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1. INTRODUCTION

The relationship between the inhomogeneities of the
boundary conditions (e.g., SST) and the observed precip-
itation or circulation patterns is not necessarily straight-
forward because the amount of precipitation is affected
not only directly by the in situ surface boundary conditions
but also remotely by the circulations driven by the dis-
tant features (thermal and/or topographic forcing). With
this issue in mind, Hosaka et al. (1998, hereafter, re-
ferred to as H98) investigated possible precipitation pat-
terns over the entire tropical region with a simple “aqua
planet” setup. In order to clarify idealistic remote effects of
the active convection center on the distribution of precip-
itation over the entire tropical region, one localized warm
SST anomaly is placed at the equator on a zonally and
equatorially symmetric basic SST distribution.

Other than the convection center over the warm SST
area, the statistically steady response obtained by H98
is characterized with the east-west asymmetric remote
response. In an extensive region to the east of the
warm SST area, precipitation is enhanced and pressure
anomaly is negative. On the other hand, drying occurs
and pressure rises to the west. The appearance of the
high pressure anomaly to the west is particularly curious,
since, according to the simple linear longwave theory of
Gill (1980) or Heckley and Gill (1984), surface pressure
anomaly should be negative both to the east and to the
west of the convection center (heat source).

H98 presents a possible scenario for the appearance
of the east-west asymmetries of remote response based
on the equatorial wave dynamics and water vapor trans-
port in surface Ekman layer. An initial switch-on exper-
iment must be useful to verify the scenario. However,
the initial development of the response is severely con-
taminated by two types of noise, which are the grid point
moist convection event and eastward propagating moist
Kelvin wave related to Madden–Julian Oscillation (MJO;
Madden and Julian, 1972). H98 suggests that the en-
semble averaging of a set of runs starting from different
�
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1: The distribution of SST utilized in the experiment.
Contour interval in 2K, and unit is K.

initial conditions may be useful in extracting the evolution
of the response masked by those noises. Following this
suggestion, Toyoda et al. (1999) conducted a preliminary
ensemble experiment with the experimental set-up being
the same as that of H98, and concluded that the evolu-
tion of large scale features can be satisfactory extracted
by averaging 128 runs.

The present study extend the ensemble experiment
of Toyoda et al. (1999) and try to clarify the initial develop-
ment of the response field after the switch-on of the warm
SST anomaly. In particular, we try to verify the scenario
proposed by H98 of the evolution of the east-west asym-
metry caused by the convection center over the warm
SST area. These information on the temporal evolution
will be useful particularly when the practical application
is concerned, since the real SST distribution often varies
with the time scale which is not much longer than that of
the adjustment to the steady state response.

2. EXPERIMENTAL DESIGN

The model used here is the simple T42L16 moist GCM
used by H98. The ensemble experiment consists of 128
runs. Each run is integrated for 50 days, starting from a
different initial condition with a common SST distribution



(Fig.1), which is the same as that for case A4 of H98. The
peak value of the SST anomaly is 4K.

The initial conditions of the ensemble runs are sam-
pled from the time series of an experiment without SST
anomaly. In addition, a separate, long term integration
with the SST anomaly, which is basically the same ex-
periment as case A4 of H98, is performed for the sake
of comparison between the ensemble and temporal aver-
ages. Other details are described in Toyoda et al.(2002).

Toyoda et al. (1999) defines the ensemble mean
anomaly as the difference between an ensemble aver-
aged field obtained from the runs with SST anomaly and
the zonally and temporally averaged field of the run with-
out SST anomaly. In the present study, we examine an-
other definition of ensemble mean anomaly. Correspond-
ing to each SST anomaly run, we have the SST anomaly-
free run which started from the same initial condition as
that of the SST anomaly run. Using these time series, we
can calculate the difference between the ensemble aver-
aged field of the runs with SST anomaly and the ensem-
ble averaged field of the runs without SST anomaly. Here-
after, when we need to distinguish those two definition of
ensemble mean anomaly, the definition by Toyoda et al
(1999) is referred to as “ensemble mean anomaly from
zonal and temporal average”, while that defined above is
referred to as “ensemble mean anomaly from individual”.

3. EFFECTIVENESS OF ENSEMBLE AVERAGING IN
NOISE REDUCTION

Before examining the time evolution of ensemble aver-
age of the atmospheric response to the introduction of
the warm SST area, we briefly demonstrate the effective-
ness of the ensemble experiment. Fig.2 (a) and (b) show
the horizontal distributions of the precipitation anomaly
at day 50 obtained by a single run and that by the av-
erage of 128 runs, respectively. The response obtained
by a single run (Fig.2(a)) is characterized with a num-
ber of positive anomalies and zonally distributed negative
anomalies. The positive anomalies correspond to moist
convection activities associated with various transient dis-
turbances such as super clusters along the equator, trop-
ical cyclones along the ITCZs, and baroclinic waves in
the extratropics. The zonally distributed negative anoma-
lies are the reflections of the climatological precipitation
zones, i.e., ITCZs and mid-latitude baroclinic zones. In
all latitudinal bands, positive anomalies are so intense
that the signatures caused by the SST anomaly, includ-
ing the convection center itself, can be hardly recog-
nized. In the response obtained by the 128 ensemble
average (Fig.2(b))), the convection center appears quite
prominently as the positive anomaly above the warm SST
area. To the east of the convection center, positive pre-
cipitation anomaly prevails along the equator, while, to
the west of the convection center, negative anomaly is
evident. North-south symmetric mid-latitudes anoma-
lies, which are presumably associated with the station-
ary planetary wave packets emitted from the convection
center, can also be recognized.

(a)

(b)

(c)

2: Horizontal distribution of precipitation anomaly from
zonal and temporal average. (a) at day 50 of 1 run, (b) at
day 50 of 128 run mean, and (c) time mean of the long
term anomaly experiment. Unit is W/m

�
.

Fig.3 (a) and (b) compare the horizontal distributions
of the surface pressure anomalies at day 50 of the sin-
gle run and the 128 ensemble average, respectively. In
the result of the single run (Fig.3(a)), little signature of
the warm water-related features can be found as in the
case of precipitation. In the 128 ensemble mean anomaly
field (Fig.3(b)), on the other hand, low pressure area over
the warm SST area is quite evident. We can clearly ob-
serve an east-west asymmetric pressure response along
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3: Same as Fig.2 but for surface pressure anomaly. Unit
is hPa.

the equator. The locations of individual peaks of high
or low anomalies also differ between the ensemble and
the long time mean anomaly fields. There are two pos-
sible causes for those discrepancies. The first is that the
number of samples to be averaged is not large enough to
eliminate the noise in the extratropical latitudes, and the
second, which will be discussed again in the next section,
is that the integration duration of each run, 50 days, is not
long enough for the establishment of the global steady
response.

(a)

(b)

(c)

(d)

4: Time-longitudinal cross section of ensemble mean
anomalies from zonal and temporal average; (a) precip-
itation (W/m

�
) at the equator, (b) surface pressure (hPa)

at the equator, (c) same as (b) but the first few days are
enhanced, and (d) surface pressure (hPa) at 15

�
N.



4. DEVELOPMENT OF THE RESPONSE

Fig.4(a) and Fig.4(b) show the time evolutions of the en-
semble mean anomalies from zonal and temporal aver-
age of precipitation and pressure along the equator, re-
spectively. The response in the first few days is charac-
terized by pressure lowering on and near the area of SST
anomaly. This rapid pressure descend is caused by the
quick rises of temperature and mixing ratio within the sur-
face boundary layer (not shown here) driven by the sen-
sible and latent heat fluxes from the warm SST anomaly.
Increase of precipitation over the warm SST area imme-
diately follows the pressure decrease, although it takes
several days for the convection center to be fully estab-
lished.

Associated with the precipitation increase at the con-
vection center, a widespread pressure rise occurs almost
globally. Indeed, Fig.4(c) shows that the pressure rise be-
gins almost simultaneously all over the equatorial circum-
ference. The spread of the response at day 3 is shown
in Fig.5, where, except for the low pressure area around
the convection center and some signatures of mid latitude
Rossby waves, the pressure response is generally posi-
tive. Comparison between the surface pressure response
and the geopotential response around the tropopause
(not shown here) shows that the globally distributed sur-
face high pressure response is associated with the equiv-
alent barotropic vertical structure. This initial pressure
rise accounts for about a half of the amount of the high
pressure anomaly which appears to the west of the warm
SST area in the steady response of H98 and in Fig.3(c).

After this initial response in the first several days,
east-west asymmetric features begin to establish. The
response to the east of the SST anomaly has a first-
baroclinic warm Kelvin wave-like structure; the low pres-
sure anomaly is confined to the region between
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from the equator and extends eastward. The speed of
the eastward extension of the warm Kelvin wave like re-
sponse is around 20m/s, which is significantly slower than
the phase velocity of dry Kelvin wave of the same baro-

5: Surface pressure ensemble mean anomaly from indi-
vidual at day 3. Unit is hPa.

clinic structure ( � 40 m/s). This slowness implies that
the eastern front of the response can be regarded as
a “moist” Kelvin wave. In Fig.4(a) it can be recognized
that precipitation is suppressed at around the propagating
front, which implies that latent heating is positively corre-
lated with vertical velocity. The resulting reduced stability
effect (Gill, 1982) explains the slowness of the eastward
extension of the response.

The subsequent development, however, deviates
from the archetype of the moist Kelvin structure; the pre-
cipitation anomaly begins to rebound and becomes pos-
itive in a few days after the passage of the response
front. With this change of the signature of the precipitation
anomaly, the structure of response to the east of the SST
anomaly approaches that of H98, which is characterized
by a zone of negative pressure and positive precipitation
anomaly extending eastward along the equator.

To the west of the SST anomaly, the response in the
first several days has a warm Rossby wave characteris-
tics. Although there is no appreciable perturbation along
the equator (Fig.4(a)), the pressure perturbation along
15
�

latitude is negative (Fig.4(d)). The western front is
somewhat obscure compared to the eastern moist Kelvin
front, but it does propagate westward at the speed of
around 6m/s. At the front of the westward response pre-
cipitation is slightly suppressed by the downward flow. As
is the case with the eastern response front, we can say
that the front of the western response is a “moist” Rossby
wave. Although the propagation speeds of the fronts are
decreased because of the moist reduced gravity effect,
the ratio of the speeds of the western and eastern fronts
is still about 1:3, which is the ratio of the phase speed
Rossby wave to that of Kelvin wave predicted by shallow
water equatorial wave theory with long wave approxima-
tion (e.g., Matsuno, 1966; Gill 1980).

The precipitation response to the west of the SST
anomaly continues to decrease even after the passage of
the front. This contrasts to the behavior of precipitation to
the east of the SST anomaly, where precipitation rebound
occurs after the passage of the front. The mechanism of
the continuous decrease of precipitation will be examined
later.

Our result shows that the eastward propagation of
the moist Kelvin wave front is actually very coherent and
long lasting (Fig.4(a)); the moist Kelvin front can be traced
encircling the equatorial circumference almost twice. The
westward propagation of the moist Rossby wave front, on
the other hand, is considerably blurred, and, moreover,
pauses around day 15. It seems that the moist Rossby
wave extension stops simultaneously with the develop-
ment of the negative precipitation anomaly to the west
of the warm SST area. At around day 15, the precipi-
tation response over the entire tropics develops into the
east-west asymmetric distribution; precipitation decrease
to the west and increase to the east of the warm SST
anomaly along the equator as is reported in H98.

Although the pressure response also establishes to
be east-west asymmetric at around day 15, the absolute
value of pressure continues to change, since the zon-



6: Time-latitudinal cross section of zonally averaged en-
semble mean surface pressure anomalies from individ-
ual. Unit is hPa.

ally symmetric components of the response are still un-
der development. Fig.6 shows time evolution of the zon-
ally averaged surface pressure response. It indicates that
pressure in the lower latitudes continues to rise slowly
in the later half of the integration period. This tendency
of the further increase of equatorial pressure is also ex-
pected from the pressure difference between the ensem-
ble mean anomaly at day 50 (Fig.3(b)) and the time mean
anomaly (Fig.3(c)). It is probable that another half of the
amount of positive pressure anomaly appearing to the
west of the warm SST area found in the steady response
of H98 is accounted for by this slow mass redistribution
between tropical and extratropical latitudes.

5. CAUSES OF THE EAST-WEST ASYMMETRY OF
PRECIPITATION

Fig.7 shows the time evolution of the response to the east
of the warm SST area averaged zonally in a longitudinal
interval from 200 � to 267 � . In Fig.7(a), it is clearly rec-
ognized that the precipitation response at around day 5 is
negative, which corresponds to the arrival of the response
front as mentioned in the previous section. The rebound
of the precipitation anomaly occurs at around day 10, at
which time meridional flow in the mixed layer around the
latitudes of � 8 � converging toward the equator develops
(Fig.7(b)). The time sequence of the development shown
above proves that the increase of precipitation to the east
of the warm SST area is caused by the frictional inflow to-
ward the equator where the pressure trough of the moist
Kelvin wave develops.

Fig.8 shows the time evolution of the response to the
west of the warm SST area averaged zonally in a lon-
gitudinal interval from 129 � to 158 � . At around day 15
in Fig.8(a), the equatorial precipitation anomaly becomes
definitely negative. The decrease of precipitation is pre-
ceded by the anomalies of meridional flow in the mixed
layer along the latitudes of � 10 � diverging from the equa-
tor. The time sequence of the development shown above
proves that the decrease of precipitation to the west of
the warm SST area is caused by the frictional divergence

(a)

(b)

7: Time evolution of the ensemble mean anomaly from
zonal and temporal average to the east of the warm SST
area averaged zonally in the longitudinal interval from
200 � to 267 � ; (a) precipitation (W/m

�
), (b) southerly (m/s)

at the lowermost level ( �
	���
 ����� ). Plotted are for the first
20 days.

(a)

(b)

8: Same as Fig.7 but for the ensemble mean anomaly to
the west of the warm SST area averaged zonally in the
longitudinal interval from 129 � to 158 � .



of the surface flow from the equator to the longitudes
of
�

15
�

where the pressure trough of the moist Rossby
wave develops.

The characteristics of the structure of responses
to the east and to the west of the warm SST area
contrast sharply with respect to the signature of the
anomalies of precipitation and meridional low level di-
vergence. However, they are governed by the common
basic mechanism, i.e., the surface frictional flow diver-
gence/convergence.

6. DISCUSSIONS

Part of the development of the atmospheric response
clarified by the present ensemble experiment agrees with
the senario of H98. As is expected from the linear theory
of Gill(1980), warm Kelvin and warm Rossby wave-like
responses associated with the decrease of precipitation
develop initially. After several days, precipitation recov-
ers and is even intensified to the east of the warm SST
area. To the west of the warm SST area, on the other
hand, precipitation decreases monotonically. The east-
west asymmetry of the precipitation anomaly is caused
by the surface frictional divergence at the equator which
is negative (positive) in the Kelvin (Rossby) wave signal
emitted to the east (west) of the convection center as is
suggested by H98.

The aspects which we have not expected are that a
barotropic pressure response appears initially and a zon-
ally symmetric pressure response develops slowly. These
two responses explain a considerable amount of high
pressure anomaly which remains to the west of the warm
SST region in the steady state response.

Another point of importance, which is also a success
of ensemble average method, is that the propagation of
moist Kelvin wave is clearly identified and that the prop-
agation of the major part of the response occurs in the
form of moist Kelvin wave. The noteworthy point is that
information on the occurrence of some change extending
the full depth of troposphere at the equator tends to prop-
agate eastward not at the speed of dry Kelvin wave, but
at the speed of moist Kelvin wave.

The present study have at least two implications con-
cerning the real atmosphere. The first point is that the
time scale of the adjustment of the precipitation anomaly,
about 15 days, is fairly long compared to the time scale
of seasonal variability of the SST or the onset time of
ENSO. Second point is the significance of the barotropic
response. The existence of the signal associated with
barotropic modes in the real atmosphere has been re-
ported, for example, by Hamilton and Garcia (1986) or
Matthews and Madden (2000). It must be interesting to
examine the relationship between precipitation and global
pressure variation using observational data or results of
more realistic GCM experiments.
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