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ABSTRACT

The effects of a positive-only cumulus heating parameterization on equatorially trapped waves are investigated
using both nonlinear and linear single vertical mode models. In the linear model the cumulus heating is shown
to slow down the equatorial waves. In particular the eastward moving Kelvin wave is readily slowed from the
free phase speed (45 m s™%) to the intrinsic speed associated with the observed 40-50 day oscillation (<10 m
s71). Slow eastward propagating Kelvin waves only occur for stable cumulus heating (stable meaning that adiabatic
cooling is able to compensate for the cumulus heating). However these linear moist waves decay rapidly and
are thus an unlikely explanation of the observed oscillation. The observed meridional wind perturbation is also
unexplained by this mechanism. For unstable cumulus heating, growing linear CISK waves develop but remain
stationary. Thus no satisfactory explanation of the 40-50 day oscillation is possible with this single vertical
mode linear model. .

For unstable cumulus heating in the nonlinear model, the growing CISK modes rapidly stabilize the atmosphere.
The stability increases greatest to the west of the CISK heating which thus leads to eastward propagation. Upon
equilibration, the CISK mode propagates eastward €10 m s~! for a wide range of parameters. The mode has a
substantial meridional velocity perturbation and appears to be a horizontally coupled Rossby-Kelvin wave.
These propagating modes are quite similar to the observed 40-50 day oscillation. Various experiments are
conducted to elucidate the mode of propagation. Experiments relevant to the observed atmosphere (i.c., moisture
parameters that are a function of space and time) are also discussed.
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1. Introduction

The 40-50 day oscillation was identified by Madden
and Julian (1971) more than 15 years ago'. Briefly, the
40-50 day oscillation refers to a largely wavenumber
1 zonal wind perturbation confined to the tropical tro-
posphere. The disturbance propagates slowly eastward
(intrinsic speed of about 10 m s~} or about 5 m s~
relative to the ground) with the upper tropospheric
winds being out of phase with the lower tropospheric
winds. The disturbance exhibits many of the spatial
characteristics of the gravest baroclinic, equatorially
trapped, Kelvin wave (Madden and Julian, 1972). The
oscillation has its greatest amplitude in the summer
hemisphere of the western Pacific and is intimately re-
lated to enhanced convection and rainfall (Madden,
1986).

Despite this long period of known existence and great
wealth of detailed observational work, a theoretical ex-

! A spectral peak at about 50 days in the tropical lower tropospheric
zonal winds was clearly seen in an earlier study by Wallace and Chang
(1969). No attempt, however, was made to isolate these disturbances.
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planation of the 40-50 day oscillation has remained
a mystery. The two most puzzling aspects of the os-
cillation are its slow eastward propagation and its con-
tinual yet sporadic reappearance. Though the oscilla-
tion exhibits many features of an equatorially trapped
Kelvin wave, its phase speed is much too slow to be
accounted for by a free dry Kelvin wave with a similar
first baroclinic mode structure (Chang, 1977). Fur-
thermore recent observational work (Madden, 1986)
indicates that the oscillation possesses a substantial
meridional wind perturbation, thus indicating that it
is not solely a Kelvin wave. Its continual reappearance
suggests that an instability or forcing mechanism is
operating which generates and maintains the wave in
the presence of dissipation. To date no self-consistent
theory of such a mechanism has been put forth to ac-
count for the observed or simulated 40-50 day oscil-
lation.

Moist dynamics offer some hope of rectifying the
slow phase speeds despite the observed deep vertical
structure. Many studies have found the 40-50 day os-
cillation to be directly related to large-scale modulation
of convection. It is well known that in the presence of
large-scale moist processes (precipitation resulting from
the large-scale low level moisture convergence), a free
equatorially trapped wave will slow down compared
to a dry wave (Gill, 1982). The latent heat released
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effectively reduces the static stability (or equivalent
depth) and hence also the phase speeds of the free waves
(cf. Matsuno, 1966, and section 2).

As shown by Swinbank et al. (1988) the gravest
baroclinic Kelvin wave in an atmospheric model can
be made to travel eastward at roughly the phase speed
of the observed 40-50 day oscillation by an appropriate
choice of the rainfall parameterization. It must be em-
phasized that the simple concept of the reduction of
effective static stability only applies to single wave
modes (both horizontal and vertical). Thus this simple
concept cannot adequately account for the observed
(Madden, 1986) or modeled (Hayashi and Sumi, 1986;
Lau and Lau, 1986) meridional wind perturbation that
accompanies the eastward moving oscillation. Also the
concept of reduced phase speeds resulting from reduced
static stability only applies to an effectively stable at-
mosphere. The reduced static stability hypothesis does
not account for the spontaneous generation of the an-
alog of the 40-50 day oscillation in a GCM (Hayashi
and Sumi, 1986) nor for the mechanism that maintains
it in the presence of dissipation.

Low frequency fluctuations of stationary convective
heating have also been postulated to force the observed
oscillation (Yamagata and Hayashi, 1984; Salby and
Garcia, 1987). However, the spontaneous occurrence
of the analog of the 40-50 day oscillation (which has
most of the spatial characteristics of the observed 40—
50 day oscillation but has slightly higher phase speeds)
in “aqua” planet GCM (Hayashi and Sumi, 1986;
Swinbank et al., 1988) again implies that some sort of
instability mechanism is operating. Land-sea contrasts
or other forms of stationary or external forcing are not
necessary for its existence. When moisture is turned
off in the GCM (Hayashi and Sumi, 1986) the slow
eastward moving disturbance decomposes into rapidly
eastward moving free Kelvin waves and westward
moving Rossby waves. Moisture is clearly necessary
for the maintenance and generation of the disturbances.
These experiments again emphasize that a single baro-
clinic mode, moisture modified Kelvin wave is not an
adequate explanation of the phenomenon. -

The possibility that the observed oscillation results
from the coupling of two or more different baroclinic
modes (presumably all Kelvin waves) by a wave-CISK
mechanism has been explored in multilevel linear
models (Lau and Peng, 1987; Chang and Lim, 1988).
Reasonably appearing eastward propagating wave-
number 1 disturbances are generated. The phase speed

“however is found to be more than twice that observed
when the parameterized cumulus heating is distributed
in the vertical similar to the first baroclinic mode. To
simulate the observed slow phase speeds requires un-
realistic shallow heating profiles. These results are con-
sistent with an earlier study by Crum and Stevens

(1983) and appear to be common to multilevel linear
wave-CISK models. Also these studies are linear and
tell nothing about the anticipated large effects that a
growing CISK mode would have on its environment.
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Ooyama (1969) and Lindzen (1974) pointed out that
growing CISK modes can be expected to produce not
only a net vertical mean heating and moistening but
also a net stabilization. Indeed, as noted by Emanuel
(1986) after the onset of intense tropical convection
the atmosphere tends to become neutrally stable in the
region of deep convection. The stabilization occurs
from the upward transport of heat and moisture in the
convective region as well as by the induced adiabatic
circulation forced by the convection. The stabilization
of the atmosphere will have a pronounced effect on
the magnitude of the growing disturbance and possibly
also on its structure and phase speed.

The main aim of the present study is to investigate
the impact of these stabilizing effects (thermal only)
on a growing CISK mode. The stabilizing effects of
upward moisture transport will not be considered here,
though its significance is in no way disregarded. The
growth and subsequent equilibration of a CISK mode
could be a plausible explanation of the 40-50 day os-
cillation. A single vertical mode model will be em-
ployed which represents the observed deep baroclinic
structure of the 40-50 day oscillation in the simplest
manner. To allow for the thermal stabilization pro-
duced by the growing CISK mode necessitates the pre-
diction of the static stability as well as the vertical mean
temperature. Thus a nonlinear two-level primitive
equation model (with temperature predicted at both
levels) will form the basis for the investigation.

To investigate CISK modes in this modest resolution
model (thomboidal 15 truncation) requires a cumulus
heating parameterization. The common assumption
will be made that the total latent heat released by deep
convective clouds in a vertical column is proportional
to low-level horizontal convergence of moisture. The
low-level convergence will be that produced by the
large-scale waves (Lindzen, 1974) in the model. The
particular form of the heating parameterization will
follow closely that used by Lau and Peng (1987).

Ooyama (1969) expressed some reservation about

- predicting the static stability in his balanced two-layer

tropical cyclone model. He pointed out that in the
presence of very intense convection near the eye of the
cyclone, the variation of static stability would depend
crucially on the vertical distribution of diabatic heating.
However in the single vertical mode model used in the
present study, the vertical distribution of diabatic heat-
ing only determines how efficiently the heating projects
onto the sole internal mode. Furthermore because the
simplification of representing the 40-50 day oscillation
by one vertical mode has already been made, projecting
the diabatic heating entirely onto the internal mode is
self consistent. Observational evidence certainly sup-
ports this premise that the convection associated with
the 40-50 day oscillation predominantly projects onto
the first internal mode (Madden and Julian, 1971,
1972).

The use of a sﬁlgle vertical mode model for the in-
vestigation of propagating CISK modes has another
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apparent problem associated with it. Chang and Lim
(1988) showed that completely linear wave-CISK (i.e.
latent heating in regions of low-level convergence with
equivalent diabatic cooling in regions of low-level di-
vergence) results in only stationary growing modes
when operating on a single vertical mode (see section
2 for a similar analysis applied to this model). However
a linear analysis does not allow for the positive-only
cumulus heating such as used in the present study.
Positive-only heating is essentially nonlinear (i.e.,
heating produced by one horizontal mode projects onto
all other resolvable horizontal modes) and will couple
horizontal modes even in a linear single vertical mode
model. Horizontal coupling may possibly lead to prop-
agation and also needs to be addressed numerically.
Thus the effects of positive-only cumulus heating along
with the nonlinear stabilization of the atmosphere by
growing CISK modes will be investigated in this study.
The relevance of these mechanisms to the 40-50 day
oscillation will be assessed.

The basic two-level nonlinear primitive equation
model and various simplified and linearized versions
are described in section 2. Details of the cumulus heat-
ing parameterization and a review of the dynamics of
the model’s moisture modified, equatorially trapped
waves are also presented. Attempted simulations of the
40-50 day oscillation with the linear model are de-
scribed in section 3. The nonlinear counterparts are
described in section 4. Various simplifications to the
nonlinear model are presented in section 5. Experi-
ments relevant to the observed oscillation are described
in section 6 and conclusions presented in section 7.

2. Model details and preliminary dynamics

Various versions of the two level spectral model of
Hendon and Hartmann (1985) will be employed in
this study. Full details can be found therein. Briefly
the model uses the primitive equations on the sphere.
The dependent variables are expanded in series of
spherical harmonics truncated rhomboidally at wave-
number 15. A semi-implicit time stepping scheme is
used. Minimal physical processes are parameterized in
order to highlight the basic dynamical mechanisms.

The model is formulated in terms of vorticity, ¢,
divergence, D, and potential temperature 6:

%§= ~VAGFHV+ TNV
AT AT = ) 2F 23-:
= V@D, —iD) — Cuf + K,,(V &+ ;) (1

S VTNV + V)

— Cf + Kd(VZf + %) )

HARRY H. HENDON

571
- v (GFT0+ E+ B, ~FF DA
- (§/+\f i) — chvié - V(da + )
- C;D + Kd(Vzﬁ + i—?) )

% =-V.-@V+0V)+a@.— 0+ KV + Q0 (4)
b

d

P —V @V + V) + Db + a(d, — 8) + KV + Q.

®)

Overbars and carets imply vertically averaged sums and
differences between 250 and 750 mb. Here B = —(p/
Py)RCp = 0.124, Py = 1013 mb, a s the radius of earth,
and Q is the diabatic heating. We have assumed w
= O-atp = 0, Po. Thus D = 0 and D25Q mb — _D750 mb
= D. Radiative equilibrium values of 8, = 300 K and
8. = 15 K are prescribed.

We purposely have prescribed weak dissipation in
order to highlight the nonlinear dynamics. The coef-
ficient of diffusion, Ky, is set to 1.1 X 10° m?s™'. The
coefficients of drag, C;, and Newtonian cooling, a, are
both set to (15 days)™!. Most linear model studies of
the large-scale tropical circulation have found it nec-
essary to prescribe much stronger dissipation (e-folding
decay times ~ 2 days) in order to produce realistic
simulations (e.g. Gill, 1980; Hartmann et al., 1984).
Our hope is that if reasonable simulations are achieved
in the nonlinear model with weak dissipation then in-
creasing the dissipation solely to obtain more realistic
magnitudes can be better justified.

To isolate various dynamical mechanisms, the fully
nonlinear model [(1)-(5)] is simplified. To eliminate
the barotropic effects, a nonlinear first baroclinic mode
model is formed. These governing equations are ob-
tained by setting {, V = 0 for all times. The generation
of ¢ and V through nonlinear interactions is (without
prior justification) eliminated. Equations (1)-(5) thus
reduce to

a¢ . . . 2f
X vy -+ Kd(vzf + —5;) ©)
a
% = V.(fd, —fd) — C,BV*%
+ KV2D + 2D/a?® — C,D  (7)
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The equations for the first baroclinic mode [(6)~(9)]
are an interesting set. The momentum equations (6)
and (7) are linear while the thermodynamic equations
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(8) and (9) are coupled and nonlinear. Note that 8 can
be thought of as the static stability and will be referred
to as such.

To isolate nonlinear effects a completely linear, time
dependent model is formed. We linearize about a uni-
formly stratified, basic state at rest. With §, = 15 K,
(8) and (9) become

% =—0,D—ab + KN9+ O , (10)
%= —ab + KNV + Q. (11)

Here the dependent variables represent perturbation
quantities. With Q = 0 and the initial § = 0, the ten-
dency equation for 8, (11), drops out and we are left
with (6), (7) (again with the dependent variables rep-

resenting perturbation quantities) and (10) as our linear

set for the first baroclinic mode of the model.

The Q in (4), (8) and (10) represents the combined
effects of a prescribed steady diabatic heating and the
parameterized cumulus heating. The cumulus heating
parameterization is taken after Lau and Peng (1987):

A
, —mn( p)rLGsa(0750 mv)D750 mb =4 » Disomb <0
Q_ = CP

0, D350 mp > 0.

Note we only specify @ and not Q thus complétely
projecting the heating onto the internal mode.

As in Lau and Peng (1987) we set r, the relative
humidity, at 75%. L is the latent heating of conden-
sation; gga: (6750 mb) 18 set t0 ger (300 K) = 26.0 g Kg™';
n(p) is the normalized vertical distribution of heating.
To project the heating entirely onto the internal mode,

=1
nAp—z.

The m is an efficiency factor which will be varied be-
tween 0% and 130%. For the case of §, = 15 K, this
heating parameterization becomes unstable (i.e., CISK
develops) when

. A F R/Cp
Bo < mnrLge 22 (—9) =¢
G

(thus @ = Q'D)
or when
m > 84%.

This CISK instability results when the adiabatic cooling
is not able to compensate for the latent heating. Thus
lower level convergence will result in a growing dis-
turbance.

This form of cumulus heating is designed to repre-
sent the large-scale convective modulation associated
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with the observed 40-50 day oscillation. It differs from
completely linear wave-CISK which requires specifi-
cation of negative heating in regions of low level di-
vergence. In linear wave-CISK studies, the smallest
resolvable modes grow the fastest when the cumulus
heating parameterization is unstable. By specifying this
nonlinear positive-only heating, the diabatic upward
motion occurs at a small scale while the compensating
adiabatic downward motion occurs over a broad do-
main. This effect prohibited. the rapid growth of the
smallest scale in Lau and Peng’s (1987) model and ap-
pears to act in a similar manner in the present model.

To initiate each numerical experiment a steady lo-
calized heat source, Q, which has similar structure to
that used by Lau and Peng (1987) is applied. The forc-
ing is a dipole with a 60° longitude by 15° latitude
Gaussian region of heating adjoining a similar region
of cooling. Lau and Peng chose this spatial distribution
to mimic the observed dipole in OLR associated with
the 40-50 day oscillation in the western Pacific (Lau
and Chan, 1985). We apply the steady forcing for pe-
riods of up to 25 days and then turn it off and turn on
the cumulus heating parameterization. The model is
then allowed to evolve freely for up to 120 days. This
steady forcing efficiently spins up the tropical atmo-
sphere and presents a useful starting point for our in-
tegrations.

The steady forcing produces a steady tropical re-
sponse as expected from linear theory (Gill, 1980). Up-
per level outflow (in flow) from regions of heating
(cooling) drive long Kelvin waves to the east and
Rossby waves to the west. This response is fairly in-
sensitive to the dimensions of the forcing. The hori-
zontal extent of the response is in fact much more sen-
sitive to dissipation (Hartmann et al., 1984).

As was shown in Lau and Peng (1987) and to be
seen here, the horizontal scale of the transient CISK
disturbance generated when the cumulus heating is
switched on is determined by the nonlinear (i.e. positive
only) heating mechanism and not by the initial forcing.
Lau and Peng documented the scale selection in their
linear model whereby a buildup of energy at low wave-
numbers and loss of energy at high wavenumbers oc-
curs. This “cascade” in our nonlinear model is cur-
rently being investigated.

Before discussing the model simulations, a brief re-
view of the free modes of the model will be given. For
simplicity the equivalent shallow water equations to
the two-level linear set [Egs. (6), (7), (10)] are examined.
Employing the long-wave approximation (Gill, 1980),
the linearized momentum and mass continuity equa-
tions on an equatorial beta-plane are

/)

By Byd = Ix (12)
. _ 09
By = 3y (13)



15 FEBRUARY 1988 HARRY H.

99

ot

Equations (12)-(14) are the long-wave equivalent to
(6), (7), (10) on a beta-plane with

é= BC,,@ (from the two-level hydrostatic relation)
c? (=gh) = BC,9,
K* = C,BQ.
This linear analysis can only be performed with both
positive and negative cumulus heating specified. The

physically reasonable case of positive only cumulus
heating has to be dealt with numerically.

Following Matsuno (1966), équatorially trapped
wave solutions of the form

H(y) expi(kx — wf)

+ ¢2D = K*D. (14)

exist provided
—-C
wik = Vi — K?%/c2
2n+ 1
H{(y) represents the Hermite polynomial of degree n.
The Kelvin wave dispersion is obtained with n = —1

while n = 1 yields the gravest Rossby wave.

" For K? = 0 (no cumulus heating) the solutions are
identical to Matsuno (1966). The free Kelvin wave
propagates eastward at VBC,f, = 50 m s™!, which is
three times faster than the westward Rossby wave.

For 0 < K? < ¢? (stable cumulus heating) moisture
modified waves are slowed by the factor

Vi - K¥c? = V1 - Q/b,.

Thus 6,1 — Q'/8, can be thought of as the equivalent
moist static stability (Swinbank et al., 1987). Eastward
traveling Kelvin waves can be reduced to any phase
speed (=0) with the appropriate choice of Q.

For K? > ¢? (unstable conditions) the dispersion re-
lation takes the form

wlk =—

X _yizax
2n + 1
All waves are stationary (purely imaginary phase
speeds) and grow. The familiar result that the shortest
horizontal wavelengths grow the fastest is obtained.
However as noted by Lindzen (1974), the condition
for neutral stability is the same for all waves. That is,
once on¢ wave stabilizes the atmosphere, all other
waves will be stable also. This property could have pro-
nounced effects on the scale of the resulting disturbance
in the nonlinear simulations. .

It is still possible that a propagating coupled mode
may exist in the linear model when 8, < Q' (i.e. un-
stable). Both the individual Rossby and Kelvin modes
will have imaginary phase speeds when 6, < Q’, in the
traditional linear wave-CISK theory. However some
sort of horizontally coupled propagating mode may
exist in the presence of the positive-only cumulus heat-
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ing. This possibility is examined in the linear model
in the following section.

3. Linear simulations

The effects of the positive-only cumulus heating pa-
rameterization on the first baroclinic mode linear dis-
turbances are investigated in this section. The linear
model [Eqgs. (7), (8) and (10)] is spun up for 15 days
with the imposed steady dipole heating centered on the
equator. At day 15 the steady heating is turned off and
the cumulus heating turned on. Recalling our argu-
ments in section 2, CISK instability should occur when
m > 84% for the case with 8; = 15 K. We find, however,
in our experiments that instability does not occur until
m = 90%. Presumably this difference is because this
positive-only heating differs from the linear theory by
not producing diabatic cooling in the regions of sinking
motion.

Time-longitude sections at 2°S are displayed in Fig.
1 for the stable case m = 81%. All the plots we show
represent the 250 mb level. The 750 mb flow is perfectly
out of phase with that at 250 mb. The response to the
steady dipole forcing, applied for the first 15 days, is
clearly seen in the divergence (Fig. 1c), zonal wind (Fig.
1a) and meridional wind (Fig. 1b). This steady response
agrees well with that predicted by Gill (1980). Latitude-
longitude plots (not shown) clearly show the steady
response to consist of an equatorially trapped Rossby
wave to the west of the forcing and Kelvin wave to the
east of the forcing.

At day 15 the steady forcing is turned off and the
cumulus heating parameterization is turned on. Two
types of transient response are seen, one affected by
the cumulus heating and the other not. At day 15 a
rapidly eastward propagating zonal wind front (indi-
cated by a zero line in the zonal wind) emerges from
the eastern edge of the dipole region. It propagates
eastward at 45 m s~! and is seen to be associated with
equatorially symmetric convergence and no meridional
wind perturbations. This together with the close agree-
ment of the phase speed with that of the normal mode
(see section 2) indicates that this disturbance is the
model’s gravest dry Kelvin wave. The westward moving
disturbance with phase speed of 15 m s™! is also seen.
The equatorially symmetric convergence with maxi-
mum off the equator, the anticyclone pair straddling
the equator, and the phase speed that is one third that
of the Kelvin wave indicate this disturbance to be the
model’s gravest dry Rossby wave. Because both these
waves are associated with upper level convergence, they
remain unaffected by the cumulus heating.

Two slower moving disturbances, one eastward and
one westward, are also seen. The westward moving dis-
turbance emanates from the western edge of the dipole
region. It propagates westward at 8 m s™! (period ~ 60
days) and is associated with upper level divergence and
hence cumulus heating. Again, from examining the






