .1, computed as in Fig. 5.

the lower tropospheric and stratospheric responses.
For wavenumber 7 there is essentially no strato-
spheric response at 3.6 days. We note that for
both wavenumber 2 and wavenumber 4 the power
increases rapidly with height above the region of
heating.

Figure 9a (9b) shows the coherence squared be-
tween the 811 mb equatorially symmetric meridional
velocity (the equatorially antisymmetric precipita-

tion) and the meridional velocity at all other lev-
els. In each figure three wave “ducts” can be seen
extending into the stratosphere. The upper tropo-
spheric and lower stratospheric coherence peak near
3.6 days is clearly associated with lower tropospheric
MRGWs and is related directly to the precipitation
(Fig. 9b). Although the 3.6 day stratospheric signal
is not statistically significant, its location and its
phase agree with Figs. 2a and 6a. Additional analy-
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Fig. 10. As in Fig. 2a, but for the Kuo-Peq
case.

sis (not shown) indicates that it is the wavenumber
2 and wavenumber 4 components of the 811 mb sym-
metric meridional velocity (the antisymmetric pre-
cipitation) which are coberent with the symmetric
meridional velocity in the stratosphere at 3.6 days;
wavenumber 7 does show much coherence between
the troposphere and the stratosphere.

It is possible that the association of convection
with the upper tropospheric waves is due to a
downwards influence of the upper tropospheric sig-
nal. However, the hypothesis that both the upper
tropospheric MRGWSs and the lower tropospheric
waves have a common source (namely convection)
is strengthened by an additional integration, Kuo-
Peq (see Table 1), in which the SST field is strongly
distorted to have a sharp maximum on the equa-
tor. As a result only one ITCZ occurs, centered
over the warmest SST on the equator. The vertical
power distribution of the symmetric meridional ve-
locity is shown in Fig. 10 for this case (compare with
Fig. 2a). Slight hints of power maximum between
2.5 and 5 days in the lower troposphere and upper
troposphere/lower stratosphere are indicated. A ro-
bust MRGW is not found in either the lower tropo-
sphere or the upper troposphere/lower stratosphere
(substantiated by regression analysis, also see HBR).
The equatorial zonal wind distribution in Kuo-Peq
is very similar to that in the Kuo-Oct case (thus re-
ducing possible differences in the MRGW signal due
differences in the zonal wind distribution between
the two cases). This suggests that the upper tropo-
spheric disturbances are linked to those in the lower
troposphere and to convective processes: without a
robust lower tropospheric MRGW, a MRGW is not
likely to be found in the upper troposphere in these
model simulations.
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Fig. 11. The time (from day 20 to day 80) and
zonally averaged distribution of zonal wind
for the Kuo-Oct case. The contour interval
is 4 m/sec.

3.2 Wavenumber selection due to the zonal mean
wind

The discussion to follow implicitly assumes the
WKBJ approach is valid. The condition for valid-
ity is that mH, > 27 (Andrews et al., 1987), where
H, is the scale height on which the zonal mean
wind varies and m is the vertical wavenumber (m=
27 /L,, where L, is the vertical wavelength). In the
case of the rather weak vertical wind shear exhib-
ited in the model equatorial regions this condition
is approximately satisfied for MRGWs with periods
of 3.6 days at the longer horizontal scales.

Assuming the WKBJ approach is valid, the small
amplitude of the wavenumber 7 MRGW mode
above the heating, as well as the behaviour of the
wavenumber 4 and wavenumber 2 modes, can be
explained using the zonal mean wind profile for the
Kuo-Oct case (Fig. 11) and the dispersion relation-
ship for westward propagating MRGWs. With a
zonal mean wind, @(z), which is only a function of
height the dispersion relationship for westward prop-
agating MRGWs can be written as (Andrews et al.,
1987):

m(z) = N(B + k(w — ku(2)))/(w - ka(2))* (1)

Here w=2n/T, where T is the wave period; k=
2n/L,, where L, is the horizontal wavelength; 3
=2{2/a, where {2 is the earth’s rotation rate and
a is the earth’s radius, and N is the buoyancy fre-
quency. Figure 12 shows the relation between verti-
cal wavenumber (m) and zonal wavenumber (n=ka)
for westward propagating MRGWs of various peri-
ods (T') assuming three different zonal mean wind
values. The 3.6 day curve has been highlighted.
We note from Fig. 12, that for a mode at fixed
period, the vertical wavelength can become infi-
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Fig. 12. The vertical wavenumber (x 1000) (m™') versus the horizontal wavenumber at lines of constant
absolute period for the MRGW. The period increases by .5 days, from 1.1 days (in the lower left corner)
to 10.1 days. The 3.6 day dispersion curve is bold. The buoyancy frequency is assumed to be .02s7!,
although the vertical wavenumber scales with the buoyancy frequency. a) assuming no mean zonal

wind; b) assuming a mean zonal wind of 45 ms™!; c) assuming a zonal mean wind of —5 ms™*.
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Fig. 13. The vertical group velocity (x 100)
(ms™!) versus the horizontal wavenumber
for a 3.6 day MRGW, assuming various
mean zonal winds (from —10ms™' to 7
ms~!). The region where the MRGW is
trapped is demarcated by the heavy solid
line.

nite (m—0) if the horizontal wavenumber is larger
than a certain value, beyond which point the wave
is evanescent. The criteria for the doppler shifted
frequency of westward and vertically propagating
MRGWs (see Eq. (1)) is:

w—uk > —B/k (2)

where w is specified to be negative for westward
propagating waves, while k is positive. If the doppler
shifted frequency decreases past this lower limit ver-
tical propagation is prohibited. This criterion is
similar to the Charney-Drazin criterion for verti-
cally propagating Rossby waves (e.g. Andrews et
al., 1987). Therefore, as the zonal mean westerlies

1

are increased westward propagating MRGWs are
doppler shifted towards more negative frequencies
so that higher zonal wavenumber and longer period
waves (i.e., waves with small phase velocity) become
trapped (Fig. 12b; also see Fig. 13). Figure 12a indi-
cates that even with a zonal wind speed of zero, at
3.6 days wavenumber 7 is just external; thus, very
weak westerlies are sufficient to prevent the verti-
cal propagation of wavenumbers greater than 7 with
periods of 3.6 days and longer. At 12km the zonal
winds are less than —8m/s, but they rapidly in-
crease to weak westerlies in the model stratosphere.
It is clear that a wavenumber 7 mode with a period
of 3.6 days cannot propagate into the model strato-
sphere where weak westerlies predominate, consis-
tent with the model solution.

The behaviour of the wavenumber 2 and
wavenumber 4 MRGWs in the model can be qualita-
tively explained by the fact that the vertical wave-
length and vertical group velocity of MRGWs act
to determine their spectrum. As their vertical wave-
length and vertical group velocity decrease MRGWs
become susceptible to radiative dissipation. Simple
ray tracing theory (e.g. Andrews et al., 1987) indi-
cates that in a stationary zonal flow, it is the ver-
tical wavenumber and vertical group velocity of a
wave which changes with height in response to zonal
wind shear, while the period and zonal wavenumber
remain fixed (see Eq. (1)).

For a MRGW mode at fixed period the variation
of the vertical group velocity (Ow/dm) with respect
to horizontal wavenumber and zonal wind can be
determined from the gradient of T' in Fig. 12. Fig.
13 summarizes this information for a MRGW with a
period of 3.6 days. In the upper right hand corner of
this figure, separated by the heavy solid line, no ver-
tical group velocity is shown as it is in this region
that the MRGW cannot propagate vertically. As
the zonal mean wind decreases the vertical wave-
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Fig. 14. As in Fig. 8b and 8c, but the power
has been weighted by e*/¥. The contour
interval used is: .00125, .0025, .005, .01,
.02, .04, .08 m?/sec?/spectral estimate..

length (Fig.12) and group velocity (Fig.13) of a
MRGW decreases for a wave at fixed period, leading
to increased absorption of the wave mode. When
the zonal mean wind is less than about —3ms—!
MRGW modes with the largest zonal wavelengths
are favored to propagate vertically under the influ-
ence of dissipation, as they have the largest group
velocities. Holton (1972), in a modeling study of
heat sources in the tropics, finds an antisymmet-
ric heat source excites a wide range of wavenumbers
(0-5), but only wavenumbers 2-4 propagate very far
into the stratosphere when the stratospheric winds
are easterly below 25 km. Boville and Randel (1992)
show in a modeling study that the zonal wavelengths
of MRGWs appear to increase with height in the
stratosphere when the mean stratospheric winds are
easterly, due to the selective absorption of modes
with shorter length scales.

As zonal mean westerlies increase, the verti-
cal wavelength and the vertical group velocity of
MRGWs increase, primarily at the higher wavenum-
bers. This favors upwards propagation. However,
in westerly mean winds the shorter horizontal wave
modes are prohibited by Eq.(2). With westerly
winds of 18 ms~! at 25 km Holton (1974) shows no
MRGWs exist in the stratosphere; moderate zonal
westerlies will tend to favor the intermediate scale
waves.

The response of the wavenumber 2 and wavenum-
ber 4 MRGW modes above the heating is qualita-
tively consistent with that expected from an exami-
nation of Fig. 12 and Fig. 13. Near 10 km the power
of the symmetric meridional wind near 3.6 days is
slightly larger, or about the same, at wavenumber
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Fig. 15. The power spectra for the equatorial
symmetric meridional velocity at 811 mb
for the seven cases enumerated in Table 1.
The spectra have been offset in each case
to make them visible. In each case the base
point (at zero period) has no power. The
spectra are based on a 64 day time series.
The units are m?/sec? /spectral estimate.

4 as at wavenumber 23 (Fig. 8). Assuming no dissi-
pation of these wave modes above the tropopause,
power will increase above the heating as e*/H | where
H is the scale height. Figure 14 shows the power
of the wavenumber 2 and wavenumber 4 modes
weighted by e*/H for the Kuo-Oct case. In the upper
troposphere the weighted power of wave number 4
dissipates somewhat, but then stays relatively con-
stant above the tropopause, decreasing by only a
factor of two between 14 and 32km. Wavenumber
2, on the other hand, shows very little decrease in
its weighted power until 25 km, when the power sud-
denly decreases by over a factor of 4 in 7 km. In the
upper troposphere (dominated by strong easterlies)
wavenumber 4 dissipates faster than wavenumber 2
(as its group velocity is slower), while the opposite
is true in the upper reaches of the model, dominated
by weak westerlies.

Zonal winds in the lower equatorially stratosphere
regularly switch between the easterly and west-
erly directions (the stratospheric QBO). Depend-
ing on the zonal wind direction and speed the
smaller wavenumber MRGWs may be observed in
the stratosphere. However, it is evidently very diffi-

3From Fig. 12a the vertical wavelength of wavenumber 4
is calculated to be 13 km, while that of wavenumber 2 is 8
km (assuming a buoyancy frequency of .02s~! and a period
of 3.6 days). If the maximum response to heating occurs
at twice the depth of the heating (Gill, 1980; Geisler and
Stevens, 1981) then the heating will project more strongly on
wavenumber 4 than wavenumber 2.
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Fig. 16. As in Fig. 5, but for the Kuo-Std case and with a contour interval for the geopotential neight of .1
m. All fields are scaled to the standard deviation of the meridional wind symmetric about the equator:

1.8 ms™!.

cult for a wave with zonal wave number greater than
7 to be the dominant mode above the tropopause in
either the easterly or westerly wind regime. When
the zonal mean wind is westerly this wave mode is
trapped because its doppler shifted frequency has
become too negative (2); when vertical propagation
is allowed in stratospheric easterlies, the vertical
group velocity of this higher wavenumber MRGW
modes is too slow to favor a strong response.

The peak in the power of the meridional wind at
811 mb (Fig. 3a) corresponds to the expected peak
for an external mode of wavenumber 7 and period
of 3.6 days in zero mean flow. As this mode has its
maximum density weighted amplitude in the low-
est model levels it may be the mode most strongly
excited by CISK. The longer MRGW modes prop-
agate out of the region of convective excitation and
are most evident in the model stratosphere.

4. Sensitivity of the MRGW to convection

In this section we discuss the sensitivity of
MRGWs to convective processes within the CCM1.
We examine the MRGW at 811 mb for the cases
listed in Table 1. We discuss the sensitivity of
MRGWs to the convective scheme used and to the
location of the mean convection.

The power spectra of the symmetric meridional
wind on the equator is shown for the various experi-
ments in Fig. 15 at 811 mb. The Kuo-Oct and Kuo-
Feb cases show strong peaks in the power spectrum
near 3.6 days. These cases also show pronounced
MRGWs in the regression analyses (not shown for
Kuo-Feb). The Kuo-Std case also exhibits a peak
in the equatorial meridional wind between 2.5 and
5 days (albeit weaker). A regression analyses does
indicate the presence of a MRGW (Fig. 16) in Kuo-
Std. Note the wind and geopotential fields are all

significant in the vicinity of the regressed longitude.

In the Kuo-Oct, Kuo-Std and Kuo-Feb cases two
ITCZs straddle the equator, consistent with the hy-
pothesis that pronounced MRGWs are coincident
with a split ITCZ (see Table 1). The strong MRGW
observed in the regression analysis of the Kuo-Feb
case and the coincident strong peak in the sym-
metric meridional wind spectrum between 2.5 and 5
days is not consistent with the results of HL: the ob-
served MRGW mode is rather weak during the win-
ter season. However, we note that the model with
Kuo parameterized convection produces two ITCZs
when forced with a February-like SST (although one
ITCZ has about 50 % more rainfall than the other).

One off-equatorial ITCZ is obtained with the
Kuo scheme by introducing sharp gradients into
the equatorial SST distribution (Kuo-Poeq, Kuo-
Peq) (see, HBR). A regression about the symmet-
ric meridional wind for the Kuo-Poeq case (Fig.
17) demonstrates that energy in the 2.5 to 5 day
band associated with cross equatorial flow is not do
to MRGWs. The Kuo-Peq case (Fig. 18) does in-
dicate equatorially trapped synoptic disturbances,
but they are distorted compared with the theoreti-
cal MRGW.

Regression analysis is also performed for the dis-
turbances associated with 2.5 to 5 day cross equa-
torial flow using the “October” SST distribution
and the moist convective adjustment scheme (MCA-
Oct). In this run the model produces two ITCZs.
The regression analysis is shown in Fig.19. The
disturbance resembles that of a MRGW, but is not
as longitudinally coherent as that in the Kuo-Oct
case (Fig.5) and only a portion of it is significant
at the 95% level. The moist convective adjust-
ment case produces only one ITCZ on the equator
when the standard sea surface temperature profile is
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Fig. 17. As in Fig. 16, but for Kuo-Poeq case.
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Fig. 18. Asin Fig. 16, but for Kuo-Peq case. All fields are scaled to the standard deviation of the meridional

wind symmetric about the equator: 1.5 ms™".

used. The regression analysis for the MCA-Std case
shows no indication of MRGWs (Fig. 20). Instead
the regression depicts a simple down gradient flow of
the meridional wind field across the equator corre-
lated with very high rainfall amounts in the northern
hemisphere. Thus, using the same SST profile (the
standard profile) the moist convective adjustment
scheme produces one ITCZ on the equator and no
evidence of a MRGW, while the Kuo scheme pro-
duces a split ITCZ and a MRGW (also see HBR).

5. Discussion and conclusions

We have run a number of experiments with a
GCM to examine the modeled structure of MRGWs.
This model is run as an aqua planet. The aqua
planet configuration allows a clear-cut relationship
to be found between the SST and the wave modes
generated. In addition, due to the zonal symmetry

of the model’s lower boundary condition, it allows
for a large number of degrees of freedom in a rather
short model run.

Both the Kuo and MCA convective schemes give
the most robust MRGW signal when the SST is
such that the convective dynamics favor precipita-
tion to occur on both sides of the equator (i.e., a
double ITCZ occurs). The SST distribution neces-
sary to produce a double ITCZ depends on the con-
vective scheme used, however (see HBR). In accor-
dance with this, the definitive presence of MRGWs
occur when the “Oct”, “Feb” and “Std” SST distri-
butions are used with the Kuo convective parameter-
ization; with the MCA scheme it is only the “Oct”
SST distribution which clearly shows a MRGW. The
Kuo-Peq experiment and the Kuo-Poeq experiment,
each with sharply peaked SST distributions and only
one ITCZ, do not indicate the presence of MRGWs.
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Fig. 20. As in Fig. 16, but for MCA-Std case.
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Neither does the MCA-Std case with one ITCZ lo-
cated on the equator. Although the wave structure
and climate of GCMs is very sensitive to the con-
vective parameterization scheme used (HBR) both
convective schemes tie MRGWs to SST distributions
favoring convection on both sides of the equator.
This suggests that the link between SST, double
ITCZs and MRGWs is probably not an artifact of
the convective scheme used. These results are con-
sistent with the hypothesis that lower tropospheric
MRGWs are primarily observed in the boreal fall
season in the central Pacific due to the warm SSTs
straddling the equator and the associated presence
of a double ITCZ.

In a linear model in which the heating distribu-
tion is specified and does not interact with the re-
sulting circulation one can demonstrate that it is the
spatial and temporal distribution of heating which
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All fields are scaled to the standard deviation of the

1

generates MRGWs (Holton, 1972; SG). If stochastic
convection is favored on both sides of the equator
the projection of the heating onto MRGWs will be
fairly robust because a portion of the heating will
be antisymmetric about the equator. However, the
response generated by the heating in a GCM is non-
linear: the MRGWs generated by the heating will in
turn modulate the precipitation (and heating fields)
and the static stability of the atmosphere. In ad-
dition, instabilities in the wave modes generated by
the heating may greatly modify the structure and
propagation characteristics of the waves themselves.
This will in turn further modify the heating field.
The results presented here suggest that the MRGW
modes observed in the CCM1 are due to the interac-
tion of CISK instability mechanisms and free-mode
equatorial dynamics.

Precipitation in the model (see HBR) and the
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ISCCP cloud brightness (not shown) both have a
fairly white time spectrum within the ITCZ, im-
plying that many different modes contribute to the
rainfall within the ITCZ. However, when there is
a double ITCZ a significant portion of the rainfall
within the model, as well as the observed OLR, can
be explained by the existence of MRGWs. Thus, it is
very difficult to decouple the existence of two ITCZs
from the existence of MRGWs, as the MRGWs con-
tribute to the existence of the double ITCZ: both
phenomena appear to occur simultaneously.

The detectable presence and strength of MRGWs
in these runs depends on a subtle interaction be-
tween the parameterized convective scheme and the
SST distribution. All the cases examined show a
clear westward propagation of the meridional wind
on the equator with a period between 2.5 and 5 days
in Hoffmoller plots (not shown). However, not all
the westward propagating wave modes are MRGWs;
the regression analysis indicates that the Kuo-Poeq
and MCA-Std runs do not contain a readily identi-
fiable MRGW signal (see Fig. 18 and 20). Only in
three cases, each with a double ITCZ climatology,
does the power of the equatorial meridional wind
stand out above the background noise between 2.5
and 5 days: the Kuo-Oct case, the Kuo-Feb case
and the Kuo-Std case. The Kuo-Oct run with high
SST under both convective branches of the ITCZ
produces the strongest MRGW signal; the Kuo-Feb
case with very high SST under one of the ITCZs,
but significantly lower SST under the other ITCZ
produces a signal almost as robust. The Kuo-Std
case, with relatively low values of SST under both
ITCZs produces a diminished spectral peak in the
meridional component of wind on the equator, when
compared with the Kuo-Oct case*. The convective
scheme is also clearly important in determining the
strength of the MRGW. For example, the MCA-
Oct and Kuo-Oct runs differ only in the convective
scheme used, but the Kuo-Oct run produces a much
more pronounced MRGW (see Fig.5 and Fig. 19).
This is true despite the fact that both these runs pro-
duce off-equatorial ITCZs. In two runs with identi-
cal SSTs, the Kuo-Std and MCA-Std runs, only the
Kuo-Std run produces identifiable MRGWs as it is
the Kuo-Std run which has two ITCZs straddling
the equator.

The fact that the Kuo convective scheme gives a
much stronger and more coherent wave signal than
the moist convective adjustment scheme suggests
the importance of the CISK mechanism in produc-
ing a vigorous MRGW response in the model. Since

4Surprisingly, the relationship between SST and the
MRGW signal does not appear to be entirely through the
amount of rainfall associated with the MRGW (and conse-
quently the amount of heating). The Kuo-Feb and Kuo-Std
runs have have comparable rainfall amounts in the ITCZ and
yet the Kuo-Feb run produces a much stronger MRGW. This
suggests the possible importance of evaporative processes.
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convection in the model with the Kuo scheme is trig-
gered almost exclusively by boundary layer moisture
convergence (HBR), waves associated with convec-
tion should be pronounced in a model using this
scheme. The fact that the most energetic MRGW
is produced when the warmest water is coincident
with the latitude of maximum low level convergence
in the Kuo scheme also suggests the importance of
instabilities in amplifying the MRGW: the coinci-
dence of warm water and heating produces favor-
able energetics for the growth of this wave. Hayashi
(1970) shows that unstable MRGWs tilt towards the
northeast in the N.H., in agreement with the results
obtained with the Kuo scheme (see, Figs. 5 and 16)
and also in agreement with the observed structure of
MRGWs (see LH). The wave produced in the model
with the MCA scheme (Fig. 19) does not show much
phase tilt in the horizontal plane.

Changes in the strength of the MRGW can also
be due to changes in the vertical depth, spatial and
time scales of the heating using different convective
parameterizations. SG demonstrate the amplitude
of a given wave mode depends on a matching be-
tween the three dimensional structure of the heating
and the wave structure. Whereas the Kuo convec-
tive parameterization tends to heat the total atmo-
spheric column, MCA tends to adjust (and to heat)
three levels at a time. Thus, the heating in the MCA
experiments tends to be shallower and more spo-
radic than in the Kuo experiments.

These experiments suggest a relationship between
the MRGW mode observed in the upper troposphere
and the mode maximizing in the lower troposphere.
MRGWs appear to be forced on many spatial scales
in the lower troposphere. As all these modes have
approximately the same period, the phase speed of
the longer modes is much faster than those with the
shorter length scales. In the lower troposphere the
shorter wavelength components dominate the spec-
trum and appear to be the most closely related to
the heating and precipitation fields. The short scale
modes disappear in the upper troposphere and lower
stratosphere leaving the longer length scale waves
to dominate the spectrum above the tropopause.
Dunkerton (1993), in an analysis of equatorial ra-
diosonde data from the Pacific basin, also finds a
wave mode with largest amplitude in the lower tro-
posphere and a baroclinic lower tropospheric struc-
ture, coupled to a longer mode in the upper tropo-
sphere and a stratospheric “tail”. In agreement with
HL this mode is observed primarily in the boreal fall
season in the central Pacific.

We find the behaviour of the various MRGW
modes above the heating agree very well with the-
ory: above about 15 km wavenumber 7 is not visible
as it is doppler shifted beyond the “Charney-Drazin”
cut-off frequency (2) and is thus trapped in the lower
troposphere. Wavenumber 4 shows relatively little
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dissipation in the stratospheric westerlies (compared
to wavenumber 2) as its vertical group velocity be-
comes relatively large in westerly winds.

The results discussed above concerning wavenum-
bers 2 and 4 must be treated with some caution.
Although a zonally symmetric aqua planet simula-
tion may be thought to represent the Pacific basin,
on longer spatial scales zonal asymmetries may be-
come important. In addition, these experiments
are carried out at coarse stratospheric resolution
which may influence the propagation characteristics
of these wave modes above the tropopause. Boville
and Randel (1992) show, however, that inadequate
vertical resolution can actually enhance the vertical
propagation of MRGWs.

These experiments suggest that the forcing mech-
anism for 2.5-5 day MRGWs in the troposphere is
the spatial distribution of the SST in the central Pa-
cific. We show a connection between the waves ob-
served in the upper troposphere/lower stratosphere
with the MRGW maximizing near the surface and
associated with convection. Our results suggest that
the observed Yanai wave and the lower tropospheric
MRGWs documented by HL are explicitly related.
The possibility cannot be altogether dismissed that
lateral forcing (cf. Itoh and Ghil, 1988), or other
forcing mechanisms may be important in forcing
MRGWs above the tropopause at different times
of year and under different zonal wind distributions
than found in the model. However, in this study,
we find no evidence that the 2.5-5 day MRGWs
in the lower stratosphere are forced independently
from those in the lower troposphere. The implica-
tion is that the activity of MRGWs in the strato-
sphere will be enhanced during certain times of year
and over certain locations.
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