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Abstract

Aqua planet experiments are performed in order to investigate the effects of an equatorial warm sea
surface temperature (SST) area on the tropical large-scale precipitation patterns. The numerical model
utilized is a spherical three-dimensional primitive system with resolution of T42L16 and with simplified
hydrological processes. The warm SST area is placed at the equator of an aqua planet whose basic SST
distribution is zonally uniform and symmetric about the equator.

The calculated tropical precipitation distributions are characterized by the appearance of an east-west
asymmetry; precipitation decreases to the west of the warm SST area, while it increases in the longitudinally
wide area to the east. The east—west asymmetry appears regardless of the cumulus parameterization
schemes utilized (the convective adjustment scheme and the Kuo scheme). In the western region to the
warm SST area, an increase of the stability due to a temperature rise in the middle layer is observed and
correspondingly downward flow is recognized. These are consistent with the decrease of precipitation. In
the eastern region, although a temperature rise appears in the middle layer, the stability decreases due
to the increase of water vapor in the lower layer caused by the meridional moisture convergence. This
destabilization is consistent with the increase of precipitation.

Experiments in which the wind velocity used in the evaluation of the surface evaporation is fixed are
performed to show that WISHE (Wind Induced Surface Heat Exchange) mechanism is not a principal
cause for the generation of the east—west asymmetry of the precipitation pattern.

structures of the real atmosphere.

“Aqua planet”

Investigation of atmospheric circulations realized
in an idealistic model system often gives important
insights in understanding the complex circulation

Corresponding author: Masahiro Hosaka, Climate Re-
search Dept. Meteorological Research Institute, Japan
Meteorological Agency, 1-1 Nagamine, Tsukuba 305-
0052, Japan. E-mail: mhosaka@mri-jma.go.jp

(©1998, Meteorological Society of Japan

experiments have been recognized as one of these
investigative tools. An aqua planet model is an ide-
alistic moist atmosphere on a surface covered only
with the ocean. Aqua planets have been numerically
realized to observe possible characteristics that may
be related to the phenomena of the real atmosphere,
and may be useful in describing these phenomena.
Hayashi and Sumi (1986) is one of the earliest ef-
forts with aqua planet experiments to investigate
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a possible underlying structure in the precipita-
tion patterns of the tropical atmosphere. They try
to reveal idealistic precipitation distributions which
would be realized if the SST distribution were fixed
and were symmetric about the equator and zonally
uniform. Their results indicate that three types of
intrinsic precipitation structures may exist in the
tropical region; super clusters, Madden-Julian oscil-
lation (MJO or 30-60 day oscillation), and double
ITCZs. Numaguti and Hayashi (1991a, b) put for-
ward numerical analyses on the precipitation pat-
terns observed in the aqua planet and show that
WISHE (Wind-Induced Surface Heat Exchange) is
essential for the existence of MJO, as was origi-
nally proposed by Emanuel (1987) and Neelin et al.
(1987). Numaguti (1993) also reveals that WISHE,
combined with the effect of cumulus parameteriza-
tions, is crucial for the appearance of the double
ITCZ structure. :

In the aqua planet studies presented so far, the
focus is placed on the precipitation and circulation
patterns realized on zonally symmetric boundary

conditions. The investigated structures are also zon-

ally symmetric (like ITCZ’s) or zonally asymmetric
but their amplitudes are zonally uniform (like those
of super clusters and MJO). However, the precipi-
tation and circulation patterns observed in the real
atmosphere are of course neither zonally symmetric
nor uniform; the inhomogeneous boundary condi-
tions such as land-sea distribution and SST distri-
bution cause naturally asymmetric or nonuniform
precipitation patterns. However, it is not straight-
forward to recognize how the inhomogeneity of the
boundary conditions cause the observed precipita-
tion and circulation patterns. This is because the
amount of precipitation is affected not only by the
in situ surface boundary conditions but also by the
circulations driven remotely by the distant precipi-
tation (thermal forcing).

With these situations in mind, we will investigate
in this paper the precipitation patterns over the en-
tire tropical region caused by a local warm SST area
placed at the equator of an aqua planet. On the
warm SST area, an intense precipitation activity, a
so-called convection center, will emerge. However,
we will consider the precipitation patterns all over
the tropical region affected by the existence of the
convection center; we will not focus on the convec-
tion center itself. The SST distribution outside the
warm SST area is zonally uniform and symmetric
about the equator to minimize the in situ effect
on the precipitation properties. In the real atmo-
sphere there are several convection centers located
at the Maritime Continent, Africa and South Amer-
ica. The effects of those centers on the global pre-
cipitation distribution overlap each other. This situ-
ation does not allow us to present a simple explana-
tion on the distribution. In our framework, we hy-
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pothetically choose only one of such convection cen-
ters and idealize the surface boundary conditions.
The resulting nonuniform precipitation patterns will
hopefully be simple and easy to understand.

If we .can neglect the various feedback mecha-
nisms in the moist atmosphere, the precipitation
patterns outside the convection center will be eas-
ily predicted. The downward motion should be ob-
served in the neighborhood of the convection cen-
ter, which should suppress precipitation there. In a
non-rotating system, the downward flow will be dis-
tributed symmetrically around the warm SST area
and so will the dry region. In the tropics, because
of the equatorial g effect, the east—-west asymme-
try will appear in the distributions of the downward
flow and the dry region. According to the linear
long-wave theory of Gill (1980), the ratio of the ex-
tent of the eastern downward flow region to that of
the western region will be determined by the prop-
agation speeds of Kelvin and Rossby waves, that is,
three to one; and hence, the eastern and western dry
regions will be expected to expand by this ratio.

However, we know that it is incomplete to pre-
dict the precipitation patterns without consider-
ing the water vapor supply and its transport. As
for the water vapor supply, Numaguti and Hayashi
(1991b), Numaguti (1993) and others show that
WISHE plays a crucial role in the determination of
the latitudes of ITCZs and in the maintenance of
MJO in the zonally symmetric SST problems. In
our local warm SST problem, we can again expect
that the moisture supply due to evaporation will
be enhanced by the low level flow converging into
the warm SST area and hence the amount of low
level moisture will be increased. The increased mois-
ture will decrease the vertical stability, which will
compete with the stabilizing effect by the plausible
downward flow around the warm SST area. As for
the water vapor transport, the circulation induced
by the heating at the convection center should be
ruled by the equatorial dynamics, which will cause
a certain structure in the vapor transport, resulting
in an appearance of a vertically unstable region. In
the eastern region to the convection center, for in-
stance, Kelvin wave-like responses associated with
surface low pressure are expected to appear. The
low level frictional convergence will transport wa-
ter vapor toward the equatorial low pressure region,
which may contribute to the destabilization of that
area (e.g., Wang 1988).

We should also consider the existence of the mo-
bile disturbances such as super clusters and MJO,
which move eastward. The convection center at the
warm SST area may trigger the activity of those dis-
turbances and radiate them to the east. They may
contribute to the increase of time mean precipitation
in that region.

In the following sections, we will report the re-
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sults of our aqua planet experiments with a warm
SST area at the equator. In Section 2, we will
briefly describe the aqua planet model utilized in
this study. In Section 3, the characteristics of the
precipitation distributions are summarized by com-
paring the cases with and without the warm SST
area. The detailed consideration on the difference in
the precipitation patterns will be presented in Sec-
tion 4. The cumulus parameterization dependency
is checked in Section 5 where the Kuo scheme is used
instead of the adjustment scheme. Some discussions
will be placed in Section 6. In the present paper,
we will focus on the tropical precipitation distribu-
tion; the influence on the precipitation and circu-
lation patterns in the subtropics and mid-latitudes
will be discussed in a separate paper.

2. Design of experiments

2.1 The model

The model used in this study is AGCMS5 of
GFD-DENNOU CLUB edition, which is the three-
dimensional primitive system on a sphere (GFD-
DENNOU CLUB, 1997). The model is basically the
same as that used in Numaguti (1993), and its de-
tails are described in Numaguti (1992). The dy-
namic part is represented by the pseudo spectral
method with the triangular truncation at wavenum-
ber 42 (T42) and by the sigma vertical coordinate
with 16 vertical levels.

The model contains the following simplified phys-
ical processes. The employed cumulus parameteri-
zation is the Kuo scheme (Kuo, 1974) or the adjust-
ment scheme (Manabe et al., 1965). The condensed
water is removed from the system immediately after
condensation and hence there are no clouds. The ab-
sorption and scattering of the solar radiation are not
included. The longwave absorption is represented
by four spectral bands, three of which are of water
vapor and one is of dry air. The scattering of the
longwave radiation is not included. The absorption
coefficients of the longwave radiation are chosen so
that the cooling profile of the atmosphere roughly
resembles the observed one. The vertical turbulent
mixing is represented by the level II scheme of Mel-
lor and Yamada (1974). The surface fluxes of mo-
mentum, heat and water vapor are evaluated by the
bulk formula.

2.2 Design of experiments

The entire globe is covered with the ocean, whose
surface temperature is fixed (time-independent).
The experiments with and without the warm SST
area are performed and the resultant precipitation
patterns are compared.

The basic SST distribution is the same as that
used by Numaguti (1993). It is symmetric about
the equator and zonally uniform. The value of SST
at the equator is 302K and remains constant in the
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Fig. 1. The distribution of SST used in ex-
periment A4. The local warm SST area
is shaded. The figure in the right hand
side shows the basic SST distribution
(solid line) and the distribution at the
longitude 180°, where the value of SST
anomaly is the maximum (dashed line).

equatorial region between the latitudes of £7°. The
shape of the local warm SST area is rectangular with
the longitudinal extent of 40° and the latitudinal ex-
tent of 20°. The peak value of SST anomaly is 2, 4, 6
or 8K, and is located at the center of the warm SST
area which is placed at the equator. Figure 1 shows
the SST distribution with the temperature anomaly
whose peak value is 4K. Note that, since grid points
do not exist on the equator, the maximum value of
the SST anomaly represented in the model is actu-
ally 3.4K, which appears at the latitudes of +1.4°.

The geometry of the warm SST area is empiri-
cally chosen to have a convection center which has
a single precipitation peak with a fixed location if
averaged in the time scale of several tens of days;
that is the period of the intraseasonal oscillation.
It is desirable that the convection center is steady
and its internal structure is simple for the purpose
of investigating the precipitation patterns around it.
When the warm SST area is too small, the activity
of the convection center is weak and its effects on the
surroundings become ambiguous, unless the magni-
tude of the SST anomaly is extremely large. When
the warm SST area is too large, multiple convection
centers appear in the warm area and interact with
each other. The dynamic structure of the convec-
tion centers realized on the warm SST area is also
an interesting problem, but we do not go into this
issue in this paper.

It has been reported that the cumulus parameter-
ization strongly affects the precipitation patterns.
In the experiments with the zonally symmetric SST
distribution of Numaguti and Hayashi (1991b), the
adjustment scheme produces a single ITCZ struc-
ture, while the Kuo scheme produces a double ITCZ
structure. In this paper, by performing both of the
experiments with the adjustment scheme and with
the Kuo scheme, we hope to extract possible general
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Table 1. The list of the experiments. A SSTax is the
maximum value of the SST anomaly given in each

experiment.
Experiments|A SSTmax(K) Cumulus Note
parameterization
A0 0 Adjustment
A2 1.7 Adjustment
A4 34 Adjustment | The main
experiment
A6 5.1 Adjustment
A8 6.8 Adjustment
Ko 0 Kuo
K2 1.7 Kuo
K4 3.4 Kuo
K6 5.1 Kuo
K8 6.8 Kuo
A0VC 0 Adjustment |[No WISHE
A4VC 3.4 Adjustment |No WISHE
KovC 0 Kuo No WISHE
K4vC 34 Kuo No WISHE

structures of moist atmospheres independent of the
cumulus parameterization. Each experiment is de-
noted by the combination of A or K, which is the ini-
tial of the employed parameterization scheme, and
0, 2, 4, 6 or 8, which is the amount of the SST
anomaly at the center of the warm SST area. The
experiments performed in this study are listed in
Table 1.

In the experiments A0 and KO, the model is in-
tegrated from an isothermal rest state and the data
from days 700 to 2200 are used for analyses. In the
warm SST area experiments of the A series and the
K series, the model is integrated from the data at
day 700 of AO and KO, respectively, and the data
from days 150 to 900 are used for analyses. The
model atmosphere is recognized to reach a quasi-
equilibrium state after 150 days of integration. For
instance, our experiments show that the position
and amplitude of ITCZ adjust to a new state in
several tens of days after the change of the SST dis-
tribution.

In the following sections, we will focus on the re-
sults of the A series. We will present the results of
the K series in Section 5 to confirm that the pre-
cipitation characteristics obtained in the A series do
not depend on the cumulus parameterization.

3. Characteristics of the precipitation pat-
terns

8.1 Precipitation and evaporation without the warm
SST area

We first briefly summarize the precipitation and

evaporation distributions realized in experiment A0,

with which we will later compare the results of the

warm SST area experiments. Figure 2 shows the
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Fig. 2. Latitudinal distributions of the zonal
and time mean precipitation (solid line)
and evaporation (dashed line) of exper-
iment AO. Unit is W/m?. Note that
100 W/m? corresponds to 3.5 mm/day
or 1260 mm/year.
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Fig. 3. Temporal evolution of precipitation
at the equator of experiment A0. Con-
tour interval is 200 W/m2. ¢ = 0 of the
figure is actually day 700 of the experi-
ment.

zonally averaged time mean distributions of precipi-
tation and evaporation for experiment AQ. The pro-
file of precipitation has its peak at the equator. The
profile of evaporation has maxima in the subtrop-
ics and a minimum at the equator. The difference
between precipitation and evaporation is accounted
for by the meridional water vapor transport which is
concentrated in the shallow layer below the level of
900 hPa. Experiment AQ reproduces the zonal mean
features of the adjustment experiments reported by
Numaguti (1993).

Figure 3 shows the temporal evolution of precip-
itation at the equator. The eastward propagating
grid-scale disturbances (super clusters) are not very
coherent, as is reported by Numaguti and Hayashi
(1991a, b) on their results of the adjustment experi-
ments. The eastward propagating global structures,
which are widely recognized as MJO, are not active,
whereas they are clearly seen in the adjustment ex-
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periments of Numaguti and Hayashi (1991a, b). We

do not go into this difference in this paper!.

3.2 Precipitation and evaporation with the warm
SST area

We will now describe the characteristics of the
precipitation patterns obtained in the warm SST
area experiments by showing mainly the results of
experiment A4. Figure 4a is the time mean horizon-
tal distribution of precipitation for experiment A4,
and Fig. 4b is the difference from the zonal mean
distribution of experiment AQ.

Precipitation over the warm SST area increases
greatly and a strong convection center forms. The
precipitation maximum of 800 W/m? is observed
at the center of the warm area. The amount of
precipitation averaged over the warm SST area is
250 W/m?. This exceeds considerably the value
142 W/m?, which is the amount of precipitation
in experiment AQ averaged between the latitudes of
+10° (see Table 2). The maximum value of precip-
itation (800 W/m? = 28 mm/day ~ 10000 mm/yr)
is comparable to the monthly or seasonal mean val-
ues observed at tropical heavy rainfall areas, for ex-
ample, Indian monsoon regions and Pacific ITCZ
regions (e.g., Spencer, 1993).

The notable feature in Fig. 4 is the deformation
of ITCZ. There appears an east—west asymmetry in
the precipitation distribution at the equator. To the
west of the warm SST area, the amount of precipi-
tation decreases in the region with the longitudinal
extent of about 70°. To the east of the warm SST
area, on the other hand, it increases in the region
with the longitudinal extent of about 220°. The pre-
cipitation anomaly has its minimum of —100 W/ m?
in the western region at the longitude of 150° and
its maximum of +60 W/m? in the eastern region
at the longitudes of 220° and 280°. In the regions
along +10° latitudes, the amount of precipitation
decreases regardless of the eastern or western sides.

1 We note here that Numaguti and Hayashi (1991a, b)
and Numaguti (1993) adopt different numerical codes
and SST distributions. The numerical code utilized in
this study, AGCM5 of GFD-DENNOU CLUB, is almost
the same as that of Numaguti (1993). The basic SST
distribution of this study is also the same as that of
Numaguti (1993). The numerical code used by Numaguti
and Hayashi (1991a, b) is based on the global spectral
model of Numerical Prediction Division in Japan Meteo-
rological Agency in the late 1980’s. The SST distribution
utilized in Numaguti and Hayashi (1991a, b} is obtained
from the observed global SST distribution by averaging it
zonally and extracting the equatorially symmetric part.
The numerical code used by Numaguti (1993) was con-
structed by Dr. Numaguti himself on the basis of the
experience of Numaguti and Hayashi (1991a, b). Those
numerical codes are different significantly. The physi-
cal processes, especially, the radiative processes are com-
pletely rewritten. Numaguti (1993) also employs a simple
expression of the SST distribution which roughly repre-
sents the global SST observations.
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Fig. 4. (a) Time mean horizontal distribu-
tion of precipitation for experiment A4.
(b) Its difference from the zonal mean
distribution of experiment AQO. Unit
is W/m®. Contour intervals are (a)
40 W/m? and (b) 20 W/m?.

Precipitation increases only at the longitudes where
the warm SST is placed.

As for experiments A2, A6 and A8 we show only
the longitudinal distributions of precipitation at the
equator (Fig. 5). The east-west asymmetry in the
precipitation pattern observed in experiment A4 is
also seen in these experiments; the amount of pre-
cipitation decreases in the western region while it
increases in the broad eastern region. As the warm
SST anomaly increases, the amount of precipitation
at the convection center increases (Table 2). How-
ever, the increase of precipitation in the eastern re-
gion seems to be independent of the magnitude of
the SST anomaly. Even a small SST anomaly of ex-
periment A2 causes a precipitation increase of the
same magnitude as that of experiment A4. On the
other hand, the drying in the western region is in-
tensified as the warm SST anomaly increases. The
western region of experiment A2 is not so dry as
that of experiment A4. The drying in experiments
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Table 2. The averaged value of precipitation and evapo-
ration in several regions for each experiment. P, is
precipitation averaged over the warm SST area. Pso
and Es3g are precipitation and evaporation averaged
in the tropics (between + 30° latitudes). P4 and
E, are precipitation and evaporation averaged near
the equator (between +4° latitudes). P and E are
the global averages of precipitation and evaporation.
Unit is W/m?.

Experiments| P, |Pso| Eso | Pa | Es | P | E
A0 141.8189.4|103.9|188.0{77.8{74.9(74.9
A2 197.7)189.71104.4|197.8 | 78.8 | 75.1 | 75.1
A4 250.4189.9|104.9(208.2|81.3|75.3|75.3
A6 294.5(89.1|104.6|206.0|82.8{75.0|75.0
A8 327.2|88.9|104.4|202.0 (85.0| 74.7|74.7
Ko 108.1184.2| 94.1| 85.9|72.6(70.5[70.5
K2 176.1185.4| 95.5| 91.6]74.1(71.2(71.2
K4 289.2187.9| 99.1(104.9|76.5173.1|73.1
K6 351.5|88.8|100.3(112.8|80.1{73.8|73.8
K8 335.1|88.7(100.9|132.6|79.7|73.7|73.7

A6 and A8 is intensified compared to that of exper-
iment :A4. Note that in experiments A6 and A8 the
decrease of precipitation occurs even in the eastern
vicinity of the warm SST area.

Figure 6 shows the temporal evolution of precipi-
tation at the equator of experiment A4. The warm
area is introduced at t = 0 in the figure, at which
the model state is the same as that of t = 0 in Fig. 3
of experiment A0. By comparing Fig. 6 with Fig. 3,
it is found that the western dry region is established
clearly in about 20 days.

The increase of precipitation just to the north
and south of the warm SST area seen in Fig. 4b
is caused by intermittently generated disturbances,
which are recognized as tropical depressions,; prop-
agating northward and southward from the convec-
tion center (not shown here). Contrary to this, pre-
cipitation increase in the eastern region seen in Fig.
4b is not directly caused by the generation of east-
ward propagating disturbances. The enhanced ra-
diation of eastward propagating disturbances from
the warm SST area does not seem to occur.

4. Structure of the east—west asymmetry in
precipitation

If we could adopt the simple dynamic view men-
tioned in Section 1, dry regions should develop both
to the east and to the west of the warm SST area,
since the warming caused by waves around the active
convection center should increase the static stability
and hence decrease precipitation. As shown in Sec-
tion 3, in the western region we have a response con-
sistent with this expectation; a dry region appears.
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Fig. 5. Longitudinal distributions of pre-
cipitation at the equator in the warm
SST area experiments. Thin solid line,
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Fig. 6. Temporal evolution of precipitation
at the equator of experiment A4. Con-
tour interval is 200 W/m?. The warm
area is introduced at t = 0, at which the
model state is the same as that of t =0
in Fig. 3.

However, in the eastern region we have the opposite
response to that; an increase of precipitation. In
this section, in order to investigate this equatorial
east-west asymmetry appearing in the precipitation
response, we will consider the thermal and moisture
budget as mentioned in Section 1.

4.1 Static stability

First, we examine the change of static stability
induced by the warm SST area. Fig. 7a shows the
difference in saturated equivalent potential temper-
ature (67) at the equator between experiments A4
and A0, and Fig. 7b shows that of equivalent po-
tential temperature (6.). A necessary condition for
occurrence of moist convection is that the value of
0. in the lower level atmosphere is higher than the
minimum of 67 (usually located in the middle tro-
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Fig. 7. (a) Equatorial longitude-height cross
section of saturated equivalent potential
temperature (0;) of experiment A4. (b)
Same as (a) except for equivalent poten-
tial temperature (6c). Unit is K. The
zonal mean values of experiment AOQ are
subtracted, respectively.

posphere).

As shown in Fig. 7a, 67 increases in the middle
troposphere (o ~ 0.55) both to the east and to the
west of the warm SST area. The maximum ampli-
tude of warming is about 0.4K in the western re-
gion and about 1.5K in the eastern region. Since
the increase of 0} reflects the warming in the middle
troposphere, its overall increase is qualitatively con-
sistent with the previous intuitive view in which the
atmosphere around a convection center is stabilized
by the middle tropospheric warming. However, the
fact that the eastern region is more stable (warmer)
than the western region implies that precipitation
should be more strongly suppressed to the east than
to the west. This implication is not consistent with
the response obtained in the experiments shown in
Section 3.

On the other hand, in Fig. 7b, a significant east—
west asymmetry can be seen in the change of 0. in
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Fig. 8. 0. at o = 0.95 (solid line) and 8; at
o = 0.55 (dashed line) along the equa-
tor. Unit is K. The zonal mean values
of experiment A0 are subtracted, respec-
tively.

the lower levels. The amplitude of its anomaly has
the maximum at o = 0.9, where its values are —2K
to the west and +2.2K to the east. This zonally
asymmetric response is consistent with that of pre-
cipitation.

Close examination of the vertical distributions of
0! and 0, reveals that the minimum of 8 exists at
o ~ 0.55, and the minimum value is lower than 0,
at 0 ~ 0.95 (not shown here). This implies that,
in the macroscopic view represented by the moist
convective adjustment scheme, the starting level of
the moist convection is o ~ 0.95. Consequently, we
can diagnose the change of moist stability induced
by the warm SST area by inspecting the change of
6. at o = 0.95 and that of 6} at o = 0.55 (Fig. 8).
As evidently shown there, the stability to the east
of the SST anomaly does not change appreciably,
while the stability to the west increases notably; the
factor most contributing to the asymmetric change
of stability is the zonal asymmetry of the low level
0. change.

4.2 Moisture budget

We will next examine the change of the moisture
budget. The increase of low level 6. to the east of
the warm SST area mentioned above consists mainly
of the increase of humidity; the increase of 6. due to
the temperature change is about 0.2K while that due
to the moisture change is about 1K. The increase of
the low level humidity to the east of the warm SST
area should be accounted for either by the increase of
evaporation from the ocean or by that of horizontal
moisture convergence.

The importance of the surface evaporation in the
tropical circulation has been emphasized in this
decade. The fundamental concept is referred to
as WISHE (Wind-Induced Surface Heat Exchange;
Yano and Emanuel, 1991). The feedback mecha-
nism of WISHE can be stated as follows; the large-
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scale low level wind forced by cumulus convection in-
duces the change in surface evaporation, and hence
changes the moist static energy in the mixed layer,
which feeds back to the activity of cumulus convec-
tion. WISHE is expected to operate in the configu-
ration considered in this paper, because the anoma-
lous easterly to the east of the warm SST area can
increase evaporation there since the basic zonal wind
is easterly in the reference state with the zonally uni-
form SST distribution.

The importance of moisture convergence, on the
other hand, is most notably mentioned in the CISK
theory associated with frictional convergence in the
boundary layer. The feedback mechanism of CISK
can be stated as follows; the heating generated
by cumulus convection induces the large-scale re-
sponse of pressure distribution, and succeedingly the
change of low level frictional flow, which modifies the
distribution of moisture convergence. This intensi-
fies the activity of cumulus convection. CISK is also
expected to operate in the present configuration be-
cause the Kelvin wave-like response is expected to
produce low pressure area to the east of the con-
vection center at the equator, which should be ac-
companied by the convergence of low level frictional
flow. This convergence may modify the cumulus dis-
tributions in the distant region from the warm SST
area.

In the following paragraphs, we will evaluate the
relative importance of the two candidates, WISHE
and CISK, by examining the response of evaporation
and that of the difference between precipitation and
evaporation (indicated by P — E below) which re-
flects the horizontal moisture convergence.

Figure 9a shows the difference in evaporation in
the tropics between experiments A4 and A0, and
Fig. 9b is that for P — E. Around +7° latitudes to
the east of the warm SST area, a slight increase of
evaporation is found. However, against the previ-
ous expectation on WISHE, the equatorial response
to the east of the warm SST area is negative. On
the other hand, P — F increases at the equator to
the east of the warm SST area. As P — F equals a
horizontal moisture convergence in the equilibrium
state, this indicate the existence of significant hor-
izontal moisture convergence at the equator to the
east of the warm SST area. It is evident that the
change of evaporation does not play an important
role in moistening at the equator.

In order to show the responses more clearly, the
changes of evaporation and precipitation at the
equator are plotted in Fig. 10a. Again, it is evi-
dent that precipitation is enhanced to the east of
the warm SST area and suppressed to the west. The
change in evaporation, on the other hand, is very
small compared to that of precipitation except for
over the warm SST area.

Figure 10b shows the longitudinal distributions
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Fig. 9. Horizontal distributions of (a) evap-
oration and (b) P — E of experiment A4.
Unit is W/m?. The zonal mean values
of experiment AO are subtracted, respec-
tively.

of the changes of precipitation and evaporation av-
eraged meridionally between £30° latitudes. There
is no east-west asymmetry in the evaporation re-
sponse, just as at the equator. WISHE does not op-
erate even as the meridional average over the whole
tropical latitudes.

By comparing Fig. 10a and Fig. 10b, we recog-
nize that the increase of precipitation in the eastern
region at the equator (Fig. 10a) is compensated by
the decrease of that in the subtropics, resulting in
little change in the meridionally averaged precipita-
tion (Fig. 10b). This suggests that the equatorial
precipitation enhancement to the east of the warm
SST area is accounted for by the change of merid-
ional moisture transport.

The enbancement of precipitation at the equator
by the change of the meridional moisture flux to the
east of the warm SST area can be recognized also in
the other experiments with different amplitudes of
the warm SST anomaly. The increases of precipita-
tion at the equator in the eastern region are evident
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Fig. 10. Longitudinal distributions of pre-
cipitation (solid line) and evaporation
(dashed line) of experiment A4 (a) at the
equator and (b) averaged in the merid-
ional area between £30° latitudes. Unit
is W/m?. The zonal mean values of
experiment AQ are subtracted, respec-
tively.

in all experiments (Fig. 5), but meridionally aver-
aged responses are nearly equal to zero (Fig. 11) as
in experiment A4 described previously.

The difference of the vertically integrated mois-
ture flux of experiment A4 from AQ is shown in
Fig. 12. On top of the large vectors directed zonally
along the equator converging to the warm SST area,
there exist moisture flux vectors directed meridion-
ally around 10° latitudes converging into the equa-
torial enhanced precipitation zone to the east of the
warm SST area.

Moisture transports in the zonal and meridional
directions shown in Fig. 12 are different in their ver-
tical profiles (not shown). The moisture transport
in the zonal direction along the equator extends ver-
tically up to about 700 hPa level, while the moisture
transport in the meridional direction around 10° lat-
itudes is confined below 900 hPa. This is the level
under which the effect of surface friction is signifi-
cant in the model.

Figure 13 summarizes the difference of large-scale
circulations between experiments A4 and AQ. As
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Fig. 12. Horizontal distribution of the
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moisture flux (qu, qv) of experiment A4.
Zonal average moisture flux of experi-
ment AO is subtracted.

evident in Fig. 13c, the surface pressure anomaly is
negative in wide area to the east of the warm SST
area and is most significant at the equator. Corre-
sponding to this pressure anomaly, horizontal wind
converging toward the equator is notable in the re-
gion of large anomalous pressure gradient at around
the latitudes of +5° ~ 8°. This is an evidence that
the converging flow occurs as a surface frictional
flow. The moisture transport anomaly in the merid-
ional direction is realized by this frictional flow.

At the same time Fig. 13c shows that the region
of enhanced surface easterly is quite limited in a
narrow region near the warm SST area. This is a
reason for the absence of WISHE in producing the
east—west asymmetry of the precipitation pattern.

Figure 13b shows the equatorial cross section of
the anomalies of circulation and temperature of ex-
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Fig. 13. Changes in the tropical circulation
in experiment A4 from the zonal means
of experiment AO; (a) horizontal distri-
butions of wind vector and geopotential
height at ¢ = 0.175, (b) vertical cross
section of temperature and circulation
(u and o velocity) at the equator, (c)
horizontal distributions of wind vector
at the lowest level (o = 0.995) and sur-
face pressure. The panels in the right
hand side of each figure indicate (a) zon-
ally averaged wind vector in experiment
A0 at o0 = 0.175, (b) vertical cross sec-
tion of zonally averaged zonal wind at
the equator in experiment A0 and A4,
(c) zonally averaged wind vector in ex-
periment A0 at o = 0.995.

periment A4 from those of experiment AQ. The lon-
gitudinal distribution of vertical velocity is well cor-
related with that of precipitation (Fig. 10a). Espe-
cially to the west of the warm SST area, there exists
a region of strong downward motion whose zonal ex-
tent is almost the same as that of the negative pre-
cipitation anomaly. The coexistence of the down-
ward motion and drying to the west of the warm
SST area appears in all of the warm SST anomaly
experiments (A2 ~ A8).

In Fig. 13b, a region of the positive temperature
anomaly is spreading widely to the east of the warm
SST area. This corresponds to the extension of neg-
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ative surface pressure anomaly in the eastern area of
Fig. 13c. Furthermore, the direction of the wind vec-
tors in the lower and upper troposphere in the equa-
torial region are westward and eastward respectively
(not shown); there are little meridional components
except for those in the lowest layers. These are the
features of Kelvin waves and hence the circulation in
the widely spreading eastern region can be regarded
as an equatorial Kelvin wave-like response.

Figure 13a shows the changes of horizontal wind
and geopotential height at the upper troposphere
(¢ = 0.175). It is evident that the zonal mean
wind anomaly at this level is westerly. Correspond-
ingly, ejection of Rossby wave-like trains to the mid-
latitudes is observed. The wave trains are more
clearly seen in the global geopotential height field
(not shown here). The Rossby wave-like trains are
anticipated to carry easterly momentum to the ex-
tratropics. The detailed examination in this aspect
will be presented elsewhere.

4.8 Ezxperiments without WISHE

As a result of moisture budget analyses presented
in the previous subsection, we may conclude that it
is not WISHE but frictional convergence that con-
tributes to the generation of the east—west asymme-
try in the equatorial precipitation response. In order
to evaluate the effect of WISHE more completely,
experiment A4VC is conducted in which WISHE is
excluded artificially.

In the numerical model utilized in this paper,
evaporation from the sea surface is calculated by
the use of the bulk formula. In experiment A4VC,
the surface wind speed used in this evaporation for-
mula is held constant in time in the tropical region
between the latitudes of £ 30°. The fixed value
of constant wind speed is obtained from the tem-
poral and zonal mean of experiment AQ except. for
the warm SST area where the temporal mean value
of experiment A4 is used. The initial condition of
experiment A4VC is the data at day 2200 of experi-
ment AQ and is integrated for 900 days and the data
of the last 500 days is used for the following analyses
(Fig. 14, Fig. 15).

As is evident in Fig. 14a, precipitation at the
equator to the east of the warm SST area increases
significantly from that of experiment AQ. The re-
sponse in P — E (Fig. 14b) is quite similar to that
of experiment A4 (Fig. 9b). This shows that the
precipitation response is strongly connected to the
horizontal moisture convergence. The longitudinal
distributions of precipitation and evaporation at the
equator and their averages in the tropical region
(Figs. 15a,b) are also similar to those of experiment
A4 (Figs. 10a,b). These results clearly show that
WISHE plays at most secondary role in the genera-
tion of the zonally asymmetric response of precipi-
tation.
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5. Experiments with the Kuo scheme
In this section, we will present the results of ex-
periments with the Kuo scheme instead of the ad-
justment scheme to examine the sensitivity of the RAIN | & EVIAP KO
precipitation structure to the choice of the cumulus Jrrrrmtrrrbrtrtrrbrrtrr k]
parameterization scheme. 2200 ] N
Firstly, we briefly present the results of the ex- > 1 r
periment without the warm SST area (experiment ¢ _ L
KO0). As shown in Fig. 16, the distribution of the < | o -
zonally averaged precipitation has two peaks in the ki 1 3
tropics at the latitudes of £7° and a minimum at o | ] [
the equator. This is the well-known feature of the 0 T e S
., . . . Ll T T T l T T | T T ' T T T T
sens1t1v1_ty o_f ITCZ to the.chome‘ of the cumulus pa- -90 -60 -30 0 30 60 90
rameterization (Numaguti, 1993; Hess et al., 1993). latitude
Figure 17a shows the horizontal distribution of
precipitation in experiment K4, and Fig. 17b shows Fig. 16. Latitudinal distributions of tempo-
its difference from the zonal mean distribution of ral and zonal mean precipitation (solid
experiment K0. Although the positions of ITCZs of line) and evaporation (dashe2d line) of
experiment KO are significantly different from that experiment K0. Unit is W/m®.

of experiment A0, the precipitation response charac-
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Fig. 17. (a) Time mean horizontal distribu-
tion of precipitation for experiment K4.
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distribution of experiment KO. Unit
is W/m?. Contour intervals are (a)
40 W/m? and (b) 20 W/m?.

terized by the appearance of the east-west asymme-
try is qualitatively similar; precipitation increases
to the east of the warm SST area while a dry region
appears to the west. This tendency is clearly seen
in Fig. 18, which shows the longitudinal distribu-
tions of precipitation averaged over the latitudinal
region between +7 degrees. As the peak value of
SST anomaly is increased, the east—west asymmetry
becomes evident and tends to have the characteris-
tics similar to that of A-series experiments.

Figure 19 shows the differences of wind vector at
the lowest level (o = 0.995) and surface pressure
between experiments K4 and K0. The characteris-
tics observed in experiment A4 (Fig. 13c) also ap-
pear in Fig. 19. The surface pressure anomaly is
negative to the east of the warm SST area, while
it is positive to the west. In the eastern side, the
negative pressure anomaly is most significant at the
equator, and correspondingly, the horizontal wind
converging toward the equator is notable in the re-
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aged wind vector in experiment KO at
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gion of large anomalous pressure gradient. At the
same time, the positive temperature anomaly exists
above the equatorial low pressure area and corre-
spondingly, zonally-directed wind exists above the
surface boundary layer (not shown). These are the
features of Kelvin waves and hence the circulation in
the eastern region can be regarded as an equatorial
Kelvin wave-like response.

Figure 19 also shows that the region of enhanced
surface easterly is quite limited in a narrow region
near the warm SST area. The narrowness of the
enhanced surface wind region has been also observed
in Fig. 13c of the experiment A4. This suggests that
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WISHE does not operate in producing the east-west
- asymmetry of the precipitation pattern. In order to
confirm this expectation, we conducted experiment
K4VC in which WISHE is artificially suppressed just
as experiment A4VC. The results (not shown here)
are quite similar to that of experiment K4.

Those similarities of the responses between exper-
iments K series and A series proves that the main
reason for the appearance of the east-west asymme-
try in the precipitation response is not WISHE but
horizontal moisture convergence. The structure is
robust in the sense that it does not depend on the
cumulus parameterization scheme utilized.

6. Conclusions and discussions

6.1 Conclustons

By a series of aqua planet experiments with a lo-
calized warm SST area with various intensities, the
following conclusions are obtained. The response to
a warm SST area placed at the equator is that pre-
cipitation is enhanced in an extensive region to the
east of the warm SST area while drying occurs to
the west. The increase of precipitation in the east-
ern region results from the increase of meridional
moisture convergence associated with the frictional
inflow converging into the low pressure area existing
to the east of the warm SST area. The decrease of
precipitation in the western region is associated with
downward flow and an increase of stability due to a
temperature rise in the middle layer. WISHE does
not play an important role in the generation of the
east—-west asymmetry of the precipitation response.

By comparing the results of the two series of ex-
periments with the different cumulus parameteriza-
tion schemes (the adjustment scheme and the Kuo
scheme), the structure of the precipitation response
is found to be insensitive to the choice of cumulus
parameterization scheme. The east-west asymmet-
ric response of precipitation obtained in the present
study is robust in this sense.

The characteristic that an intense dry region ap-
pears to the west of an active convection center is
found in the real tropical atmosphere and the GCM
experiments. During the ENSO warm events, strong
droughts are observed to the west of the warm SST
anomaly areas in the equatorial Pacific (Ropelewski
and Halpert 1987). In the 82-83 ENSO warm event,
the decrease of cumulus activity is clearly shown by
the OLR observation (e.g., Arkin et al. 1983); it
is reported that forest fires occurred even in the
tropical rain forest of Borneo (Tsuyuki, 1988) In
the GCM SST anomaly experiments, dry areas also
appear to the west of the anomalous regions (e.g.,
Keshavamurty, 1982; Geisler et al., 1985; Wu and
Liu, 1992). As for the climatic precipitation dis-

2 The forest fires of 97 event are recently reported to be
even more severe.
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tribution, there appear small rainfall regions to the
west of the convection centers (Spencer, 1993). For
instance, the heavy convection activity over the
Maritime Continent does not extend westward far
into the Indian Ocean along the equator. The reason
for the small rainfall is usually considered a result of
low SST values in the corresponding region. How-
ever, even if the values of SST to the eastern and
western sides are the same, the results of present re-
search show that a dry region extends to the west of
the convection center. The characteristics exempli-
fied in our numerical calculations contribute at least
partly to the formation of precipitation patterns to
the west of the real convection centers.

From the theoretical framework presented in the
literature in the past, our numerical results raise at
least the following two issues. The first is to con-
sider to what extent the tropical thermal response
theory demonstrated by Gill (1980) and others is
applicable to describe our numerical results. The
appearance of dry region to the west of the warm
area has not been expected to appear as simple long
wave response to a localized heating, and will be one
of the key issues to be investigated. The second is
to consider in what situation WISHE can be a dom-
inant contributer for precipitation patterns. In the
preceding studies (Numaguti and Hayashi, 1991b;
Numaguti, 1993), WISHE has been revealed as an
important mechanism to produce and/or maintain
large scale precipitation patterns (MJO and ITCZs),
while in this study WISHE has at most secondary
effects. In the following subsections, we will try to
describe the structure of dry and wet area by the
equatorial long-wave dynamics, and also we will try
to discuss the reason for WISHE being inefficient.
We have to confess beforehand that the arguments
to be presented hereafter remain within the scope of
speculation. However, we believe that a qualitative
discussion should be placed from the bases of our
experimental results and the knowledge of the pre-
vious works on forced response problems with the
equatorial wave dynamics.

6.2 Dry area, secondary negative heat source, and
wave dynamics

In a usual simple argument about the effect of a
warm SST area on a circulation field, only a single
local heat source representing the precipitation in-
crease over the warm SST area has been assumed.
However, in our results, the precipitation difference
outside of the warm SST area should also be re-
garded as heating and/or cooling which contributes
modification of the circulation field. In order to
compare the amount of this “secondary” heat source
outside of the warm SST area to that of the “pri-
mary” heat source over the warm SST area, Ta-
ble 3 lists the differences of the amounts of pre-
cipitation integrated over various key areas for ex-
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Table 3. The differences of precipitation A4 from AQ
and K4 from KO integrated over the following areas
(Unit is W). For experiment A4, “Western area” in-
dicates the area between the longitudes 90° and 160°,
“Convection Center” indicates the area between the
longitudes 160° and 191°, “Eastern area” indicates
the remaining longitudinal area. For experiment K4,
they indicate between the longitudes 10° and 150°,
between the longitudes 150° and 197°, and the re-
maining longitudinal area, respectively. The latitudi-
nal extent of those areas is from —10° to +10°. The
remaining zonally integrated subtropical precipita-
tion differences are also listed for the latitudes from
+30° to +10° and —10° to -30°

Experiments| Lat Western [Convection| Eastern
area Center area

+30~+410 —-1.16x 1014

A4-A0  [+10~—10[]-7.31x10'4[1.21x10%° [-0.96x 1013
—10~—30 —2.12x10%*
+30~+10 —3.97x10'4

K4-KO [+10~—10[|-6.07x10'4[2.16x101° | 2.65x 1014
—10~—30 —4.64x10'*

periments A4 and K4. Table 3 indicates that the
secondary heat sources cannot be neglected com-
pared to the primary heat sources. The notewor-
thy point is that, especially in experiment A4, the
total amount of the decrease of precipitation in the
western area (—7.31 x 1014 W) exceeds half of the in-
crease of total precipitation over the warm SST area
(1.21 x 10'5 W). In order to understand the circula-
tion fields caused by the existence of the warm SST
area, the secondary negative heat source caused by
the precipitation decrease should also be considered.

There are two issues to be considered with the
secondary heat source. The first is the problem of
maintenance. As will be mentioned below, we are
speculating that the gross characteristics of the cir-
culation fields can be understood within the frame-
work of equatorial wave theory (e.g., Gill 1980 and
others) by considering the existence of the secondary
heat source. The second is the problem of causality.
In this paper, we have not completed the description
of the formation of secondary heat source distribu-
tion (precipitation change). This issue will be briefly
mentioned in the next subsection.

Corresponding to the existence of the secondary
negative heat source, the important characteristic
to be marked is the existence of the high pressure
anomaly area to the west of the warm SST area. As
is evident from Fig. 13c and Fig. 19, there exist high
pressure anomalies to the west of the convection cen-
ter. According to the equatorial linear long-wave
theory, westward propagating Rossby waves gener-
ated from the primary positive heat source (convec-
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tion center) should create a surface low pressure
anomaly just as do eastward propagating Kelvin
waves (Gill 1980). The western high surface pres-
sure anomalies of our experimental results cannot
be expected from a linear long-wave response to a
single heat source. However, we can recognize the
existence of those high pressure anomalies as the ef-
fect of the secondary negative heat source. Since, as
mentioned above, the amount of the negative heat
source is fairly large, the low pressure anomaly from
the convection center may be overwhelmed by the
high pressure anomaly created by the negative heat
source caused by the precipitation decrease. If this
is the case to our numerical results, we do not have
to change the framework of Gill, (1980) but cather
include the secondary negative heat source instead
of the single heat source over the warm SST area to
crudely understand the structure of the circulation
field.

The similar pressure responses can be observed
along the off-equatorial tropical latitudes. The sur-
face low pressure anomalies around 10 ~ 20° lati-
tudes end just in the western neighborhood of the
warm SST area; at around 165° for experiment A4
(Fig. 13a) and around 140 ° for experiment K4 (Fig.
19). To the west of those longitudes, the surface
pressure anomalies become high. In the upper tro-
posphere around +20° latitudes, the anticyclonic
circulations from the convection center do not ex-
tend far into the west. The cyclonic circulations
appear instead at around 165° for experiment A4
(Fig. 13a) and around 140 ° for experiment K4 (not
shown). Recalling that the geopotential peaks of
the fundamental mode of equatorial Rossby wave
appear at the latitudes of 1/3/2 times equatorial ra-
dius of deformation which is 1/3/2 % (1300-1600) km
for ¢ = 40 — 60 m/s, those off-equatorial tropical
circulation characteristics can be regarded as a su-
perposition of the long Rossby wave generated by
the convection center and that generated by the sec-
ondary negative heating caused by the precipitation
decrease to the west of the warm SST area.

Those features suggest that the gross character-
istics of the circulation fields seem to be consistent
with the expectation of equatorial wave response to
a thermal forcing (Gill, 1980) but with recalling the
existence of the secondary heat source. However, the
scenario needs more quantitative verification. In ex-
periment A4, the amount of western negative heat-
ing is only about a half of the positive heating of
the convection center (Table 3). In experiment K4,
it is even smaller. We are speculating that dissi-
pation processes reduce the amplitude of emitted
waves as traveling from the sources and hence, in
the neighborhood of the negative heating area, the
high pressure anomaly overwhelms the low pressure
signal from the east.

Most of the investigations with simple models
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on heating anomaly response problems presented
so far consider responses to a single one-signed
heating anomaly or realistic ones (Gill, 1980; Lim
and Chang, 1983; Lim and Chang, 1986; Gill and
Philips, 1986; Hendon, 1986). Ting and Held (1990)
performs GCM experiments with dipole tropical
SST anomaly, but, since they focus exclusively on
the extratropical responses, they present little infor-
mation on the tropics related to our problems. We
have to design new experiments in order to check
our speculations.

6.3 Formation of precipitation Change

So far, we have not shown how the increase and/or
decrease of precipitation establishes after placing the
warm SST area. What we have shown from our
experimental results is that the precipitation distri-
bution is consistent with the surface wind conver-
gence. We have described in Section 4 and Section
5 that the frictional convergence due to Kelvin wave-
like structure causes the precipitation increase to the
east of the warm SST area. However, we have used
the term ‘Kelvin wave’ only because the circulation
structures and the low level winds obtained by the
experiments resemble the characterisitics of equato-
rial Kelvin waves (Fig. 13 and Fig. 19); we have not
verified that the development of the equatorial low
pressure region to the east of the warm SST area
is an equatorial Kelvin wave response ejected from
the convection center. In the western part, we have
not described the frictional divergence by the use
of ‘Rossby wave’. The circulation structures of this
area seem to be complicated as discused in the pre-
vious subsection.

In the eastern region, it can be expected that,
at the start of the warm SST area experiments,
the positive temperature signal in the middle tropo-
sphere and the surface low pressure signal emitted
from the convection center formed as the intrusion
of the- warm SST area propagate eastward with the
speed of the equatorial Kelvin wave and cover the
entire tropics. Motivated by this expectation, we
examined time evolutions of tropospheric tempera-
ture and surface pressure at the equator just after
the start of the warm SST area experiments (not
shown here). Unfortunately, because of the abun-
dant existence of the background waves generated
by the natural convective activity in the tropics, the
clear identification of the signals emanating from
the warm SST area is difficult; the expected pic-
ture of the Kelvin wave propagation has not been
confirmed. In order to obtain explicit evidence on
this issue, one should perform ensemble experiments
starting from different initial conditions to eliminate
the background wave activities.

As for the dry and high pressure anomaly area to
the west of the convection center, we present a fol-
lowing scenario. The switching on of the warm SST
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area generates the long Rossby wave response to the
west associated with low pressure anomaly. The dif-
ference in the western Rossby wave response com-
pared to the eastern Kelvin wave response is that the
centers of the low pressure are located in the north-
ern and southern hemispheres; the equatorial pres-
sure anomaly is relatively high compared to other
latitudes. The resultant surface frictional wind in
the mixed layer is divergent at the equator; this wind
suppress as the water vapor convergence and moist
convection activity there. Consequently, the ther-
mal forcing in this area tends to be negative and en-
hances the surface high pressure anomaly there. In
order to check this scenario, we have to carry out en-
semble experiments as previously mentioned in the
argument of the eastern response, which remains an
issue of further investigations.

6.4 Wind responses and WISHE

~ According to Numaguti and Hayashi (1991b) and
Numaguti (1993), WISHE is shown to be crucially
important for the maintenance of MJO and ITCZ
in the aqua planet experiments. Interestingly, how-
ever, WISHE has proven to be unimportant for the
generation of the east—west asymmetric precipita-
tion pattern resulting from the warm SST area.

An interesting result which may be relevant to
the inefficiency of WISHE is that the surface wind
anomaly at the equator is confined to the neighbor-
hood of the warm SST area. As seen in Fig. 13c, the
amplitude of the equatorial surface wind anomaly
exceeds 1 m/s only in the region between the longi-
tudes of 150° and 200°. On the other hand, in the
lower troposphere above the level of o = 0.9, the
equatorial wind anomaly to the east of the warm
SST area extends uniformly to the distance. These
characteristics of the wind anomaly can be seen by
a close examination of Fig. 13b. '

We are expecting that the strong momentum
damping in the boundary layer is the probable rea-
son for the small amplitude of surface zonal wind
anomaly along the equator away from the warm SST
area. A disturbance can propagate only for a small
horizontal distance in the boundary layer because
of the large dissipation effect. However, in the tro-
posphere above the boundary layer, a disturbance
can propagate for a long distance. The tropospheric
disturbance above the boundary layer seems to have
little direct influence on the surface wind because
of large dissipation. The surface pressure, however,
can be influenced by the tropospheric disturbance
mentional previously, through the hydrostatic rela-
tionship. The resultant surface pressure disturbance
causes surface wind anomaly at the places where
the pressure gradient exists. The equatorial surface
wind response is expected to be very small because
of the small pressure gradient expected there.

The narrow extent of the surface wind response re-
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minds us of the arguments on the tropical low-level
wind distribution by Lindzen and Nigam (1987) and
Neelin (1988, 1989). They show that the large dis-
sipation rates should be implemented in the shal-
low water models to realize a realistic wind distri-
bution for a given realistic horizontal distribution of
heating (mass source) or SST gradient (momentum
source). However, their systems, which are basi-
cally one layer models, can not include the remote
influence through the wave propagation in the tro-
posphere above the boundary layer. We need more
quantitative discussion about the role of vertically
varying dissipation on the remote influence before
considering the consistency of our results with the
previous arguments.

In the problems of MJO (Numaguti and Hayashi,
1991b) and ITCZ (Numaguti, 1993), where WISHE
is important as a maintenance mechanism, the am-
plitudes of the related zonal wind anomalies are
large in the wide longitudinal area. In the MJO
of Numaguti and Hayashi (1991b), the surface wind
anomaly associated with MJO is about 1 m/s, while
the zonal mean value of the surface wind averaged
in the equatorial region between +10° latitudes is
about 3 m/s. In the ITCZ transition experiments
in Numaguti (1993), the Change from double to
single-ITCZ structure takes place when the wind
speed in evaluating evaporation is fixed to be 6 m/s,
while the wind speed is 3.5 m/s at the equator and
7.5 m/s in the subtropics under the double ITCZ
condition. Compared to those experiments, the sur-
face wind anomalies in the present warm SST area
experiments are considerably small. As seen in Fig.
13c, the low level zonal wind anomaly averaged in
the equatorial region between £10° latitudes is at
most 0.5 m/s, which is by an order of magnitude
smaller than the surface wind speed (about 6 m/s)
of experiment AQ averaged over the same latitudes.

The surface wind anomaly observed in our exper-
iments is small, while that of MJO in Numaguti and
Hayashi (1991b) is large. At the moment, we cannot
tell whether these two experiences are consistent to
each other or not. We now feel that responses to
steady and moving heat sources seem to have dif-
ferent features because of the effect of the boundary
layer. Thorough understanding of these points re-
quires properly designed, different sets of numerical
experiments, which are left for future works.
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