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ABSTRACT

A mechanism by which feedback between zonal wind perturbations and evaporation can create unstable,
low-frequency modes in a simple two-layer model of the tropical troposphere is presented. The modes resemble
the 30-50 day oscillation. A series of general circulation model experiments designed to test the effect of suppressing
this feedback on low-frequency variability in the model tropics is described. The results suggest that the evap-
oration-wind feedback can be important to the amplitude of the spectral peak corresponding to the 30-50 day
oscillation in the model, but that the existence of the oscillation does not depend on it. The feedback is found
to have a much more dramatic effect on low-frequency variability when sea surface temperatures are fixed than
when the lower boundary is a zero heat capacity “swamp”.

1. Introduction

There is a large amount of intraseasonal variability
at large zonal scales in the tropical atmosphere. A
prominent feature of this variability is the 30-50 day
oscillation discovered by Madden and Julian (1971,
1972) which has been observed throughout the year in
such fields as zonal wind, surface pressure, velocity po-
tential and outgoing longwave radiation. It is domi-
nated, at least in the wind and pressure fields, by east-
ward-moving zonal wavenumber 1 and 2 components
(e.g., Maruyama, 1982; Lorenc, 1984; Krishnamurti
et al., 1985; Murakami and Nakazawa, 1985; Lau and
Chan, 1985). Recently, oscillations that resemble these
observations in several respects have been diagnosed
in a GCM with realistic geography (Lau and Lau, 1986;
Hayashi and Golder, 1986) and in GCMs with zonally
symmetric climates (Hayashi and Sumi, 1986; Palmer,
1986, personal communication).

No explanation for this phenomenon is generally
accepted, although a number have been proposed, in-
cluding free equatorial Kelvin waves in a dissipative
atmosphere, wave-CISK and ground hydrological cycle
mechanisms (e.g., Chang, 1977; Yamagata and Ha-
yashi, 1984; Lindzen, 1974; Lau and Peng, 1987; Web-
ster, 1983). Zonally symmetric oscillations on this time
scale have been discussed by Stevens (1983) and Gos-
wami and Shukla (1984). The purpose of this paper is
to add another mechanism to this list, and to test it in
a series of GCM experiments. The mechanism involves
feedback between zonal wind perturbations and evap-
oration. Specifically, a region of anomalous latent
heating on the equator will force anomalous easterly
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winds to the east of the region and westerlies to the
west at low levels. If these perturbation winds are su-
perposed on mean easterlies, as in the tropics, the
strength of the surface zonal winds will increase to the
east of the heating and decrease to the west. Because
it depends on wind speed, evaporation will also increase
to the east and decrease to the west. The resulting
evaporation anomaly will then feed back onto the latent
heating anomaly. Under certain assumptions the heat-
ing anomaly will be strengthened to the east and weak-
ened to the west. The resulting feedback can favor or
create eastward-propagating modes. A virtually iden-
tical mechanism is independently considered by
Emanuel (1987).

We examine this mechanism in the context of a
simple two-layer model in section 2, and discuss its
destabilizing effect on certain modes of the system in
section 3. In section 4, we proceed to test the effects of
the mechanism on the low-frequency variability of a
GCM. The GCM experiments are performed using
idealized, zonally symmetric boundary conditions. A
comparison is also made of the low-frequency vari-
ability in experiments with fixed sea surface tempera-
ture (SST) and moist continent (“swamp”’) boundary
conditions.

2. A simple model with evaporation-wind feedback

Our starting point is a two-layer model, linearized
about a barotropic zonal flow, #, on an equatorial beta
plane

(8, + B+ Kp)ui — fo; + 85, =0 (1)
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(8;+ 105+ Kpp)vi + fit; + 8,0, =0
(@, + 10, + Kr)C,T— As(@xp + 8,02) = (Ap/g) ' LP

)

()
(¢1— ¢2)/2= BT 4)
(31 +0,0;) = —(Oxtt2 + 3, 02). (5)

The subscripts i = 1, 2 refer to upper and lower layers,
respectively; T is a midtropospheric temperature per-
turbation, P the precipitation, As the dry static energy
difference between layers, Ap the pressure depth of the
troposphere, B = R/2 where R is the gas constant, C,
the heat capacity of air at constant pressure, and L the
latent heat of condensation. The constants K,,, and Kr
are the coeflicients of Raleigh friction and Newtonian
cooling.

Following Matsuno (1966) and Gill (1980), we con-
struct the simplest possible model of the tropics by
choosing the same friction coefficient, K,,,, in each layer
and taking # constant in height so that heating forces
only the baroclinic mode, with ¢, = —¢, = BT, etc.
Friction in the lower layer can be thought of as due to
turbulent exchange of momentum with the surface. In
a separate study, we find that a value of (2 days)™! is
suitable for simulating a GCM’s low-level response to
heating anomalies with the model (1)-(5). It is difficult
to justify such a large value in the upper layer, although
momentum mixing associated with moist convection
likely provides some damping of the vertical shear (e.g.,
Sui and Yanai, 1986). In light of such uncertainties,
we take (2-5 days)~! as an appropriate range of values
for the mechanical damping. It should be noted that
for steady, forced motions, as in Gill (1980), the term
involving C,T in (3) is negligible (except for the zonally

- symmetric component) and the system (1)—(3) may be
solved for the lower-layer flow without reference to the
upper layer. However, this is not true in the present
application, so we expect that the poor treatment of
the upper layer damping is a more significant problem
here. .

We add to these equations a vertically integrated
moisture budget in which horizontal gradients of
moisture are assumed sufficiently small that the term
V - Vqis negligible relative to gV - V and in which stor-
age and horizontal transport of moisture in the upper
layer is neglected:

9,9+ q(9xuz + 8,v2) = (E — P)(g/Ap). (6)

Here g is the specific humidity in the lower layer and
E is the evaporation. A specification of P is required
to close the system. The simplest method is to prevent
¢ from rising above a saturation value g by raining out
the excess moisture. We make the further simplifying
assumption that, averaged over the time scales of in-
terest, it is always raining everywhere in the tropics, so
that ¢ = g and (6) becomes ‘

q(9xuz + 3,07 = (E — P)g/Ap). NG
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Quantities without overbars now refer to deviations
from the basic state. We can combine (3) and (7) to
form the moist static energy budget of the perturbation

3+ @9, + KC,T — Am(d,u, + ,v,) = LE(g/Ap), (8)

where Am = As — Lq is the moist static energy differ-
ence between the two layers. Radiational and sensible
heating contributions to the perturbation budget have
been neglected, aside from the Newtonian cooling term.
This seems adequate for a fixed surface temperature
lower boundary but would not be correct over a con-
tinental surface. As a result, we think of the following
derivation of the evaporation-wind feedback as apply-
ing only to the fixed SST case. We have also neglected
possible variations in g due to perturbation temperature
variations, but these would only change the effective
value of B in (4). Perhaps more serious is our neglect
of variations in g that would occur in a more flexible
parameterization of P. The variations in g associated
with the 30-50 day oscillation are undoubtedly small
compared to the climatological values of g, but terms
that are small in the moisture budget need not be neg-
ligible in the moist static energy budget; in particular,
small changes in g could result in significant changes
in Am.
Evaporation is parameterized as

Ea=pColVI(gs — ) ©
where ¢, is the saturation mixing ratio at the ground.
If we assume that the low-level wind consists of the
mean zonal flow, i, plus a small zonal perturbation,
u, the evaporative perturbation will be approximately

E=—A*u (10)

where the sign of 4* depends on the sign of # and has
been chosen such that 4* is positive when u is easterly.
Once again, we have neglected possible variations in g
associated with changes in 7, but these would simply
act as an additional thermal damping in (8) and could
be combined with K. Anomalies in evaporation can
clearly be seen in composites of the analog to the 30-
50 day oscillation in the GCM (N. C. Lau and T.
Knutson, personal communication). These suggest a
value of 4* of about 0.2 mm day™! (m s™!)™! [equiv-
alent to 0.05 K day™! (m s™!)"! heating distributed
through the troposphere]. If one simply linearizes (9)
using values estimated from the GCM climatology, one
obtains a value of 4* about four times as large. A small
part of this difference is due to the fact that the com-
posited anomaly winds are not parallel or antiparaliel
to the mean winds. More importantly, the variation in
wind speed on the time scale of the 30-50 day oscil-
lation is dependent not only on the wind variations on

- this time scale and on the climatological mean wind

but also on higher frequency eddies. These higher fre-
quency motions have the effect of reducing the varia-
tion in wind speed on the time scale of the 30-50 day
oscillation for a given variation in wind on this time
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scale, effectively reducing A*. This dependence of 4*
on the “noise” level in the tropics is an interesting
complication, but should not affect the gross features
of the mechanism.

We thus have a shallow water system with a moist
static stability, and with an evaporation feedback term
in the moist static energy equation. In terms of lower
layer perturbations, u, v and ¢, we have

(0, + w0+ K, yu— fo+d,6=0 (11a)
0+ @d,+ Ko+ fi+0,6=0 (11b)
0+ W5+ K¢+ c’(@xu+a,v)=Au  (l1c)

where ¢, = AmB/C, and where A* has been rescaled

as
A= (g/ApXLBA*/C,) ~7Tms™'/day. (12)

With the exception of the term involving ¢g?, this sys-
tem is identical to the one employed by Emanuel
(1987), although the interpretations given to some of
the terms and the estimates of the coefficients differ.

3. Modes of the system

Assuming a form exp{ik[x — (¢ + #)t)} for the per-
turbations, we first examine the v = 0 mode of system
(11). The dispersion relation is

kc=—i(K,,+ Kp/2 *[co?k? + ikd — (K, — K7)*/4)"?
(13)

where ¢ is the Doppler-shifted phase speed. One of the
modes can be eliminated by requiring the perturbation
to decay at large y. To satisfy this condition, one must
choose the sign which yields a positive real part to the
phase speed.

The dispersion relation (13) contains two mecha-
nisms which can give eastward propagation: one in-
volving the term in ¢,? and the other due to the evap-
oration-wind feedback coefficient 4. For 4 = 0, one
recovers the familiar damped Kelvin wave, but with a
moist rather than dry static stability appearing in the
phase speed c¢y. In the opposite limit, we can consider
the case where Am = 0, giving ¢,> = 0, in order to
examine the effects of the evaporation-wind feedback
in isolation. Since we expect Am to be much smaller
than As, certain properties of the wave in this limiting
case turn out to be similar to those found using a non-
zero value for Am of plausible magnitude. Taking Am
= 0 is equivalent to assuming that the atmosphere is
moist neutrally stable in the sense that, averaged over
the troposphere, latent heating due to moisture con-
vergence is exactly balanced by adiabatic cooling due
to ascent. We simplify further by assuming that the
thermal damping time, K;~, is much'longer than the
frictional damping time, K,,,"!. The resulting dispersion
relation in the Am = 0 limit is

ke =—iK,,/2 + i(K,n2/4 — ikd)"/? (14)
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where the sign has been chosen to satisfy the y boundary
conditions for 4 > 0 (bas1c state easterlies).

For the value of 4 in (12), and the range of values
of K,,, suggested above, (2-5 days) ™!, (14) gives a period
of 38 to 30 days for wavenumber 1, and 23 to 20 days
for wavenumber 2. The corresponding phase speed
ranges are 12-15 m s™! for wavenumber 1, and 10-11
m s~! for wavenumber 2. The growth rate for wave-
number 1 ranges from (20 days)™! to (7 days)~!, and
for wavenumber 2 from (9 days)™! to (5 days)~!. The
growth rates in particular are quite sensitive to the val-
ues of K,,, and 4.

The meridional structure of the mode is of the form
exp[—y?/(2L*)], where

L~ 2_5(CR_ICI)/(CR2+C ),
ci=¢+K,/k and c=cgt+ic. (15)

The L2 has a positive real part which causes the mode
to decay in y: For K, = (2 days)™!, the decay scale is
40° latitude. Weaker damping produces a narrower
mode; K, = (5 days)™ results in a decay scale of 15°
latitude. There is also an oscillatory component, but
the first zero does not occur until y = 43°-38° latitude
for this range of K,,,. One cannot take this meridional
structure very seriously if the predicted width is more
than 10° or so, based as it is on the assumptions that
the basic state is at rest and that the atmosphere is
everywhere “saturated”.

An interesting limit of (14) is K2 > kA, although
this is not really justified for the parameter estimates
under consideration: k4 ~ (10 days)~2 for wavenumber
1. For small k4/K,,2, one obtains

c=A/K + ikA* /K, + O(k*4%/K,,°). (16)

We find in this limit that the phase speed is independent
of k. The fast decay terms of order K, have cancelled.
In fact, slow growth occurs despite arbitrarily large me-
chanical damping. For 4 < 0 (basic state westerlies),
on the other hand, the admissible mode would decay
rapidly.

The characteristics of this eastward-propagating,
equatorially trapped mode are suggestive of the 30-50
day oscillation, although the growth rates do not yield
a selectivity for the largest scales. The growth rates pre-
dicted by (13) asymptote to a constant as k becomes
large so long as Am # 0 [it is (13) rather than (14)
which is relevant in the large k limit because the cy2k?
term becomes important at large k even for very small
o). At least the growth rate does not go to infinity as
the scale becomes small. Some scale selectivity in the
damping mechanism could remove the smaller scales
but it is more tempting to argue, as for many other
problems of geophysical interest, that there is not a
simple connection between linear theory growth rates
and the statistically steady spectrum. In any case, the
similarity to the 30-50 day oscillation seems sufficient
to motivate the GCM experiments presented in sec-
tion 4.
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In the mode governed by (13), the evaporation-wind
feedback coexists with a second mechanism for ob-
taining low-frequency, eastward-propagating waves,

namely the moist static stability. This Am is expected .

to be much smaller than the dry static stability, As;
Neelin and Held (1987) have some success in simu-
lating the tropical convergence zones using values of
Am =~ 0.1As in regions of greatest low-level moisture.
This would give “moist Kelvin wave” speeds about
one third of the dry phase speed, placing them at about
20 m s~ ! if a typical value of the dry phase speed is 60
m s~! (taking As/C, = 25 K). Although the appearance
of a constant moist stability in this model is dependent
on several assumptions, including linearization about
a basic state which is everywhere precipitating, and on
the simple vertical structure of the two-layer model,
we suspect that its gross characteristics carry over to
more realistic model atmospheres. There is some sim-
ilarity to the stable “CISK” mechanism discussed by
Lau and Peng (1987). ’

When both nonzero moist static stability and the
evaporation-wind feedback mechanism are present
together, (13) indicates that the hybrid mode will have
a phase speed slightly higher than that obtained from
either mechanism alone, and a growth rate on the order
of the growth rate obtained from the evaporation-wind
feedback alone.

The system (11) contains other modes which have
nonzero v that are related to the usual shallow water
Rossby, gravity and Rossby-gravity modes when m is
nonzero. Using the longwave approximation (u is geo-
strophic balance) to select the Rossby-related modes,
one finds them to be damped by the evaporation-feed-
back mechanism when the basic state flow is easterly
(4 > 0). It does not seem fruitful to examine these in
detail.

4. GCM experiments

The effects of the evaporation-wind feedback can
be very cleanly tested in a general circulation model:
the feedback can be explicitly suppressed without af-
fecting the time-mean climatology significantly. Un-
fortunately, there is no such direct way of testing the
hypothesized effects of the moist static stability, but
we perform further experiments using lower boundary
conditions that disfavor the evaporation-wind feedback
and attempt to make some inferences from these. All
calculations were carried out using a spectral model
with rhomboidal truncation at wavenumber 15 (R15)
constructed at GFDL (Manabe and Hahn, 1981; Gor-
don and Stern, 1982). This model has an analog to the
30-50 day wave when realistic land-sea boundary
conditions are used, although the phase speed, ~15 m

"s7), is faster than is observed (Lau and Lau, 1986). An
R30 model produces somewhat lower-frequency os-
cillations (Hayashi and Golder, 1986). To construct an
idealized model, we remove continents from the R15
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GCM and force the model with annual mean insola-
tion. Surface albedos are set equal to 0.1 everywhere
and clouds are prescribed as a function of latitude only,
symmetric about the equator. Moist convection is sim-
ulated with the convective adjustment scheme of
Manabe et al. (1965).

Two pairs of experiments are performed. Model sta-
tistics are computed from 1400 days of integration in
each case, discarding a spinup period of 200-4)0 days.
The experiments are referred to as 1) “fixed SST”, 2)
“fixed SST — fixed V", 3) “swamp”, 4) “swamp —
fixed V. The first pair tests the effect of the evapora-
tion-wind feedback. In the second pair, the lower
boundary condition is chosen to disfavor processes that
involve energy exchange with the lower boundary, in-
cluding the evaporation-wind feedback. The nature of
low-frequency variability in the absence of such ex-
changes can then be examined.

1) “fixed SST”’: We think of this as the control run
since the tropics are primarily ocean-covered. The pre-
scribed sea surface temperatures are zonally symmetric
as well as symmetric about the equator. To facilitate
intercomparison of the calculations, the fixed surface
temperature profile is derived from the climatological
surface temperature generated by experiment 3. This
surface temperature has a value of 304 K at a broad
maximum about the equator.

2) “fixed SST — fixed V" This case is identical to
experiment 1 except that the evaporation-wind feed-
back méchanism is eliminated by modifying the GCM
evaporation parameterization to remove the depen-
dence on wind speed. The time-varying wind speed in
(9) is replaced by a time-mean wind speed that is a
function only of latitude and is symmetric about the
equator. Its value at the equator is 6 m s~'. The time-
mean evaporation fields in experiments 1 and 2 are
nearly identical. The sensible heat parameterization is
modified in the same manner since it could produce a
similar, though weaker feedback.

3) “Swamp”: The lower boundary resembles a sat-
urated land surface in that the heat capacity is zero
and the surface has an infinite supply of moisture.
These conditions are of interest both because they are
appropriate over moist tropical continents and because
this boundary condition should act to suppress or
change the evaporation-wind feedback. With this
boundary condition, the net energy flux into the surface
is required to be zero at each instant, so an increase in
evaporation due to higher wind speed must be balanced
by other components in the surface energy budget.
Changes in the longwave flux emitted from the surface
dominate the adjustment since sensible heat tends to
increase along with the evaporation when the wind
speed increases, while the incoming shortwave is ap-
proximately constant in this model with prescribed
clouds. Since the longwave radiation is largely absorbed
in the atmosphere, an additional term must be added
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to (3) that will cancel the evaporation anomaly when
the terms are combined in (1 1¢). In a model with more
than one temperature level, differences. in vertical
structure between the latent, sensible and radiative
heating might permit some effect of the evaporation
anomaly even with swamp boundary conditions, but
-one suspects the attributes of any mode that depends
on the evaporative feedback to be substantially
changed.

4) “Swamp — fixed V”’: Swamp boundary condi-
tions are combined with the removal of the wind speed
dependence in the evaporation and sensible heating.

The low-frequency variability in the tropics of these
four runs is compared in Figs. 1-4, which show the
frequency spectra of the zonal wind field along the
equator at 205 and 940 mb for zonal wavenumbers 1
and 2. Winds are averaged over the two grid points at
+2.25° latitude. The variance is divided into eastward-
and westward-moving components and a tapered band
average of halfwidth 0.011 cycles per day (cpd) is used
in computing the spectra. A half-cosine tapering of the
first and last 10% of the time series is applied prior to
calculation of the Fourier coefficients. In each case, the
full time sertes is divided into two 700-day parts and
spectra for each half are shown in the figures to provide
an estimate of the reproducibility of the spectra. In
general, the spectra are more reproducible at lower lev-
els than at upper levels, probably because very low-
frequency disturbances generated by midlatitude dy-
namics do not penetrate the mean easterlies at low
levels, while they do contaminate the flow at upper
levels in the tropics.

What we believe to be the model’s analog of the 30—
50 day oscillation may be seen in the fixed SST control
calculation as peaks in eastward propagating power in
wavenumber 1 at 20-27 day period, and 12-15 day in
wavenumber 2. Note the clear indication that this os-
cillation is characterized by a phase speed roughly in-
dependent of &, rather than by a particular frequency.
The phase speed is about 20 m s™*. In the control run,
the peak at this phase speed contains a considerable
fraction of the total power in the wavenumber 1 com-
ponent of the zonal wind—at 940 mb, the portion of
the eastward-propagating peak between 48 and 15 days
contains 44% of the total variance with period greater
than two days. One obvious conclusion is that the GCM
analog of the 30-50 day oscillation does not depend
on zonal asymmetry in any fundamental way.

The comparison between experiments 1 and 2 tests
the evaporation~wind feedback mechanism (parts a
and b of the figures). In all four figures there is a very
marked reduction in the amplitude of the spectral peak
in the fixed ¥ experiment. However, the oscillation
does not disappear completely; there is unquestionably
still more power in eastward than in westward propa-
gating waves. Since the peaks do not stand out as dis-
tinctly from the background noise in the fixed V case,
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FIG. 1. Variance spectra of 205-mb u along the equator for zonal
wavenumber 1: (a) fixed SST (control) run, (b) fixed SST — fixed V
run, {¢) swamp run, (d) swamp — fixed ¥ run. Light and heavy solid
lines represent the spectra of the first and second 700 days of each
run, respectively. The lowest frequency resolved is 1/700 cpd. Negative
frequencies denote westward-propagating variance. The bandwidth,
0.011 cpd, is indicated in the upper right corner. The vertical scale
is linear with a maximum value of 252 m? s72 day. -

it is difficult to determine whether there has been a
shift in the dominant frequency. Similar results are
found in spectra of other fields, such as surface pressure.

This result speaks strongly for the importance of the
evaporation~wind feedback mechanism. If only this
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FIG. 2. As in Fig. 1, but zonal wavenumber 2.

first pair of experiments had been performed, one might
be tempted to conclude that the evaporation-wind
feedback mechanism was almost solely responsible for
the 30-50 day oscillation. However, examination of a
second pair (the swamp runs) suggestes that the sources
of low-frequency variability are more complex. While
the swamp boundary condition should act to suppress
or modify the effects of the evaporation-wind feedback,
in fact there are quite distinct peaks in the swamp run
at similar frequencies to those in the control run. The

JOURNAL OF THE ATMOSPHERIC SCIENCES

VoL. 44, No. 16

peaks are less distinct in the 940 mb u spectra than at
205 mb, but compositing techniques show a low-level
wind pattern similar to the upper-level winds, opposite
in sign and smaller in magnitude (N. C. Lau, personal
communication). The composites also suggest that the
structure of this mode is generally similar to that of
the corresponding mode in the fixed SST experiment
and in the GCM with realistic boundary conditions
described by Lau and Lau (1986).

(a} —
50-
25 ﬁ
-6 17 -; *-o_—“JT T =
(b)
504
25-
@AO |~
-6 =12 28 =2 éf 1
{c)
504
ﬁ /)
~?'£-‘Tz 7 S N =
(d)
50-
254
- =2 S B
WESTWARD EASTWARD

PERIOD (days)

FiG. 3. As in Fig. 1, but for u at 940 mb, wavenumber 1.
The vertical scale is one quarter that of Fig. 1.
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FI1G. 4. As for Fig. 3, but for wavenumber 2.

There are also very strong and highly reproducible
peaks in the spectra of the swamp model at the re-
markably long periods of about 120 days for wave-
number 1, and 70 days for wavenumber 2. The cor-
responding phase speed is roughly 3 m s™!. Compositing
indicates that this mode is similar to the 24-day mode
in having equatorial latent heating with associated
baroclinic wind patterns, but it has a larger temperature
perturbation at the surface. The characteristics of this
mode and of the 24-day mode seen in these experi-
ments will be described elsewhere in more detail.
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We expect the evaporation-wind feedback not to be
important in the swamp run, and the comparison to
the swamp — fixed V run shows this to be true; one
finds little difference in the spectra. The changes in the
24- and 10-15-day peaks are smaller than the differ-
ences between the two halves of each time series. In
short, this mode of variability is not suppressed when
the evaporation-wind feedback is explicitly removed
in the presence of swamp boundary conditions. There
are some changes in the very low-frequency mode. The
amplitude of the 70-day peak in u at 940 mb for wave-
number 2 is considerably reduced in the fixed V case,
although it is by no means entirely suppressed, and at
205 mb the very low-frequency peaks are less well de-
fined and have shifted toward lower frequencies. The
fact that this very low-frequency peak is quite repro-
ducible in the swamp run, particularly at the lower
level, lends some credibility to these changes. However,
the amplitude of the wavenumber ! very low-frequency
peak is not reduced.

5. Conclusions

The evaporation-wind feedback has some appeal as
a mechanism for generating the 30-50 day oscillation
since it produces an eastward-propagating, equatorially
trapped mode with low phase speed that is approxi-
mately independent of k for low wavenumbers. In ad-
dition, it can produce growth rates that overcome the
strong damping which exists in the lower troposphere.
The growth of the wave is supported by drawing energy
from the fixed surface temperature lower boundary.’
The hypothesis has been directly tested in a GCM by
removing the wind speed dependence in the parame-
terizations of evaporation and sensible heating. When
fixed SST lower boundary conditions are used, the re-
sult is a dramatic reduction in the amplitude of the
spectral peaks which we believe are the analog of the
30-50 day oscillation in the GCM.

However, the suppression of the evaporation-wind
feedback does not entirely remove the preponderance
of eastward over westward moving low-frequency
waves at the equator. This raises the question of
whether other mechanisms may be active. Within the
context of the two-layer model presented here, the
evaporation-wind feedback can coexist (in the same -
mode) with a second mechanism for producing low-
frequency, eastward-propagating waves in the tropics.
Without the feedback, the system has a conventional
equatorial Kelvin wave, but with a phase speed that
depends on an effective moist static stability Am instead
of a dry static stability As. If Am is sufficiently small
compared to As, this can potentially give “moist Kelvin
wave” speeds of the right magnitude, although accurate
estimation of the parameter Am is difficult. When both
nonzero Am and the evaporation-wind feedback are
present, a hybrid mode is destabilized by the feedback
mechanism.
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A further pair of experiments is performed using
swamp lower boundary conditions. In this case, pro-
cesses involving exchange of energy with the lower
houndary, including the evaporation-wind feedback,
and disfavored. Spectral peaks of a similar frequency
1o those in the fixed SST case are found and, as ex-
pected, the evaporation-wind feedback is not impor-
tant for their maintenance. While the fixed SST case
is much more realistic than the swamp case since the
tropics are primarily ocean covered, the results of the
swamp run are useful in illustrating that the evapora-
tion—wind feedback is not the only mechanism which
contributes to the low-frequency variability in the
tropics. We interpret the oscillation in the swamp
model as being associated with the moist static stability.
This interpretation is consistent with the reduction in
power, but not complete suppression, of the low-fre-
quency, eastward-propagating oscillations when the
evaporation-wind feedback is removed from the fixed
SST GCM; the evaporation-wind feedback is appar-
ently very important in maintaining the hybrid wave,
but even without the feedback some vestige of the os-
cillation remains, perhaps excited by low-frequency
noise. We speculate that in the swamp case the wave
is less strongly damped and thus not dependent on the
evaporation—wind feedback for its maintenance. The
effective damping should be stronger in the fixed SST
case; in the absence of the evaporation-wind feedback,
one expects the fixed temperature lower boundary to
act as an energy sink for the oscillation.

Unfortunately, we have been unable to test the moist
static stability hypothesis by intervening directly in the
GCM, as with the evaporation-wind feedback, because
it involves a complex interaction between the convec-
tive parameterization and the dynamics. Neither have
we been able to obtain a suitable estimate of Am di-
rectly from the moist static energy budget of the GCM.
Future work will address these issues.

The experiments with swamp lower boundary con-
ditions also contain a remarkable very low frequency
mode of period about 120 days for wavenumber 1.
Removal of the evaporation-wind feedback has some
effect on this mode, but not a dramatic one. We have
no explanation for this mode’s existence at present, an
indication of current limitations in understanding low-
frequency variability in the tropical atmosphere, and,
for that matter, in the tropics of idealized general cir-
culation models.
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