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ABSTRACT

The structure of the intraseasonal oscillations in the tropics of an idealized general circulation model with a
zonally symmetric climate is described. Space-time spectra show a peak in zonal winds and velocity potential
at the equator in zonal wavenumbers 1 and 2, corresponding to eastward-propagating power at phase speeds of
~18 m s~'. This speed is significantly greater than that of the observed oscillation but comparable to that
obtained in similar models by Hayashi and Sumi and Swinbank et al. The corresponding eastward-propagating
power in the precipitation spectrum is concentrated in wavenumbers 2-5. A composite procedure is used to
describe the three-dimensional structure of the model’s oscillation. The oscillation is characterized by circulation
cells oriented along the equatorial zonal plane, with enhanced precipitation in the region of rising motion. Zonal
wind changes tend to be positively correlated with geopotential height changes at the same level. Positive per-
turbations in the water vapor mixing ratio, evaporation, and lower tropospheric horizontal moisture convergence
all exhibit distinct eastward displacements from the center of convection.

Two different linear models are used to interpret the GCM results. The response to the GCM’s composited
diabatic heating field is first computed using a linear primitive equation model on the sphere. This linear model
requires strong damping above the heated region, as well as near the surface, to produce a pattern in rough
agreement with the GCM. A simple Kelvin wave-CISK model, in which the vertical structure of the heating is
taken from the composite, is then shown to be capable of reproducing the phase speed simulated in the GCM.

1. Introduction

Analysis of the dynamics of the 40-50 day tropical
oscillation first detected by Madden and Julian (1971,
1972) has recently been aided by studies of the analog
of this oscillation in general circulation models
{GCMs). Lau and Lau (1986) have described some of
the characteristics of the tropical intraseasonal oscil-
lations in the GCM developed by the climate dynamics
group at the Geophysical Fluid Dynamics Laboratory
(GFDL). This model has realistic land-sea distribution
and orography and a seasonal cycle of insolation but
relatively low resolution (rhomboidal truncation at
wavenumber 15). The model-generated oscillations
resemble those observed in a number of respects. They
are associated with eastward-traveling circulation cells
oriented along the equatorial plane, with perturbations
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in the zonal wind, geopotential and horizontal diver-
gence at the tropopause opposite in phase to the cor-
responding perturbations near the ground. The passage
of these circulation cells modulates the precipitation
in the monsoon regions over the Indian and western
Pacific Oceans, with the precipitation exhibiting
northward propagation within the summer monsoon
region. The scale of the pressure and wind patterns is
larger than that of the precipitation changes, the former
being dominated by zonal wavenumbers 1 and 2. The
oscillations are present throughout the year, with slight
displacements about the equator from winter to sum-
mer. The dominant periods of the wavenumber 1
component of the model’s disturbances are 25-40 days,
corresponding to phase speeds (~10~18 m s~') that
are considerably faster than the observed phase speed.
Hayashi and Golder’s (1986 ) comparison of this model
with a higher resolution model with essentially identical
physics shows that the higher resolution model exhibits
a stronger signal at lower frequencies. Their results also
suggest that the higher resolution model has two distinct
spectral peaks corresponding to periods of ~40 days
and ~25 days for wavenumber 1. If one accepts the
assertion that the essential dynamics of the oscillation
has been captured in these models, one must also agree
that mechanisms such as feedbacks with cloud cover
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and ocean temperature are not essential to the existence
of the oscillation, since these are not included in the
GCMs.

The observed convective activity associated with the
tropical oscillations is known to be largely confined to
the Indian Ocean and the western Pacific Ocean (e.g.,
Knutson and Weickmann 1987). Such geographical
dependence of the precipitation signal is also present
in GCM runs with realistic land-sea contrasts and
orography (e.g., Lau and Lau 1986, Fig. 11c). How-
ever, Hayashi and Sumi (1986) have detected intra-
seasonal oscillations in an idealized GCM with a zon-
ally symmetric climate. Their model has a flat lower
boundary with a specified zonally symmetric temper-
ature at the boundary. Their study suggests that zonal
inhomogeneities in the climatological tropical convec-
tion and orography are not essential to the existence
of the Madden-Julian oscillation, This result has been
confirmed in a model with similar fixed-temperature
boundary conditions by Swinbank et al. (1988), who
were able to change the frequency of the oscillation by
increasing the strength of the latent heating in their

model. Neelin et al. (1987, hereafter referred to as.

NHC) also found low-frequency, eastward-propagating
tropical oscillations in two GCMs with zonally sym-
metric climates, one with zonally uniform prescribed
surface temperatures and another with a zero-heat ca-
pacity (‘“swamp”) lower boundary condition. By
modifying the lower boundary condition so as to re-
-move the evaporation anomalies associated with the

surface wind fluctuations, they were able to reduce the -

amplitude of the oscillation in the fixed surface tem-
perature model (but not in the swamp model).

Such idealized GCMs with zonally symmetric cli-
mates appear to provide a good laboratory for further
study of this oscillation. The zonal homogeneity sim-
plifies the analysis and allows one to define the structure
of the oscillations with some precision. In the present
paper, we describe the spatial and temporal structure
of tropical oscillations occurring in one of the idealized
models discussed by NHC. We consider only the model
with fixed ocean temperatures, as it is more directly
relevant to the (mostly) ocean-covered tropics than is
the swamp model.

The global spectral model studied has the same res-

olution as the model with realistic boundary conditions

analyzed by Lau and Lau, i.e., rhomboidal truncation
at wavenumber 15, and nine s-levels in the vertical.
The lower boundary is a flat, saturated surface with
temperatures fixed at values that are a function of lat-
itude only. These temperatures are symmetric about
the equator and are set equal to those predicted by the
companion swamp. model. Annual mean solar input
is prescribed at the upper boundary, clouds are pre-
scribed as a function of latitude only, and surface al-
bedos are fixed at 0.1 everywhere. The clouds are also
symmetric about the equator. Convection is modeled
by the moist convective adjustment parameterization
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scheme described by Manabe et al. (1965). The GCM
has been integrated for 1400 days after discarding a
spinup of several hundred days.

The resulting climate has a single maximum in trop-
ical rainfall at the equator. This is quite unlike the
idealized GCMs of Hayashi and Sumi (1986) and
Swinbank et al. (1988), in which there is a split ITCZ
and an equatorial dry zone. Our tentative explanation
for this difference can be found in appendix A.

In this paper, particular emphasis is placed on the
detailed vertical structure of the oscillation and also
on those parameters of importance for studying the
interaction between the flow field and moist convec-
tion, such as the water vapor content, evaporation rate,
and the heating due to the model’s convective param-
eterization. We begin by describing some space-time.
spectra that emphasize the different scales of the hor-
izontal flow field and the precipitation anomalies. Most
of the paper is then devoted to the results of a composite
analysis focused on the larger scales. To examine the
relationship between the flow field and the diabatic
heating, we also use a diagnostic linear wave model
forced by the traveling heating field obtained from the
composite analysis. Finally, we present a simple wave-
CISK model that mimics some aspects of the GCM’s
oscillation.

2. Spectra

Figure 1 shows the frequency spectra of the zonal
velocity at (a) 205 and (b) 940 mb for zonal wave-
numbers 1-5, averaged over the two grid points at
2.25°S and 2.25°N. The simulation is sampled once a
day. The total 1400-day time series is split into two
equal parts, and the spectra of the two parts are dis-
played separately to provide some indication of statis-
tical significance. The bandwidth is 0.011 cycles per
day, and a half-cosine weighting is used on the first
and last 10% of each time series. Figure 2 contains
analogous plots for the equatorial (a) velocity potential
at 205 mb and (b) precipitation. .

We interpret the peak in the velocity potential and
zonal velocity spectra for eastward-propagating wave-
number 1 centered at a period of 24 days as the model’s
analog of the Madden-Julian oscillation. The period
is consistent with that found by Lau and Lau and in
the idealized GCMs of Hayashi and Sumi and Swin-
bank et al., but is significantly shorter than the observed
period. The differences between the two halves of the
integration warn us not to take details of the shape of
the peak seriously. The corresponding peak in wave-
number 2 is centered at about 12 days, which corre-
sponds to roughly the same phase speed, ~18 m s™!,
as the wavenumber 1 perturbation. A smaller and less
well defined peak at a similar phase speed is also evident
in wavenumber 3 in the velocity potential. These resuits
argue against those theories that provide a mechanism
for frequency selection rather than a mechanism for
selection of a zonal phase speed.
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(a) ZONAL WIND 205mb

(b) ZONAL WIND 940mb
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FIG. 1. Variance spectra of the equatorial zonal wind at (a) 205 and (b) 940 mb for zonal wavenumbers 1-5. The model data have been
averaged over the two grid points at 2.25°N and 2.25°S. The solid and dashed lines represent the spectra for the first and second 700 days
of the integration, respectively. Eastward- and westward-propagating variances are plotted on the right and left halves of the x-axis, respectively.

The variance of the zonally averaged zonal wind at
the equator is found to be more than an order of mag-
nitude smaller than the variance in zonal wavenumber
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one in this model. There is a significant zonally sym-
metric component to this oscillation in the GCM with
realistic geometry analyzed by Hayashi and Golder
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FIG. 2. As in Fig. 1, but for (a) velocity potc_ntial at 205 mb and (b) precipitation rate.

mm?2 dcy"



15 DECEMBER 1988

(1986, Fig. 4a). In the atmosphere this zonally sym-
metric component is reflected in changes in the rotation
rate of the planet (Madden 1987). The implication is
that a wavelike oscillation exists in the absence of zonal
asymmetries in the boundary conditions but that these
asymmetries modify the oscillation so as to produce a
zonally symmetric component. In particular, one ex-
pects the zonally averaged latent heating to increase
when the wave’s region of rising motion passes over
areas where the environment is particularly favorable
for convection, such as the Indonesian sector.
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A number of observational and GCM studies focus
on the velocity potential associated with the Madden-
Julian oscillation (Lorenc 1984; Knutson and Weick-
mann 1987; Lau and Lau 1986). The spectra of the
model’s velocity potential in Fig. 2a show that a larger
fraction of the total variance resides in wavenumber 1
than is the case for the zonal wind perturbations. These .
spectra are in sharp contrast to those of the precipitation
in Fig. 2b, in which one sees hardly any enhancement
of power in wavenumber | but substantial power in
eastward-moving disturbances in waves 2-5. These dif-
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FiG. 3. Time-longitude distribution of precipitation rate (contour interval 4 mm d ') fora 12-
month period of the model integration. Dense stippling indicates large-scale, upper-level divergence,
with 205 mb velocity potential values less than —2 X 108 m? s~!. Light stippling denotes large-
scale, upper-level convergence, with 205 mb velocity potential exceeding 2 X 10® m?2 s, The
precipitation data are sampled at daily intervals and have been averaged over the four grid points
between 6.75°N and 6.75°S. The velocity potential data have been subjected to the 10-40 day
band pass time filter described in Fig. S, and smoothed in the longitudinal direction by retaining
only the first three zonal wavenumbers. The sampling interval for the velocity potential is three
days, and the values shown are based on averages over the eight grid points between 15.75°S and
15.75°N. The time-space evolution of the filtered velocity potential field is essentially identical
to that portrayed by the contour plot in the left panel of Fig. 4.
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ferences in spectra are to be expected for a Kelvin
wave-like oscillation, for which D oc 8,1 oc 8y, X, where
D is the divergence and X the velocity potential. As-
suming that the shape of the precipitation spectrum is
similar to that of D, it should be proportional to k*
times the spectrum of X, where k is the zonal wave-
number. A Kelvin wave-like oscillation will stand out
above a noisy background at low wavenumbers in ve-
locity potential and higher wavenumbers in divergence
and precipitation. Wavenumber 2 has a peak in its
. precipitation spectrum at a phase speed of 18-20 m
s~!, but the higher wavenumbers have broad spectra
that tend to be dominated by somewhat lower speeds.
Another view of these eastward-moving disturbances
can be seen in Fig. 3, a longitude-time plot of the mod-
el’s precipitation averaged between 6.75°N and 6.75°S.
The rainfall accumulated over each day is plotted for
one year, with no additional spatial or temporal
smoothing. Also shown by the stippling is the 205 mb
velocity potential at the equator (smoothed as described
. in the following paragraph). Dense and light stippling
indicate negative velocity potential (large-scale upper-
level divergence) and positive velocity potential (con-
vergence ), respectively. Unlike the result of Hayashi
and Sumi, who used a model with a Kuo-type con-
vective parameterization instead of a convective ad-
justment scheme, the small-scale precipitation features
do not propagate steadily at the same speed as the large-
scale disturbance; rather, they seem to redevelop in
regions favored by the large-scale convergence field
(note the collocation of precipitation contours with
dense stippling in Fig. 3). The characteristic speed as-
sociated with this downstream redevelopment is ap-
proximately 18 m s™'. Individual features often prop-
agate at slower speeds (e.g., month 5 near 180° lon-
gitude), reflecting the tendency toward slower speeds
at higher wavenumbers in the precipitation spectra.
Figure 4 is plot of the 205 mb velocity potential
averaged from 15.75°N to 15.75°S for three years of
our integration. Only the first three zonal wavenumbers
have been retained. The velocity potential has also been

subjected to a bandpass filter with half power points at

periods of 10 and 40 days, which encompass the spec-
tral peaks in wavenumbers 1 and 2. The coeflicients
of the filter are listed in Table 1, and its frequency
response for data sampled at three-day intervals is il-
lustrated in Fig. 5. The first year of the velocity potential
evolution is essentially identical to that shown by the
stippling in Fig. 3. In many instances (e.g., months 12—
13, 16, 20-21, 25-26, 31-32, 35-36) the large-scale
disturbance remains coherent after traveling more than
once around the equator.

3. Composite scheme

The composite procedure used here allows one to
define the structure of the oscillation efficiently, and,
given the episodic character of the phenomenon evi-
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dent in Fig. 4, it also has the advantage of allowing one
to focus on those time periods-during which the oscil-
lation is strong. The band-pass filtered 205 mb velocity
potential field is used to define the spatial phase of the
oscillation. Other fields of interest are then composited
with respect to this phase. The details of the procedure
are as follows:

Step 1: For each time instant ¢ we average the band-
pass filtered values of the 205 mb velocity potential
over the latitude span from 15.75°N to 15.75°S, re-
taining only the first three zonal harmonics. These val-
ues are identical to those plotted in Fig. 4. The ampli-
tudes of the Fourier sine and cosine components are
denoted as s; and ¢;, where i = 1, 2, 3.

Step 2: The longitudinal phase of the oscillation at
time ¢ is established by finding the longitudes A* (1)
and A~ (2), which respectively correspond to the max-
imum and minimum in the filtered velocity potential
data obtained in step 1. i

Step 3: We denote a bandpass filtered model field
(i.e., wind, geopotential, etc.) by X (A, 6, ¢), where A is
longitude and 6 latitude. We now translate this field in
the zonal direction by AN*(2) = A (2) — Ao, where Ag
is a fixed reference longitude. Referring to the translated
field as Xr*, we have X;*(X\, 0,1) = X(A + AN, 0, 1).
If we choose X to be the velocity potential X, this trans-
lation aligns the maximum in X with the reference lon-
gitude Ay. We repeat this process to align the minimum
in the velocity potential with Ao, i.e.,

X~ (N, 6, 8) = X (N + AN, 6, 1),

where AN~ = A7(2) — Ag.

. Step 4: Step 3 is repeated for each time ¢ (at three-
day intervals) and the composite field X * (A, 6, 0) is
defined as the following weighted average of the dif-
ference between X7+ and X+ :

X*()\6,0)
=W Z X (6,0 =X (X 6,)]w()

where

w(t) =[Z (¢ +57)]"? and W=3 w(d).

The coeflicients ¢; and s; have been defined in step 1.
This weighting factor emphasizes periods with strong
velocity potential fluctuations. Since the difference be-
tween X7~ and X' has been taken in computing X *,
the latter should be interpreted as the peak-to-peak
amplitude of the fluctuation.

Step 5: We refer to the result of step 4 as the zero-
lag composite. In order to depict the transient evolution
of the circulation patterns, steps 3—4 have been repeated
using temporal lags or leads, so that the data fields
being composited and the longitude shifts AN*, AN~
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FIG. 4. Time-longitude distribution of 205 mb velocity potential for a 36-month period of the
model integration. Contour interval: 2 X 10° m? s~*, The zero contour is omitted for the sake of
clarity. Stippling indicates values less than —2 X 10° m2s™". The model data have been averaged
between 15.75°N and 15.75°S and filtered in time and space by retaining the 10-40 day periods

and the first three zonal wavenumbers. The first 12 months in this plot correspond to the same
period described in Fig. 3.
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FiG. 5. Response of the 10-40 day band-pass filter
used in this study.

1

correspond to different times. For a given time lag or
lead 7, the nonzero-lag composites are computed as

X*(\0,7)= W' S [Xr (N 6,1+ 7)

- XT+(A5 0) t+ T)]W(t),

where X;*(\, 8, t + 7) = X(\ + AN*(¢), 0, t + 7). For
positive (negative) values of 7, the composite X * (A,
6, 7) can be interpreted as the typical structure of the
oscillation at a time interval 7 after (before) the arrival
of the 205 mb velocity potential signal at the reference
longitude Aq.

4. Three-dimensional structure
a. Horizontal structure

To establish a framework for interpreting various
fields constructed using this composite procedure, Fig.

TaBLE 1. Coefficients for the 10-40 day band-pass filter used in
this study. For a time series X(?), the filtered value at time £, is given
by '

19
X(to) = coX(to) + 2 il Xt + iAf) + X(‘o_“ iAn)],

i=1

where At = 3 days is the data-sampling interval.
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Coefficients Coefficients
Co 0.450000 Cro 0.021908
¢ 0.157661 ci 0.033733
) —-0.219171 c2 0.000000
¢ —0.161890 3 0.005469
Cs 0.000000 C1a 0.006710
Cs 0.041152 €5 —0.006036
C —0.058703 Ci6 -0.013101
¢ 0.028321 17 —0.002188
Cg 0.037000 Cig —0.000942
C —0.001574 Ci9 —0.004533
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FIG. 6. Longitude-latitude distribution of the GCM composite at
zero lag of the velocity potential field at 205 mb. Contour interval:
1 X 108 m? s™. Stippling indicates negative values. The reference
longitude Ay is placed in the middle of the x-axis.

6 shows the zero-lag composite of the velocity potential
itself. The reference longitude A is located in the mid-
dle of the longitude axis. There is naturally a minimum
along the equator at A\¢. The maxima are displaced 90°
and 180° from this minimum, reflecting the domi-
nance of wavenumbers 1 and 2 in the velocity potential
fluctuations. An analogous composite based on 830
mb data (not shown) bears a strong resemblance to
this pattern, except for a sign reversal. In examining
the composite charts to follow, it is helpful to keep in
mind that (A = Ay, 6 = 0) is the center of the divergence
in the upper troposphere and the center of convergence
just above the boundary layer.

The zero-lag composites for the horizontal wind and
pressure perturbations are shown in Fig. 7. Plotted are
the horizontal wind vector (arrows) and geopotential
height (contours) at (a) 205, (b) 830, and (c) 990 mb.
The equatorial oscillation is clearly symmetric about
the equator. Since the Northern and Southern Hemi-
spheres in the GCM are physically identical, the degree
of symmetry of these patterns is a measure of the sta-
tistical significance of the composite fields. Within the
deep tropics, the geopotential perturbation in the lower
troposphere (Figs. 7b and 7c) is negative east of the
reference longitude A\¢ and positive to the west. These
low- and high-pressure centers along the equator are
labeled Ly and Hj in the figures. The subtropical regions
to the north and south of the equatorial low L, at low
levels are generally characterized by positive pressure
fluctuations. Also evident in the patterns at 830 and
990 mb are two secondary low-pressure centers (labeled
Lyand Lg) located northwest and southwest of L. We
have found in examining this and other models with
various filters that these subtropical cyclones become
more prominent if the filter is shifted to lower fre-
quencies.

The equatorial pressure pattern at 205 mb (Fig. 7a)
is negatively correlated with that in the lower tropo-
sphere, with positive (negative) pressure to the east
(west) of Ag. Situated north and south of Hj are two
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FIG. 7. As in Fig. 6, but for the GCM composites of the geopotential height (contours) and
horizontal wind vector (arrows) fields at (a) 205, (b) 830, and (c) 990 mb. Contour interval is
5 m for 205 mb data and 2 m for 830 and 990 mb data. Stippling indicates negative height
perturbations. The scales for the wind vectors are indicated at the top right corner of each panel.
Arrows too short to show up clearly have been omitted. The labels Hy, Hy, Hs, Lo, Ly and Lg
refer to high and low pressure centers discussed in the text.

elongated low-pressure zones, whereas a pair of high-  indicating less statistical significance. The signals in the
pressure centers (Hy and Hj) are discernible to the extratropics are generally equivalent barotropic. Per-
north and south of Ly. : : haps the best defined feature is the low at 205 and 830

The extratropical patterns in Fig. 7 are less sym- mb located at A — 90° and 40°N or S. The amplitude
metric about the equator than the tropical features, of this extratropical response is small (=~20-30 m). In



3818

~ observations (Lau and Phillips 1986) and in GCMs
with realistic boundary conditions (Lau and Lau
1986), the extratropical response to this tropical os-
cillation tends to be larger, geographically fixed, and
confined to the winter season. In view of the idealized
geometry and annual mean forcing used in the present
study, we cannot expect this experiment to yield a re-
alistic extratropical response.

At both 205 and 830 mb, the flow pattern between
15°N and 15°S is dominated by the zonal wind com-
ponent, with strong divergence in the upper tropo-
sphere and convergence in the lower troposphere cen-
tered at \g. There is a much stronger meridional com-
ponent at 990 mb. This meridional flow is directed

(a) PRECIPITATION
SN gy
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across the isobars from high toward low pressure. The
resulting convergence into Lo and divergence out of
H, is presumably produced by the model’s frictional
stresses near the surface. The result is an eastward shift
in the surface divergence as compared with the diver-
gence above the boundary layer.

Some of the characteristics of the moist processes
accompanying the tropical oscillation are illustrated
by the zero time-lag composites in Fig. 8. Shown are
(a) precipitation rate, (b) pressure velocity at 515 mb,
(c) evaporation rate, and (d) water vapor mixing ratio
at 940 mb. In view of the weak extratropical signal in
these fields, the plotting domain is confined to the re-
gion between 45°N and 45°S. It is seen from Fig. 8a

Ag-90°

2g-180° Ag-90°

Agt180°

<l
Ag180°

(c) EVAPORATION RATE
5° N TTERT > T

AgH90° oH180°

FiG. 8. As in Fig. 6, but for the GCM composites of (a) precipitation rate (contour interval:
0.5 mm d~'), (b) pressure velocity at 515 mb (contour interval: 107? Pa s™"), (c) evaporation
rate (contour interval: 0.1 mm d ') and (d) water-vapor mixing ratio at 940 mb (contour interval:
2 X 107%). Stippling indicates negative values. Only values between 45°S and 45°N are plotted.
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that an elongated precipitation maximum is centered
near A\o. This feature extends from approximately 10°N
to 10°S and has a longitudinal span of about 60°. East
and west of the precipitation zone are regions of sup-
pressed rainfall. As seen in Figs. 2b and 3, the precip-
itation making up this pattern actually encompasses a
wide range of space and time scales and takes the form
of small cores that tend to develop in regions favored
by the large-scale divergence field. The structure of this
precipitation composite may be sensitive to the details
of the composite procedure, particularly to the time-
filtering of the precipitation and the velocity potential
used to define the reference longitude.

There is a very close correspondence between the
precipitation pattern and the pattern of midtropo-
spheric vertical motion (Fig. 8b), with little or no lon-
gitudinal phase shift between the two. In contrast, the
evaporation and mixing ratio composites are noticeably
shifted with respect to the precipitation and vertical
motion. The fluctuations in mixing ratio reach their
maximum positive values east of Ay along the equator.
Comparison with the 990 mb height composite in Fig.
7¢ reveals that high water-vapor mixing ratios are as-
sociated with low-pressure centers (Lo, Ly, and Lgin
Fig. 7c) and horizontal convergence near the lower
boundary, and low mixing ratios with the surface high
H, and divergence.

The evaporation also reaches its highest values to
the east of A\g, but off the equator at ~10° latitude in
both hemispheres. Evaporation in the GCM is com-

puted from the mixing ratio and wind speed at the -

surface using the bulk formula. Since the positive mix-
ing ratio anomaly (see Fig. 8d) to the east of A\ acts
to depress local evaporation, the increase in evapora-
tion between Ay and Ay + 60° must be due to the in-
creased wind speed resulting from the superposition of
the anomalous easterlies (Fig. 7c) on the mean east-
erlies in the tropics. The peak off the equator is related
to the presence of ‘“‘noise” in the atmospheric winds
and the dependence of the evaporation on the wind
speed (i.e., the nonlinear dependence on the wind it-
self). The mean surface easterlies increase in strength
from 1-2 m s~! near the equator to 5-6 m s™! at 15°
latitude, so the atmospheric noise changes the sign of
the zonal wind less often off the equator. As a result,
the superposition of the oscillation onto the mean flow
plus noise will more consistently produce an evapo-
ration anomaly of a given sign off the equator.

The evaporation anomalies are only one-fifth to one-
tenth as large as the precipitation anomalies, but in the
delicately balanced tropical atmosphere modest gra-
dients in the evaporation can have significant effects
on the evolution of the convective activity, as argued
by NHC and Emanuel (1987). Indeed, NHC show that
the removal of the wind speed dependence in this
GCM’s formula for evaporation (the instantaneous
wind speed being replaced by its climatological value)
substantially reduces the amplitude of the eastward-
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propagating power in the zonal flow at periods from 8
to 40 days.

When this evaporation-wind feedback is removed,
the reduction in power in the higher wavenumbers that
dominate the precipitation spectrum is less dramatic
than that shown in NHC for the wavenumber 1 and 2
components of the zonal wind. Figure 9 shows the
space-time spectrum of equatorial precipitation in the
GCM in which the wind speed dependence of evapo-
ration has been removed (the “fixed-V, fixed SST”
model in the terminology of NHC). This figure can be
compared to the corresponding spectrum in the stan-
dard experiment (Fig. 2b). A preponderance of east-
ward-propagating, low-frequency power is evident in
both models, with the power being reduced by about
30% in the “fixed V” experiment. Also, the wavenum-
ber 2 spectral peak at a period of 12 days in the standard
model is less distinct in the “fixed V* case. It is unclear
why the evaporation-wind feedback has a stronger effect
on the zonal wind spectra.

It is possible that the low-level mixing ratio anom-
alies are also dynamically significant, despite their small
size (at most 0.7 X 10~3). On the one hand, the positive
anomaly east of the heating could help damp eastward-
propagating waves by reducing the evaporation anom-
aly; on the other hand, the slight increase in the con-
ditional instability east of Ay could enhance the am-
plitude of eastward-propagating disturbances.

b. Vertical structure

The circulation in the equatorial zonal plane ac-
companying these oscillations is portrayed in Fig. 10,

PRECIPITATION RATE (FIXED SST, FIXED V EXPT.)

WAVENUMBER 5

4 4
WAVENUMBER 4 -

mm2 day~1

L * & e D)
6 12 24 @ 24 12 6

WESTWARD EASTWARD

PERIOD (doys)

FIG. 9. As in Fig. 2b, but for the precipitation data from a GCM
integration in which the wind speed dependence of evaporation has
been removed.
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which shows the longitude-pressure distribution of the
zero-lag composite data, averaged over the +2.25° lat-
itude grid points, for (a) zonal wind, (b) pressure ve-
locity, and (c) net heating due to latent heat release
and moist convective mixing. Figure 10a shows that
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the maximum inflow toward Ay occurs at the 830 mb
level and maximum outflow at 205 mb, with the tran-
sition from westerlies to easterlies at a given longitude
occurring near 500 mb. The zonal wind amplitudes
near the tropopause are larger than those in the lower

(a) ZONAL WIND
1 T T
0 i

200
400

600

PRESSURE (mb)

800}~

T

1000

1

i !
Ag-180° A-90°

I
Agt180°

(b) PRESSURE VELOCITY
0 T F T I

200
400

600

PRESSURE (mb)

800

1000 HRY
!

Ag-180°
{c) HEATING RATE

80°

0

200

400

600

PRESSURE (mb)

800,

1000k vReM g

L
2p-180°

] 1
o Xg+90° Ao+180°

LONGITUDE

FIG. 10. Longitude-pressure distribution of the GCM composites at zero lag of (a) zonal
wind (contour interval: 1 m s™), (b) pressure velocity (contour interval: 5 X 1073 Pas™")
and (c) heating rate due to latent heat release and moist convective mixing (contour interval:
2 X 107¢ °C s™'). The model data have been averaged over the two grid points at 2.25°S and
2.25°N. Stippling indicates negative values. The reference longitude is placed in the middle

of the x-axis.
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troposphere. The vertical velocity (Fig. 10b) that closes
this circulation bears a close similarity to the heating
field (Fig. 10c), indicating the dominant balance in
the thermodynamic equation between latent heating
and adiabatic cooling. All three panels in Fig. 10 exhibit
westward tilts with increasing altitude near the surface.

There is a hint of this behavior in Murakami and Nak-
azawa’s (1985) estimate of the observed vertical struc-
ture of the oscillations based on FGGE analyses.

The vertical structure of the equatorial fluctuations
in other variables of interest is shown in Fig. 11. In-
cluded are (a) geopotential height, (b) temperature,
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) FiG. 11. As in Fig. 10, but for the GCM composites of (a) geopotential height (contour
interval: 2 m), (b) temperature (contour interval: 0.2°C) and (c) water-vapor mixing ratio

(contour interval: 1 X 1074).
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and (c) water-vapor mixing ratio. If one linearizes the
zonal equation of motion about a state of rest, neglect-
ing damping,

du/dt = fo — 3%/dx, (1)

then the balance at the equator (f = 0) is simply be-
tween the zonal wind tendency and the geopotential
gradient. If the disturbance is neutral and has a well-
defined phase speed, then one expects the 1z and ® pat-
terns to be identical. The differences between Figs. 10a
and 11a are therefore of interest. The decrease in the
magnitude of u but not & as the surface is approached
is presumably due to boundary-layer mixing. The dif-
ferences at upper levels are more surprising; the max-
imum in the geopotential perturbations occurs near
100 mb, as opposed to 200 mb for the upper-level zonal
wind. Nonlinearity of some kind, perhaps related to
wave breaking, must be invoked to explain this differ-
ence. The slight longitudinal phase shift of & behind
u at upper levels is suggestive of a growing wave (e.g.,
Wang 1988, Fig. 4).

The temperature fluctuations are weak (less than
1°C). There is a westward tilt with height between 830
and 350 mb, with the result that in the lower tropo-
sphere the temperature ‘perturbation is in gquadrature
with the heating field, while in the upper troposphere

. it is almost in phase. There is some evidence for an
increase in static stability west of A\ of the sort that
plays an important role in Hendon’s (1988) two-layer
model. The eastward phase tilt with height in the
stratosphere is suggestive of a Kelvin wave with upward
group velocity, but the model clearly cannot resolve
the small vertical wavelengths (~4-6 km) consistent
with a phase speed of 15-20 m s™!. Despite their dif-
ferent appearances in the stratosphere, the geopotential
and temperature composites are consistent with hy-
drostatic balance.

The largest increase in the mixing ratio at low levels -

(Fig. 11¢) occurs 30°-50° longitude east of Ay, with
drying of the atmosphere extending west of A, for 120°.
These changes in the moisture content at low levels
are in phase with the temperature perturbations (see
F1g 11b). If the relative humldxty were fixed, the mix-
ing ratio at low levels would increase ~1 X 107 for
each one degree increase in temperature. Therefore,
roughly half of the low-level moisture changes can be
explained by assuming fixed relative humidity. In con-
trast to the low-level pattern, there is moistening in the
midtroposphere centered near A\o. The contributions
to the moist static energy are one possible measure of
the relative importance of temperature and moisture
perturbations for convective activity. Comparing ¢, T
to Lr, where ¢, is the heat capacity at constant pressure,
and L the latent heat of vaporization, one finds the
perturbations in Figs. 11b and 1lc to be of the same
order of magnitude, but with the moisture perturba-
tions larger, particularly at low levels.

In order to explore the mterestmg longltudmal shift
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near the surface evident in Figs. 7 and 11, we show in
Fig. 12 the equatorial longitude-pressure distribution
of the composited anomaly of horizontal divergence,
V.v, and the horizontal divergence of moisture,
V - (rv). Below 900 mb, the maxima in the convergence
itself and in the moisture convergence are shifted ~30°
longitude east of Ag. The perturbations in r are small
enough that V- (rv) = roV - v, where r is the average
mixing ratio in the model tropics, with a typical value
of 1.5 X 1072 below 900 mb. The shift in the low-level
convergence is primarily due to the meridional fric-
tional convergence into the surface low L to the east
of Ao (Fig. 7c). This shift between the longitude of the
low-level moisture convergence and the latent heat re-
lease would not be captured in standard CISK models,
in which heating at all levels is proportional to and in
phase with the low-level convergence.

¢. Temporal evolution

One can look for changes in the structure of this
oscillation through its life cycle by compositing with
different time lags as described in section 3. Examining
the various composites, we find that all fields propagate
at a phase speed of ~18 m s~! and that no changes in
structure are clearly evident as a function of time. In
view of the considerable variability in the duration of
individual events, this compositing procedure is not
able to isolate the structure of the disturbance in its
initial amplifying stage.

As an example Fig. 13 shows the equatorial precip-
itation and mixing ratio at 940 mb as a function of
longitude and time lag. Lags of 0, 3, 6, +9 and £+ 12

_days have been used to generate the figures. The data

have been averaged over £2.25° latitude, and a 1:2:1
longitudinal smoothing has been applied for each in-
dividual time lag. The peak in low-level moisture lies
east of the precipitation maximum at all time lags and
precedes the arrival of the precipitation at Ay by ~3
days.

S. Linear response to the GCM’s heating

In developing theories of this tropical oscillation, it
is important to understand the extent to which linear
theory can explain its structure, given the latent heating
field. We address this question using a linear, primitive
equation model on the sphere. A similar approach has
been taken by Hayashi and Miyahara (1987). In the
present study, the model described in Nigam et al.
(1986) has been modified to allow for a uniformly
propagating rather than stationary heat source. The
model has the same.finite-differencing in the vertical
as the GCM but is unlike the GCM in that variations
in the meridional direction are represented by finite
differences rather than a spectral expansion. The three-
dimensional forcing in the model is taken to be the net
heating due to moist convection obtained from the
composite procedure of section 3. The heating is as-
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FIG. 12. As in Fig. 10, but for GCM composites of (a) horizontal divergence (contour
interval: 5 X 1077 s7) and (b) divergence of horizontal water-vapor transport (contour interval:

5X107%s7h). :

\

sumed to propagate eastward at 18 m s~! and is sym-
metrized about the equator before being incorporated
in the linear model. (This forcing is meant to represent
that part of the heating that is coherent with the large-
scale oscillations in the flow field. As described in sec-
tion 2, the actual precipitation in the GCM is char-
acterized by a broad range of space and time scales.)
The model is linearized about the GCM’s zonally sym-
metric climatology. In trying to simulate the GCM’s
oscillation, we obtain a better result if we include strong
" damping near the surface and the top of the linear
model, and moderate damping in the interior. The
coefficients of thermal damping and Rayleigh friction
chosen are listed in Table 2. In addition, the mechanical
damping is increased to large values at points where
the phase speed of the wave matches the zonal flow,
just as in Nigam et al. (1986). '

The vertical structure in the equatorial plane pro-
duced by this linear model is shown in Fig. 14. The
center of the heating, A, is located at the center of the
x-axis in each plot. The zonal velocity, geopotential,
and temperature structures can be compared directly

with Figs. 10 and 11. Without the enhanced friction
near the surface, the zonal wind perturbation has a
similar structure to the geopotential, with a local max-
imum at the surface. Without the enhanced friction
near the top of the model, the linear solution is large
and noisy above the heating, as the model tries, with
insufficient resolution, to resolve the small vertical
scales of the free waves excited by such a moving source.
Substantial noise remains in the temperature field, de-
spite the strong damping. It is clear from the GCM
composites that the disturbances above 200 mb are
effectively being damped in the GCM also. Radiative
damping can be efficient in attenuating such low-fre-

- quency fluctuations because of their small vertical

group velocities (e.g., Garcia and Salby 1987), but the
damping required by the linear model to mimic the
GCM (Table 2) is much stronger than radiative damp-
ing could provide. ,

The linear model’s damping at upper levels produces
differences in the upper-tropospheric structures of the
zonal wind and geopotential, with the upper-tropo-
spheric geopotential maximum being located at a
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FIG. 13. Longitude-time distributions of the GCM composites of (a) precipitation rate
(contour interval: 0.5 mm d ') and (b) water vapor mixing ratio at 940 mb (contour interval:
1 X 107*). Stippling indicates negative values. The model data have been averaged over the
two grid points at 2.25°S and 2.25°N, and a 1:2:1 smoothing has been applied in the longitudinal
direction. The reference longitude A, is placed in the middle of the longitude axis.

greater height than the zonal wind ma){imum. How- field has the correct phase shift in the lower and middle
ever, the differences in structure are not as great as in  troposphere, but its amplitude is larger than that in the
the GCM (see Figs. 10a and 11a). The temperature GCM composite. Consistent with the larger tempera-
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TABLE 2. The e-folding times (in units of days) for the Rayleigh
friction, x,;, and thermal damping, s, used in the linear model of
section 5.

a-level Kpr ! k7!
0.025 0.5 0.5
0.095 1.0 1.0
0.205 10.0 10.0
0.350 10.0 10.0
0.515 10.0 10.0
0.680 10.0 10.0
0.830 10.0 10.0
0.940 1.0 10.0
0.990 1.0 10.0

ture amplitudes, the geopotential changes sign at a
lower level than in the GCM.

The horizontal structure of the linear model’s re-
sponse is shown in the left panels of Fig. 15. Compar-
ison can be made with the GCM structures in Fig. 7
(noting that the contour interval for the geopotential
is 2 m in Fig. 15 and 5 m in the upper panel of Fig.
7). Both the zonality of the upper-tropospheric equa-
torial winds and the meridional convergence at low
levels are qualitatively captured. However, the extra-
tropical geopotential response at 200 mb bears little
resemblance to that in the GCM. A linear model with
arbitrary damping near the critical surface is evidently
unable to connect the wavy solution in the midlatitude
region with the evanescent region in the tropics. Atlow
levels, where critical lines should play a less important
role, the extratropical response is more adequate. By
examining the linear model solutions for various prop-
agation speeds of the heat source, we have confirmed
that the upper-tropospheric anticyclones to the west of
the heat source (Hy and Hs in Fig. 7a) become more
prominent in the linear response as the phase speed of
the source is lowered.

The right panels in Fig. 15 show the eddy flow when
the model is linearized about a state of rest rather than
the GCM’s climatology. The differences at low levels
are small. At 200 mb, the extratropical response is now
absent since the eastward-moving source can no longer
excite Rossby waves, while the tropical geopotential
response is now much wider, in disagreement with the
GCM. When the model is linearized about a state of
rest, the vertical structure in the equatorial plane (not
shown) is altered hardly at all from that in Fig. 14.

Substantial damping is needed to obtain a satisfac-
tory fit to the GCM, and even then the response is far
from perfect. However, given the uncertainties in how
to relate the convective heating to the large-scale flow,
we feel that our results are sufficient to justify linear-
izing the momentum and temperature®equations in
idealized models of this phenomenon. One loses little
by linearizing about a state of rest (although the mean
flow could play a more significant role for the observed
disturbance with its smaller phase speed).
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6. CISK

Since linear dynamics yields considerable insight into
the structure of the oscillation, given the heating, it
remains to model the heating as a function of the large-
scale flow and to determine how this coupling deter-
mines the characteristic phase speed. A wave-CISK
formalism has been used in several recent papers in
attempts to make this connection for the Madden-
Julian oscillation (Lau and Peng 1987; Miyahara 1987,
Takahashi 1987). In such a model, one fixes the vertical
structure of the heating and sets its magnitude pro-
portional to the low-level convergence. The problem
of moisture availability is not addressed. The equations
are linear if one further assumes ‘“unconditional”
heating, with negative heating anomalies being pro-
duced by low-level divergence. Unconditional heating
is relevant when the disturbance creates small pertur-
bations in a flow that is precipitating and does not re-
duce the precipitation to zero anywhere. Since the
maximum in our composited rainfall is comparable to
the mean rainfall along the equator (cf. Figs. 8 and
appendix A), unconditional heating may not be ap-
propriate for a model of this composite. That the mod-
ulation is not a small perturbation is also evident from
Fig. 3. Lau and Peng (1987) and Hendon (1988) have
emphasized the importance of conditional heating
(positive heating only) for modeling translating clus-
ters. Keeping these complications in mind, we consider
only the linear problem with unconditional heating.

We linearize about a state of rest, as is partly justified
by the results in section 5, and ignore spherical ge-
ometry as well as the nonseparability resulting from
latitudinal dependence in the low-level moisture con-
tent. Finally, we consider only the Kelvin wave part
of the dispersion relation, with zero meridional velocity,
guided by the strong similarity of the composite oscil-
lation to such a wave. The result is a simple gravity-
or Kelvin-wave CISK model:

ou=—0,9 A
0,T = —w(c?,,T— «T/p) + Q/cp
2
OxU = —0pw
8,2 =—RT/p

Subscripts denote differentiation; the notation fol-
lows standard meteorological conventions. We set Q

= Qo f(p) with
p.
Q = LV'( fo r(p)V(p)dp/p.)
p.
=L [ rpa,udpip, 3)

[ rovapion =1, @)
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F1G. 14. Longitude-pressure distribution at the equator of (a) zonal wind (contour interval:
1 m s7"), (b) temperature (contour interval: 0.2°C) and (c) geopotential height (contour
interval: 2 m), as obtained from the solution of the linearized model forced by a traveling
heat source (described in section $). Stippling indicates negative values. The center of the
heating is located at the reference longitude A, in the middle of the x-axis.

where p, = 1000 mb. The moisture distribution is cho-
sen by setting r = ro below 900 mb, r = ry/2 between
760 and 900 mb, and r = 0 above 760 mb. A rough
approximation to the moisture distribution in the GCM

-

results from the choice rq = 15 X 1073, The vertical
distribution of the diabatic heating f(p), shown by the
solid line in Fig. 16, is based on the structure of the
heating in the GCM composite at the reference lon-
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FI1G. 16. The vertical distribution of the heating field used in the
wave-CISK model to obtain the results described in section 6 (solid
line), and a heating distribution that produces an unstable mode
with phase speed closer to that of the observed oscillation (dotted
line).

gitude Ao. The vertical finite-differencing is exactly that
of the GCM. Details of the differencing scheme can be
found in appendix B.

We have not tried to include dissipation, either near
the surface or near the model top, even though both
were found to be useful in section 5 for the simulation
of the perturbation flow, given- the GCM’s heating field.
Since an amplifying wave will decay above the heated
region, dissipation near the model top will be less im-
portant than for the steady waves generated in the linear
model described in section 5. Furthermore, by setting
v = 0 in this eigenvalue calculation, we have eliminated
an important way in which the large damping near the
surface could affect the wave propagation—by gener-
ating meridional convergence into the surface low
ahead of the heating, as seen in Fig. 7¢. The GCM’s
heating is not in phase with the moisture convergence,
but lags behind by about 40° of longitude (or three

days); if one uses a more complete model in which .

this frictional convergence is present, a standard CISK
formulation would be inadequate for modeling the
heating.

Solutions of this set of equations are sought with the
longitude-time dependence exp{ik(x — ct)], and the
resulting eigenvalue equation is solved for the complex
phase speed ¢. These phase speeds are independent of
the zonal wavenumber k. Given the model’s finite-
differencing, eight vertical modes are obtained. All of
these modes are neutral if 7 is smaller than 7 X 107>
The eigenvalue calculation yields an instability for 7o
> 7 X 1073, Only one unstable mode exists throughout
the range of realistic 7¢. The complex phase speed of
the unstable mode is shown in Fig. 17 as a function of
ro. Also shown are the neutral modes from which the
unstable mode emerges as r increases. For the value
ro = 15 X 107 typical of the equator in the GCM, the
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phase speed of the model is 17 m s™! and the e-folding
time (kc;) for zonal wavenumber 1 is eight days. The
precise manner in which this mode evolves from the
dry atmosphere’s neutral modes as ry increases is of
no physical significance, since these neutral modes are
artifacts of the vertical discretization and upper
boundary condition. The unstable mode does have

" physical significance since it decays away from the tro-

pospheric source; it is essentially the most unstable
CISK mode found originally by Hayashi (1970).
The structure of the zonal wind and temperature

. perturbations in the unstable mode for wavenumber 1

and ro = 15 X 1073 is shown in Fig. 18. The phase is
chosen so that the heating generated by the wave is
centered at A\, and the amplitude is chosen so that the

maximum zonal wind perturbation at low levels equals

5ms~!, as in the GCM composite (Fig. 10). (In com-

paring the figures, one should keep in mind that Fig.
18 consists of wavenumber 1 only, while the composites

~ in Figs. 10 and 11 are mostly a mix of wavenumbers

1 and 2.) This CISK mode exhibits the same westward -
tilt with height as the disturbance in the GCM com-
posites (Figs. 10 and 11) and the linear response (Fig.
14). The temperatures are in quadrature with the heat--
ing in the lower troposphere and in phase in the upper
troposphere, as in Fig. 10, but the temperature pertur-
bations are too large, particularly in the lower tropo-
sphere. The phase shift between the upper- and lower-
tropospheric divergence seen in Fig. 18 is not shared

30
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FI1G. 17. The real cg (solid curves) and imaginary ¢; (dotted curve)
parts of the complex phase speed obtained from the wave-CISK
model, as functions of the low-level water-vapor mixing ratio, ro.
Only those two neutral modes from which the one unstable mode
emerges are shown. The value ro = 15 X 107 typical of the GCM
atmosphere at low levels over the equator is highlighted by an arrow.
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FiG. 18. Longitude-pressure distributions of (a) zonal wind (contour interval: 1 m s~') and
(b) temperature (contour interval: 0.2°C), as obtained from the solution of the wave-CISK
model with r, = 15 X 1073, The center of the heating is located at the reference longitude in

the middle of the x-axis.

by the GCM composite, however. Some discrepancies
are to be expected in any case, since the composite
describes the mature finite amplitude disturbance and
not an amplifying wave. We have not attempted to
construct a composite of the amplifying stage, since
the period of amplification is so vague in Fig, 4.

This analysis does not explain why the wavenumber
1 and 2 Kelvin waves should dominate the zonal ve-
locity spectra, as opposed to smaller scale Kelvin waves
or disturbances with other meridional structures. In
particular, this instability yields ¢; independent of &
and, therefore, largest growth rates (kc;) at the smallest
scales. One must assume that the nonlinear equilibra-
tion somehow favors the largest scale Kelvin modes.

The phase speed of the unstable mode can be reduced
by lowering the center of mass of the heating, as is
most simply seen in the three-layer model discussed
by Takahashi (1987). For example, the heating profile
defined by the dotted lines in Fig. 16 produces an un-
stable wave with a phase speed of 10 m s™!, close to
that in the observations, when ro = 15 X 1073. Since

this modified heating profile appears to be even less
realistic than the GCM’s, it is difficult to argue that the
GCM’s propagation speed is too fast because its heating
is too deep.

7. Conclusions

This paper describes the structure of the tropical in-
traseasonal oscillations of an idealized GCM with a
zonally symmetric climate and fixed surface temper-
atures. The model has a well-defined spectral peak in
velocity potential and zonal wind for eastward-moving
wavenumber 1 at a period of about 25 days, which we
associate with the Madden-Julian oscillation, despite
the difference in frequency. Wavenumber 2 has a spec-
tral peak at a similar phase speed (=~18 m s™'). How-
ever, the individual small-scale disturbances in which
the model’s precipitation is organized do not propagate
steadily at this phase speed, unlike the models of Hay-
ashi and Sumi (1986) or Swinbank et al. (1988). In-
stead, the 18 m s™! speed characterizes the downstream
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redevelopment of new disturbances. This difference
between the models is most likely due to differences
in convective parameterization schemes.

A composite of the GCM oscillation is constructed
that focuses on the larger scales. At upper-tropospheric
levels, the structure is suggestive of a Kelvin wave in
that meridional velocities are small. The anticyclone
pair observed to be associated with the heating (e.g.,
Knutson and Weickmann 1987, Figs. 13 and 14) is
present only faintly. When we modify our filter to ac-
cept lower frequencies, below the spectral peak, these
anticyclones are strengthened. Hence, it is likely that
the observed anticyclones are associated with fluctua-
tions on time scales that are longer than those consid-
ered here. The structure of the composite also differs
from a simple Kelvin wave at upper levels-in that the
geopotential amplitude peaks at a higher level than the
zonal flow.

An interesting aspect of the low-level flow is that the
convergence lies east of the center of heating by about
30° longitude. As a result, the low-level moisture con-
vergence peaks at a given point about three days before
the peak in precipitation. It seems plausible that this
shift should favor eastward-propagating disturbances.
Positive moisture anomalies are also found ahead of
the disturbance in the boundary layer, but it would
take much less than three days to create these anom-
alies, given the amplitude of the moisture convergence.

Positive evaporation anomalies are created east of
the heating by the superposition of perturbation east-
erlies and the mean easterlies. These evaporation
anomalies are important for the amplitude of the os-
cillation, as demonstrated by NHC. That they do not
determine the characteristic phase speed of the oscil-
lation is clear from the swamp model results in NHC.
In that model, the removal of the wind speed depen-
dence of the evaporation has little effect on the oscil-
lation. Composites for the swamp model show a very
similar three-dimensional structure to that described
here, except that the amplitudes of the zonal wind per-
turbations near the surface are smaller.

Given the three-dimensional structure of the heating

and the phase speed, a linear steady wave model is

found to give a rough approximation to the flow and

temperature structures in the GCM composite, as long.

as one adds strong damping both near the surface and
above the heated region. The damping above the heat-
ing is needed to dissipate the upward-propagating waves
with short vertical wavelength excited by the source.
How these waves are dissipated in the GCM is unclear;
they are severely distorted by the crude vertical reso-
lution of the model in any case.

A simple Kelvin-wave CISK model, with the vertical
structure of the heating (as well as background tem-
perature and moisture profiles) based on the GCM
composite, yields one and only one unstable mode.
This mode has a phase speed in good agreement with
that simulated in the GCM. The success of this model
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is surprising, particularly since it ignores the substantial
phase shift between the low-level moisture convergence
and the precipitation seen in the GCM composite. The
phase speed of this unstable mode can be lowered to
that of the observations (=10 m s™!) by lowering the
center of mass of the heating. But this explanation for
the GCM’s distortion of the phase speed is unpalatable,
since one usually thinks of a convective adjustment
scheme (as opposed to a scheme with explicit penetra-
tive convection) as underestimating, not overesti-
mating, the height of this center of mass. One must
consider the possibility that the CISK mechanism is
less important for phase speed selection in the atmo-
sphere than in the model.
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APPENDIX A
The Climatological Precipitation

Figure Al shows the time-mean precipitation as a
function of latitude in the GCM. There is no hint of
an equatorial minimum in the precipitation. This is
distinctly different from the models of Hayashi and
Sumi (1986) and Swinbank et al. (1988), both of which
have well-defined equatorial dry zones. While the
model we analyze here has coarser horizontal resolution

0.6
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FIG. Al. Varation with latitude of the temporally and zonally
averaged precipitation rate for the idealized GCM used in this
study. : .
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than either of these other idealized GCMs, and a dif-
ferent convective parameterization, we suspect that
these are not responsible for this difference. We think
that the difference results from the choice of surface
temperatures.

We have set the fixed surface temperatures in our
model to the values predicted by the companion swamp
model, in which a condition of zero energy flux through
the lower boundary is enforced. Since there is net ra-
diative heating of the atmosphere at the equator, and
since there is no heat flux through the lower boundary
in the swamp model and, therefore, no implied oceanic
heat transport, we expect the swamp model atmosphere
to transport energy poleward. Assuming that the trans-
fer of sensible, latent and geopotential energy by the
mean meridional circulation balances the radiative
heating in the tropics, a pair of Hadley circulation cells
must straddle the equator, with ascent over the deep
tropics. Now consider a fixed SST model with the same
surface temperature as the swamp model. The dynam-
ics of the two models should be very similar, so the
heat fluxes through the lower boundary should also be
very small. Thus, the energetics argument outlined
above should also hold for the fixed SST model, and
we likewise expect rising motion over the equator. This
suggests that if Hayashi and Sumi and Swinbank et al.
had performed a swamp calculation and used the mean
temperature so produced as boundary conditions for
the fixed surface temperature model, then their cli-
matology would have been similar to ours.

APPENDIX B
CISK Finite-Differencing

The GCM'’s temperature, geopotential, and hori-
zontal velocity are defined at the full o-levels, { ax, k&
=1, 9}, listed in Table B1. The vertical velocity w is
defined on half o-levels with w = 0 at ¢,,, and o9+,,2
and oy = (0x+1/2 + 0x—12)/ 2. The model’s hydrostatic
equation is

Pirr — Bk = Ty Eki12 — Tikivry2, (Bl)

where
flt+l/2 =R 1n(°'k+l/0k+l/2),
Ekt1/2 = RIn(oks12/ 01).

‘For a disturbance with phase speed ¢ and wavenumber
k, the model’s continuity equation and zonal equation
of motion reduce to

(W12 — Wi-1,2)] B = —ik®y, (B2)

where
Ay = 01112 — Ok-12,

and W = w/p,. The corresponding thermodynamic
equation reads
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TaBLE B!. The pressure levels o = pi/ps (P« = 1 bar), mean
atmospheric temperature profile T}, and heating profile ﬁ, used in
the CISK calculation.

k (43 Tk ﬁc

1 0.025 240.0 0

2 0.095 190.9 0

3 0.205 218.2 0.57
4 0.350 244.1 1.46
5 0.515 264.7 2.12
6 0.680 278.4 1.79
7 0.830 287.5 0.32
8 0.940 2942 0

9 0.990 2984 0

ikcTi = Wi1 28" + Wie1 28 — Qofe/cp,  (B3)
where
St = (Tirry2 = T)/ (Ore172 — ox) — kTie/ ok,
S = (T = Tiery2)/ (0 = 04-172) — kTk/ ok
9 9
ZSde=1, and Qv = 3 ri(Wi-1,2 = Wis12).
k=1 .

k=1

The vertical structure of the heating, fi, and the basic
state temperature profile, T, are listed in Table BI.
The mixing ratio 7, is set equal to ro Ry, where Rg = Ry
=1,R; =05 and Ry =0fork < 7.

The three sets of equations, (B1), (B2) and (B3),
are easily combined into one set of equations for the
vertical velocity. Using the boundary conditions ¥,
= Wey1,2 = 0, the result is a matrix eigenvalue problem
of the form

AW = BW,

where A and B are 8 X 8 matrices.

(B4)
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