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ABSTRACT

A mathematical model of the atmosphere with a seasonal variation of insolation and sea surface tem-
peratures is integrated numerically with respect to time over three model years. The model has a global
computational domain and a realistic distribution of mountains. It contains a highly idealized parame-
terization of convection, i.e., dry and moist convective adjustment.

It is found that the model accurately simulates the seasonal variation of the location of the tropical
rainbelt as well as that of the flow field associated with it. Over the continental regions of the model,
the tropical rainbelt tends to form very close to the equator, whereas, in certain oceanic regions, it has
a tendency to form away from the equator. Based upon a comparison of these results with those of another
numerical experiment, it is concluded that this tendency is not due to an inherent characteristic of the
rainbelt of the model to avoid the equator in oceanic regions, but rather it is due to the equatorial belt
of low sea surface temperatures which is not favorable for the formation of a rainbelt. Over the sea, the
surface temperature distribution seems to be the primary factor in determining the location of the rainbelt
and accompanying tropical disturbances.

The primary source of kinetic energy of the disturbances in the model tropics is the conversion of eddy
available potential energy which is generated by the effects of moist convection. A secondary source is
the energy supplied from middle latitudes through pressure interaction. This effect has a significant
magnitude in the subtropics of the model. The belt of maximum eddy conversion moves from one summer
hemisphere to the other with respect to season in a manner similar to the tropical rainbelt. On the other
hand, the contribution of pressure interaction to the production of eddy kinetic energy is significant in
the winter hemisphere and thus supplements the contribution of eddy conversion. In general, the rate
of eddy conversion due to transient eddies is particularly large in areas of relatively warm sea surface
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temperatures, where the tropical rainbelt and its accompanying disturbances predominate.

1. Introduction

For the past two decades, many attempts have been
made to simulate the general circulation of the tropics
with mathematical models of the atmosphere. Using a
quasi-geostrophic, two-level general circulation model,
Phillips (1956) reproduced qualitatively a direct Hadley
cell in the tropics and an indirect Ferrel cell in middle
latitudes. Smagorinsky (1963) constructed a “primitive
equation” model which paved the way for the success-
ful simulation of the tropical general circulation. Mintz
(1965) constructed a model of the atmosphere with a
global computational domain and realistic topography.
Although he obtained a highly realistic distribution of
sea level pressure in middle latitudes, the horizontal
flow field in his model tropics is not very realistic.
Particularly, the intertropical convergence zone is
located too far away from the equator and the intensity
of the convergence is very weak.

The models mentioned so far do not explicitly incor-
porate the processes associated with the hydrologic
cycle, Parameterizing the effects of moist convection by

the so-called “moist convective adjustment,” Manabe
el al. (1965) constructed a hemispheric model with
moist processes which simulated the basic features of
the latitudinal distribution of precipitation, such as the
tropical rainbelt, the subtropical dry zones, and the
rainy belt in middle latitudes. They demonstrated that
the rainbelt in the model tropics resulted from many
centers of intense precipitation associated with synoptic-
scale disturbances, such as tropical cyclones and east-
erly waves, in agreement with the features of the actual
intertropical convergence zone (Manabe and Smagor-
insky, 1967). According to their analysis, these synoptic-
scale disturbances have a warm core in the upper tropo-
sphere and are maintained by the conversion of eddy
available potential energy generated by the heat of
condensation. Bates (1970) constructed a quasi-geostro-
phic general circulation model of the tropics in which
the east-west variation of variables is represented by a
truncated Fourier series. In his model, disturbances
with a wavelength of about 2000 km occupy the inter-
tropical convergence zone (ITCZ). These disturbances
have a warm core structure and a maximum amplitude



44 JOURNAL OF THE ATMOSPHERIC SCIENCES

in the lower troposphere. At the mature stage of de-
velopment of the ITCZ, the kinetic energy of the
disturbances is provided mainly by the direct conver-
sion of eddy available potential energy generated by
condensation, agreeing with the results of Manabe and
Smagorinsky (1967).

In Bates’ model, the ITCZ is located away from the
equator. Earlier, Charney (1966) concluded that the
ITCZ should not form over the equator based upon
his theoretical study on the growth rate of the ITCZ.
The conclusions of these studies differ from those of
Manabe (1969a). Using a three-dimensional model
with a limited longitudinal span and a coarse compu-
tational grid mesh, Manabe showed that the ITCZ
tends to form along the equator, unless it is surpressed
by an underlying belt of cold sea water [see Manabe
(1969b) and Bryan (1969)]. Similar numerical results
are obtained by Pike (1970) from a two-dimensional
model of the tropics with very good computational
resolution. The disagreements among the results de-
scribed above indicate a need for further study of this
subject.

The models of Manabe, Bates and Pike have limited
computational domains. An attempt to construct a
model with a global computational domain and real-
istic topography has been made by Manabe ef al. (1970).
Using the insolation at the top of the atmosphere and
the observed sea surface temperatures in January as
boundary conditions, their model simulates some of the
essential features of the January mean flow field and
rainfall distribution in the tropics. Kasahara and
Washington (1971) also performed a similar numerical
experiment and were able to simulate successfully some
of the zonal mean features of the water and heat
budgets in the model tropics.

According to Manabe et al. (1970), the kinetic energy
of not only the tropical cyclones but also that of very
long waves in the model tropics is essentially main-
tained against dissipation by the release of available
potential energy. This is in agreement with the results
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from the observational studies by Nitta (1970) as well
as from the earlier study by Manabe and Smagorinsky
(1967). [Also, see the theoretical studies of Yamasaki
(1969), Hayashi (1970) and Krishnamurti (1969)].
However, the energy supplied from middle latitudes
through pressure interaction also contributes signifi-
cantly to the production of eddy kinetic energy in their
model’s subtropics, agreeing with Mak’s (1969) theo-
retical study.

Encouraged by the success in simulating the climate
of January, we have attempted to numerically simulate
the seasonal variation of the general circulation of the
atmosphere. Despite the extreme simplifications adop-
ted for parameterizing the moist convective processes,
the basic features of the seasonal variation of the
general circulation in the tropics are successfully simu-
lated by the model. Therefore, it is decided to present a
detailed analysis of the model tropics. Special emphasis
of this study is placed not only upon the analysis of the
location of the ITCZ but also upon the examination
of the seasonal variation of the energetics of tropical
disturbances. For a detailed spectral analysis of the
transient disturbances appearing in this model, see
Hayashi (1973).

2. Brief description of the model

The global model used for this study is very similar
to the model described by Holloway and Manabe (1971)
except that it undergoes a seasonal variation. There-
fore, only a brief sketch of the model is given here. To
supplement the following description of the model, a
box diagram, which illustrates the major components
of the model and the interaction among these compo-
nents, is presented in Fig. 2.1.

The model incorporates the primitive equations of
motion in a spherical coordinate system. The numerical
problems associated with the treatment of mountains
are minimized by using the sigma coordinate system in
which pressure, normalized by surface pressure, is the
vertical coordinate (Phillips, 1957). In order to simulate
the effects of subgrid-scale mixing, a nonlinear viscosity
is added to the model as suggested by Smagorinsky
(1963). The finite-difference form of the dynamical
equations is similar to that proposed by Kurihara and
Holloway (1967). A global grid system is chosen such
that the horizontal grid size of approximately 250 km
is as uniform as possible. Fig. 2.2 shows a part of the
horizontal grid system. In the vertical direction, 11
finite-difference levels are chosen so that the model
can simulate the structure of the stratosphere as well
as that of the planetary boundary layer. The normal-
ized pressure and approximate height of these eleven
levels are given in Table 1.

The scheme for computing radiative heatingjand
cooling is identical with that described by Manabe
and Strickler (1964) and Manabe and Wetherald
(1967). It consists of two parts, i.e., solar radiation
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Fi6. 2.2. A polar stereographic projection of one-sixth of the global horizontal grid system
bounded by 1.2S and two meridians 120° apart. Grid points are represented by dots at the

centers of the grid boxes.

and longwave radiation. The solar radiation at the top
of the atmosphere is a function of latitude and season;
however, its diurnal variation is eliminated for the sake
of simplicity. The seasonal variation of insolation is
controlled by changes in both the declination of the
sun and its distance, which are functions of the date.
An annual mean observed distribution of clouds, which
varies with latitude and height, but not with longitude,
is used in the computation of radiative transfer. Three
atmospheric gases are also taken into consideration for
the computation of radiative transfer: water vapor,
ozone and carbon dioxide. The distribution of water
vapor is computed by a prognostic system described
later. An observed distribution of ozone, which varies
with season, latitude and height, is used for this com-
putation. The mixing ratio of carbon dioxide is assumed
to have a constant value of 0.456X10~? everywhere.
The surface temperature over land is determined by
the boundary condition that no heat be stored in the
ground, i.e., net fluxes of solar and terrestrial radiation
and the turbulent fluxes of sensible and latent heat

TaBLE 1. Values of vertical coordinate (s) and the corresponding
standard heights (approximate values) for each of the 11 vertical
finite difference levels.

Height (standard)

Level T (km)
1 0.010 30.93
2 0.038 22.21
3 0.065 18.79
4 0.110 15.45
5 0.190 11.98
6 0.315 8.67
7 0.500 5.44
8 0.685 3.06
9 0.835 1.49
10 0.940 0.52
1 0.990 0.08

all locally add to zero. Over the oceanic part of the
model, the seasonal variation of surface temperature is
prescribed. It is determined by interpolating in time
between four observed distributions of monthly mean
sea surface temperatures, i.e., means for February,
May, August and November. Data from the World
Atlas of Sea Surface Temperatures, which has been
recently revised by the Hydrographic Office (1964), are
used for this purpose.

The prognostic system of water vapor consists of the
contributions by the three-dimensional advection of
water vapor, evaporation from the earth’s surface,
vertical mixing of water vapor in the planetary bound-
ary layer, nonconvective condensation, and so-called
“moist convective adjustment.” In view of our lack of
knowledge of the interaction between small-scale con-
vection and the large-scale fields of momentum, tem-
perature and moisture, we adopted an extremely ideal-
ized scheme of parameterizing the moist convection.
This scheme, called moist convective adjustment, is
executed wherever supersaturation and a super moist-
adiabatic lapse rate exist. In the layer of moist con-
vective adjustment, it is assumed that free convection
is strong enough to make the equivalent potential
temperature and the relative humidity constant with
height.! In short, the moist convective process neutral-
izes the lapse rate, releases the heat of condensation,
and transfers heat upward. It creates a warm core in
the upper troposphere and a cold core in the lower

1Tt would have been possible to make the scheme of moist
convective adjustment more realistic by introducing a critical
relative humidity which is less than saturation. In this case,
it is assumed that the partial equivalent potential temperature
(corresponding to this new critical humidity) becomes constant
in a moist convective process. Accordingly, the critical lapse
rate falls somewhere between the dry and moist adiabatic
lapse rates.
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Fi16. 3.1. Latitude-height distributions of mean zonal wind (m sec™) in low latitudes: left half, 1-month mean
distributions in the model atmosphere in January and in July; right half, 3-month mean observed distributions

in the December-February and June—-August periods.

troposphere, thus producing an environment favorable
for the conversion of eddy available potential energy
as pointed out by Manabe and Smagorinsky (1967).
By neutralizing the lapse rate, the moist convective
adjustment prevents convective instability of the first
kind, which would result from an unstable stratifica-
tion and cause grid-scale convection in the model
atmosphere. Despite the many idealizations involved
in this scheme, it enables us to successfully simulate
some of the basic features of the tropical general circu-
lation (Manabe et al., 1970). For a more specific de-
scription of moist convective adjustment, see Manabe
et al. (1965).

The schemes for computing the hydrology of the
ground surface are similar to those described by Manabe
(1969a). The rates of the change of soil moisture and
snow depth are determined by the budget of water,
snow and heat at the ground surface.

The numerical time integration of the model is con-
tinued for a period of approximately 3.5 model years.

The initial conditions for this integration are the mean
state attained by the long-term integration of a global
model which had January insolation and sea surface
temperatures as imposed boundary conditions. The
first 1.5 model years is time-integrated on a grid with
low horizontal resolution (~500 km). A high resolution
(~250 km) grid is used for time integrating the final
2 model years. The results from the time integration
of the final 1.5 model years are analyzed for this study.
The various annual mean quantities, shown here, repre-
sent an average for the last model year. For the purpose
of computing the declination and distance of the sun,
this 3.5-year period is considered to begin in February
1962.

Examination of the annual march of various quan-
tities indicates that they do not repeat themselves
exactly in the same manner from one year to another.
It is not clear whether this interannual variation is due
to the transient behavior of the model originating from
the imbalance of initial conditions, or whether it is due
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to the natural variability in the model. Further exten-
sion of the period of time integration is required to
settle this question.

3. Zonal mean state of model atmosphere
a. Zonal wind

Latitude-height profiles of the mean zonal wind in
the model atmosphere, for the periods of January and
July, are shown in Fig. 3.1. For comparison, quarterly
mean observed distributions of zonal wind averaged
over a period of 7 years (Newell ef al., 1972) are added
to the same figure. In the model stratosphere, easterlies
prevail. This is in qualitative agreement with the fea-
tures of the actual atmosphere except that the easterlies
are much too strong. In the upper troposphere of the
model tropics, weak westerlies and weak easterlies
appear in January and July, respectively, whereas
easterly winds appear in both months in the actual
atmosphere. In both hemispheres the simulated in-

10 MB

LATITUDE

LATITUDE

JAN APR - JUL

LATITUDE

30°
w 15°
s .
g 0
3
15°
K102 .
JAN APR JuL ocT JAN APR JuL
MONTH

Fic. 3.2. Latitude-time distributions of zonal wind (m sec™?) at
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F1c. 3.3. Latitude-time distributions of zonal wind (m sec™)
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(Oort and Rasmusson, 1971). Note: last third of the figure is
a repetition of the first.

tensity of the subtropical jet does not agree perfectly
with that in the actual atmosphere; however, the gen-
eral distribution of isotachs is quite realistic.

The seasonal variation of the zonal wind at various
isobaric levels of the model tropics is shown in Fig. 3.2.
In the model stratosphere, the belt of maximum easterly
wind moves from low latitudes of the Northern Hemi-
sphere in August to low latitudes of the Southern
Hemisphere in February. Similar features in the sea-
sonal change are evident in the upper troposphere
(190-mb level) although the belt of maximum easterly
wind is located closer to the equator. In the lower
troposphere of the model, the annual migration of the
belt of maximum easterly wind moves in a manner
opposite to that of the upper troposphere, i.e., maxi-
mum easterlies tend to appear in the Southern Hemi-
sphere around July, and in the Northern Hemisphere
around January. In October and April, maxima in the
easterly wind coexist in both hemispheres separated by
a minimum at the equator. In general, at latitudes very
close to the equator, semiannual components are a very
significant part of the seasonal variation of the zonal
wind. The general features of the seasonal variation
of zonal wind in the model tropics are in excellent
qualitative agreement with those of the actual tropics,
shown in Fig. 3.3. The observed distributions by Oort
and Rasmusson (1971) are based upon data covering
the S-year period from May 1958 to April 1963.
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b. Meridional circulation

The seasonal variation of the meridional circulation
of the model tropics is illustrated in Fig. 3.4, which
shows the streamfunction of meridional circulation in
both the model and the actual atmospheres during four
seasons of the year. According to this figure, the inten-
sities of Hadley cells in both hemispheres of the model
undergo a marked variation. In January, the northern
cell practically occupies the entire model tropics and
the southern cell is very weak and small. On the other
hand, the former is very weak in July, and the latter
dominates the tropics. Around October and April when
the sun is located close to the equator, the intensities
of the two cells are comparable. Comparing the seasonal
variation of computed meridional circulation described
above with that of the zonal wind shown in Fig. 3.2,
one finds that intense easterly winds in the model
tropics predominate where the meridional flow tends
to be greatest. This relationship seems to be con-
sistent with the law of conservation of absolute angular
momentum. It is, however, necessary to examine the
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Fi6. 3.5. Annual mean streamfunctions (10 gm sec™) of the
meridional circulation: upper half, computed; lower half, ob-
served (Oort and Rasmusson, 1971),
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contribution of large-scale eddies to get a comprehen-
sive picture of the budget of angular momentum. For
further discussions of this subject, see Section 8.

The seasonal evolutions of the general features and
the intensities of the two Hadley cells in the model
tropics compare reasonably well with those in the actual
tropics as obtained by Oort and Rasmusson (1971).
There are, however, some systematic differences. The
heights of the centers of the Hadley cells of the model
are systematically lower than those in the actual
tropics. It is highly probable that this discrepancy
stems from the assumption of no subgrid-scale vertical
mixing in the free atmosphere of the model. According
to unpublished results from another numerical experi-
ment by Manabe, the more extensive the layer of
strong subgrid-scale vertical mixing, the higher the
centers of the Hadley cells.

Finally, the annual mean streamfunctions of merid-
ional circulation in the model tropics and in the actual
tropics are shown in Fig. 3.5. Again the height of the
center of the circulation is somewhat lower in the model
atmosphere. The intensities of the two Hadley cells of
the model are approximately 159, less than those of
the actual atmosphere. The interface between the two
Hadley cells in the model tropics is located slightly to
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third of the figure is a repetition of the first part.

the north of the equator near the surface in qualitative
agreement with the actual tropics.

c. Zonal mean temperature

The vertical distribution of the annual mean tem-
perature at the equator of the model is compared with
the corresponding distribution of the temperature of
the actual tropics in Fig. 3.6. According to this com-
parison, the essential features of the thermal structure
of the mean tropical atmosphere are successfully simu-
lated by the model.- For example, the equatorial tropo-
pause of the model has an annual mean temperature of
about —76C and its height is approximately 16 km.
In the troposphere of the model, the static stability is
super moist-adiabatic in the lower layers and sub
moist-adiabatic in the upper layers. These features of
the thermal structure of the model tropics are in ex-
cellent agreement with those of the actual tropics.
However, further examination of the results reveals
that the static stability is too stable in the upper
troposphere. It is probable that this discrepancy results
from the idealization involved in the process of con-
vective adjustment;

Fig. 3.7a shows the seasonal variation of temperature
deviation from the annual mean at the equator of the
model. According to this figure, temperatures undergo
a maximum seasonal variation in the lower stratosphere
Le.; around 30-100 mb. Temperature reaches its maxi-
mum in about August and its minimum during March.
These features of temperature variation in the model
atmosphere agree qualitatively with those of observed
temperature variation shown in Fig. 3.7b. The variation
of temperature described here has little resemblance to
the seasonal variation of insolation at the equator
shown in Fig. 3.8.2 This result indicates a strong dy-
namical control over temperature in the lower strato-
sphere (see Reed and Vleck, 1969). However, the tem-
perature variation at the 10-mb level of the model has
some resemblance to the variation of insolation, sug-
gesting an increase in the relative importance of the
effect of the absorption of solar radiation with increasing
altitude. The seasonal variations of temperature and
heat balance in the stratosphere of the model tropics
will be discussed further in a companion paper by
Manabe et al. (1974). Finally, it should be pointed out
that the amplitude of the seasonal variation in the
troposphere of the model is relatively small.

4. Precipitation

The horizontal distribution of the annual mean rate
of precipitation of the model is compared with the
observed distribution in Fig. 4.1. According to this
figure, the major center of intense rainfall of the model
occupies the western Pacific and Indian Oceans. A

APR L ocr JAN APR JuL

F16. 3.8. Seasonal variation of insolation (cal cm™ day™) at
the equator.

2The minimum in insolation at the December solstice is
greater than that at the June solstice because the sun is 3%
closer to the Earth then.
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F1e. 4.3. Latitude-time distributions in the eastern Pacific:
top, zonal mean rate of precipitation (cm day™); bottom, zonal
mean sea surface temperature (°K). The zonal means represent
an average over the longitudinal range from 90 to 150W.

secondary center is located in the general area of the
Amazon River basin. In the eastern Pacific of the
model, the northern branch of the tropical rainbelt is
located just north of the equator. The southern branch
originates from the central Pacific and extends towards
the southern end of South America. These features of
the simulated tropical rainbelt are in excellent agree-
" ment with those of the observed tropical rainbelt. If
one compares the patterns of annual mean rainfall of
the model with the distribution of the annual mean sea
surface temperature, also in Fig. 4.1, one finds excellent
correspondence between the two. For example, the area
of intense precipitation' in the western Pacific and
Indian Oceans of the model coincides very well with
an area of high sea surface temperatures. Furthermore,
the tropical rainbelt located in the eastern Pacific of
the model coincides with a belt of warm sea surface
temperatures parallel to the equator. This correspon-
dence suggests that the tropical rainbelt tends to be
located over regions of warm sea surface temperatures.

The distributions of the rate of precipitation of the
model averaged over four quarter-year periods are
given inJFigs. 4.2a~d. The tropical rainbelts over
Africa and South America of the model undergo a large
latitudinal translation from season to season. They are
furthest south in the December-February period and
furthest north in June-August. Over the oceans of the
model, the amplitude of the seasonal movement of the
rainbelt is less and seems to be strongly related to the
seasonal movement of the area of relatively warm sea
surface temperatures (see the top part of Figs. 4.2a~d).
For example, the area of intense precipitation in the
western Pacific of the model extends northward in
June-August and later retreats toward the equator
following closely a similar change in the area of maxi-
mum sea surface temperatures, In general, the above
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described simulated precipitation distributions for the
four seasons agree well with the observed precipitation
distributions which are shown in the bottom parts of

Figs. 4.2 a~d.

Satellite observations of cloud cover show the ten-
dency of the tropical rainbelt to form away from the
equator over tropical oceans. For example, Bjerknes
et al. (1969) show a satellite picture of the monthly
mean brightness in April and note the existence of two
bright belts on both sides of the equator in the eastern
Pacific. They suggest that the location of the ITCZ is
essentially controlled by the distribution of sea surface
temperatures and that the equatorial belt of cold sea
surface temperatures, which results from the upwelling
of water, prevents the ITCZ from forming at the
equator. On the other hand, Charney (1966) and Bates
(1970) suggest, on the basis of results from theoretical
as well as numerical studies, that the ITCZ has an
inherent tendency to avoid the equator. Therefore, it
is desirable to examine the results of this model experi-
ment in this respect. In Fig. 4.3, the latitude-time
distribution of the zonal mean rate of precipitation and
that of the zonal mean sea surface temperature in the
eastern Pacific of the model are contrasted with each
other. The zonal means are computed over the longi-
tudinal sector ranging from 90 to 150W. According to
this figure, the tropical rainbelt of the eastern Pacific

KATE of PRECIPITATION
LAND and SEA

LATITUDE

LATITUDE
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F1c. 4.4. Latitude-time distributions of the zonal mean rate
of precipitation of the model (cm day™): top, zonal mean over
both continents and oceans; middle, zonal mean over oceanic
regions; bottom, zonal mean over continental regions.
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in the model remains in the Northern Hemisphere
throughout the year with the warmer sea surface tem-
peratures. A secondary rainbelt forms just south of the
equator around April when a secondary maximum of sea
surface temperatures appears in the Southern Hemi-
sphere. The monthly charts of brightness, compiled by
Taylor and Winston (1968), indicate that the double
ITCZ of the eastern Pacific, as observed by satellites,
is most pronounced around April in qualitative agree-
ment with the features of the model atmosphere.

Fig. 4.3 indicates that the rate of rainfall at the
equator of the model is very small around October.
Again, this minimum corresponds well with the mini-
mum in sea surface temperatures, which becomes
notable around October due to intensified upwelling at
the equator. These results indicate the strong control
the sea surface temperatures exert upon the location
of the I'TCZ. Therefore, it is not possible to prove that
the double precipitation maxima are evidence of an
inherent tendency of the ITCZ to avoid the equator.
According to Fig. 4.4, which shows the seasonal varia-
tion of the zonal mean rate of precipitation averaged
over the continental and the oceanic regions separately,
the tropical rainbelt of the model has no tendency to
avoid the equator over the continents. Although pre-
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cipitation tends to be smallest as the rainbelt crosses
the equator over the oceanic regions, it is greatest
exactly at the equator over the continental regions
where an equatorial minimum of surface temperatures
does not exist. This result suggests that the tropical
rainbelt of the model does not necessarily have a ten-
dency to avoid the equator.

In order to explore this problem further, it is desirable
to carry out a numerical integration of the general
circulation model with and without the equatorial belt
of cold sea surface temperatures and to try to deter-
mine how various factors such as sea surface tempera-
ture and the Coriolis parameter control the location of
the ITCZ. Although such studies have not yet been
done, we found results from an earlier numerical experi-
ment useful in gaining some insight into this matter.

Recently, Holloway and Manabe (1971) performed a
numerical time integration of a model, which is very
similar to the present model, by assuming the field
distributions of insolation and sea surface temperatures
for January. The distribution of sea surface tempera-
ture adopted for this experiment was taken from the
old publication of the Hydrographic Office (1944).
Fig. 4.5 shows the horizontal distributions of precipita-
tion rates and sea surface temperatures of their model.
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This figure indicates that the distribution of sea surface
temperatures adopted for their study is quite different
from that of this study, particularly in the eastern
Pactfic. For example, their distribution does not reflect
the distinct equatorial belt of cold sea surface tempera-
tures, and the areas of maximum sea surface tempera-
ture are much less pronounced than in the present
version. In response to this distribution, the rainbelt of
the model forms directly on or very close to the equator.
This result seems to suggest that the tropical rainbelt
of the model has a inherent tendency to form at the
equator unless it is discouraged by relatively cold sea
surface temperatures at the equator. A similar tendency
was also noted in a numerical experiment by Manabe
(1969a).

In summary, the results described here do not agree
with those of Charney. (1966) and Bates (1970). Pike
(1971) pointed out that the ITCZ in the Bates model
should form away from the equator under any circum-
stances because of the assumption of no boundary
layer pumping of moisture at the equator (see also
Bates, 1971). In his theoretical study, Charney assumes
that the ITCZ is zonal and symmetric relative to the
equator. As is discussed toward the end of this section,
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the tropical rainbelt of the model consists of chains of
cells of intense precipitation. Therefore, further refine-
ment of these theoretical studies as well as further im-
provements in the computational resolution of the
model are required before settling this question.

In order to evaluate quantitatively the rate of pre-
cipitation of the model in relation to the observed rate
of precipitation, the annual mean rate of precipitation
of the model is shown in Fig. 4.6 as a function of latitude
and is compared with the distribution of the actual
precipitation rate estimated by Budyko (1956). The
agreement between the two distributions is reasonably
good except that the precipitation rate in the tropics is
overestimated by the model. However, the difference
between the observed and computed rates may not be
larger than the magnitude of the ambiguity in esti-
mating the rate of tropical rainfall. Fig. 4.7 shows the
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Fi1c. 4.8. Horizontal distribution of the 6-hr mean rate of precipitation on 14 July in the model. Contours: 0.1, 0.2, 0.5, 1.0, 2.0, 5.0,
10.0, 20.0 cm day™™.



JaNuary 1974 S.

OMPUTED

MANABE, D. G. HAHN AND J. L.

HOLLOWAY, ]JR. 59

TIME MEAN FLOW [ANNUAL)

" WIND SCALE: ~—— 20| M/ SEC
48 [ > S EsSS

48

0 30 60 90 120

F1c. 5.1. Annual mean vectors and streamlines near the earth’s surface (e=p/p+=0.99) of the model. The length of the vector is
proportional to the wind speed. The length of a 20 m sec™? vector is shown in the lower left-hand corner of the map.

latitudinal distributions of the rates of precipitation
over the continents and the oceans separately. Over the
oceanic regions, the rate of precipitation has a weak
local minimum at the equator owing to the contribution
from the oceanic region where sea surface temperature
bas a local minimum. Over the continental regions, it is
greatest directly on the equator.

The distributions of the rate of precipitation dis-
cussed so far represent averages taken over long periods
of time. In order to show how precipitation averaged
over a short period of time is distributed, a map of
6-hr mean precipitation rate is reproduced in Fig. 4.8.
This figure indicates that the tropical rainbelt is not a
quasi-two-dimensional belt of heavy rainfall but con-
sists of a chain of many cells of rainfall. This feature
of the tropical rainbelt was noted by Malkus (1962).
As pointed out in the introduction, Manabe and
Smagorinsky (1967), Manabe (1969) and Bates (1970)
obtained tropical rainbelts with similar cellular struc-
tures. It is probable that these synoptic-scale cells of
precipitation correspond to the cloud clusters which
are visible in satellite pictures of the tropics. In the
model tropics, these centers of precipitation are often
accompanied by synoptic-scale disturbances as already
shown by Manabe and Smagorinsky (1967) and Manabe
el al. (1970). For example, Hayashi (1973) found
transient disturbances with periods of 5 days and with
wavenumbers of about 10 in the narrow tropical rain-
belt located in the eastern Pacific of this model.

5. Streamlines
a. Lower troposphere

Surface streamlines computed from the model’s
annual mean wind field (at level 11 where p/p,=0.99)
are shown in Fig. 5.1. This map is characterized by the
divergence from the oceanic anticyclones in the sub-
tropics and the convergence into a narrow belt near
the equator, i.e., the intertropical convergence zone
(ITCZ). Over the eastern Pacific and the eastern

Atlantic, the ITCZ of the model is located several
degrees of latitude to the north of the equator, whereas
it is located very close to the equator over the western
Atlantic, part of the western Pacific, and over the
Indian Ocean. Over continental regions, the conver-
gence zones spread widely in the meridional direction,
which is probably related to a large seasonal variation
of temperature over land surfaces. In general, the
location of the ITCZ of the model coincides well with
the location of the tropical rainbelt, except over Africa,
where the ITCZ is located slightly to the north of the
tropical rainbelt.

- The seasonal variation of flow field near the earth’s
surface of the model is illustrated in Fig. 5.2, which
shows streamlines computed from one-month mean
wind fields for four months of the year. One of the
most striking features of these distributions is the in-
tense cross-equatorial, southerly wind over the Indian
Ocean and the western side of the Pacific in July. The
southerly wind accounts for most of the mass transport
by the cross-equatorial Hadley cell in July and supplies
large amounts of moisture to the monsoon rainbelt
over India and Indochina. In January, the direction of
surface flow is opposite in the northern Indian Ocean.
The northerly wind blowing out of the Siberian high
reaches the equator and forms the ITCZ slightly to the
south of the equator. The features of the surface flow
described above are in excellent agreement with those
in the actual atmosphere shown in Fig. 5.3.

In the western Pacific of the model, a pronounced
trough, oriented from southwest to northeast, develops
in July along the coast of the Eurasian continent.
According to Sadler,® such a trough does become es-
tablished in the actual atmosphere for periods of about
a week but does not appear in the monthly mean map.
This unrealistic feature reflects the excessive develop-
ment of tropical cyclones in the western Pacific of the
model.

3 Private communication.
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In the eastern Pacific of the model, the ITCZ is
located to the north of the equator throughout the
year. It is located furthest north around August and
September and furthest south around February and
March. The movement of the ITCZ described here
corresponds very well with that of the tropical rainbelt
of the model discussed in the preceding section. Over
the Atlantic, the ITCZ undergoes a similar movement
with respect to season. However, it approaches very
close to the equator around the January-April period
as a result of the lack of an equatorial belt of cold
water. Again, the seasonal movement of the ITCZ in
the eastern Pacific and the Atlantic of the model com-
pares well with that in the actual atmosphere (Fig. 5.3).

Over the continental regions of the model, the ITCZ
undergoes large seasonal movements and does not
always line up in the zonal direction. For example,
warm moist air over a wide area of the Atlantic Ocean
converges into the South American continent and forms
the ITCZ at various latitudes. As Fig. 5.2 indicates,
the ITCZ over South America extends to 25S in
January and shifts back to the equatorial region
around July. Over the African continent, one can also
see a wide latitudinal movement of convergence zones
with respect to season. Again, the convergence zone
reaches furthest south around January. In general, the
seasonal variation of the convergence zones over the
model continents corresponds well with that of the

tropical rainbelt discussed in the preceding section.
However, it is noteworthy that the location of the ITCZ
over western Africa does not agree exactly with that
of the tropical rainbelt. In more specific terms, the
ITCZ is always located to the north of the rainbelt.
The contrast between the northeasterly wind from the
Sahara with very low relative humidity and the humid
southwesterly wind (southwest monsoon) may explain
the reason for the different locations of the ITCZ and
the tropical rainbelt in western Africa.

b. Upper troposphere

The flow field in the upper troposphere of the model
tropics is quite different from that near the earth’s
surface. This is evident in Fig. 5.4, which includes the
annual mean streamlines at the 190-mb level. One of
the most outstanding features of the upper troposphere
flow are the pairs of anticyclonic vortices which straddle
the equator. For example, a pair of large anticyclonic
vortices is located over the western Pacific on both
sides of the equator. Over Central America, less distinct
but similar features are evident, i.e., streamlines with
anticyclonic curvecture lie on both sides of the equator.
To the east of these anticyclonic pairs, very intense
equatorial westerlies predominate over the eastern
Pacific and Atlantic Oceans. One can also identify
so-called mid-oceanic troughs on both sides of the
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equator in the eastern Pacific and the Atlantic. The
basic features of the upper tropospheric flow described
above seem to be consistent with the theories of
Matsuno (1966b) and Webster (1972) on the stationary
disturbances in the tropics. Using a simple barotropic
model, Matsuno demonstrated that mass sources and
sinks introduced alternatively along the equator can
create intense flows from the sources to the sink. His
theory also calls for pairs of anticyclonic vortices
straddling the equator near the mass sources and pairs
of cyclonic vortices near the mass sinks. According to
his analysis, the mass source or sink in his barotropic
model may be interpreted as a heat source or sink in
a three-dimensional model of the atmosphere. There-
fore, one can speculate that the two pairs of anti-
cyclonic vortices, the mid-oceanic troughs and the
equatorial westerlies, which appear in the upper tropo-
sphere of the model, result from the great amount of
heat released by condensation over the western Pacific
and Central America. Webster, who computed the
response of a flow field to stationary forcing, using
two-layer baroclinic models, demonstrated that equa-
torial heating and cooling does indeed produce a flow
field which resembles Matsuno’s solution. Furthermore,
he suggested that the westerly jet predominating in the
upper troposphere of the eastern Pacific may be re-
garded as a so-called “Walker circulation.” The dis-
tribution of the annual mean vertical motion in the
model tropics indicates that general upward motion
exists in the tropical part of the western Pacific and
general downward motion occurs in the eastern Pacific.
Furthermore, in the lower troposphere (i.e., the 835-mb
level) of the eastern Pacific, one can find an easterly jet
along the equator. These features are in excellent agree-
ment with the features of the Walker circulation as
described, for example, by Bjerknes (1969). A similar
circulation also exists over the Atlantic Ocean of the
model.

The streamline-map of the 190-mb level also indi-
cates that the mid-point of the line segment connecting
the centers of the pair of anticyclones in the western
Pacific is located slightly to the north of the equator.
Furthermore, cross-equatorial flow of significant in-
tensity can be seen in the central Pacific and in the
Atlantic. The deviation of flow pattern from symmetry
relative to the equator may result from nonsymmetry
in the heating function. By using his model computa-
tion, Webster demonstrated that non-symmetric heat-
ing can be responsible for a flow field which is not sym-
metric relative to the equator.

Examining the maps of streamlines at all finite-
difference levels, some of which are shown in Fig. 5.4,
one finds that the northern anticyclone of the western
Pacific pair discussed above is connected with the
anticyclone over the Aleutian Archipelago, which
appears in the streamline map for the 65-mb level. In
other words, the axis of this anticyclone tilts toward
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the northeast with increasing height. It is surprising to
the authors that the disturbance spans such a wide
range of latitude. :

The seasonal variation of streamlines in the upper
troposphere are shown in Fig. 5.5, which contains
maps of one-month mean streamlines at the 190-mb
level for four months of the model year. Throughout
the year, one can identify the pair of anticyclones
discussed above the western Pacific of the model.
However, the intensity of these anticyclones varies
with respect to season. Sometimes other pairs of anti-
cyclones are also identifiable over Africa and Central
America where centers of intense precipitation are
located.

One of the notable features of the upper tropospheric
flow is the cross-equatorial flow associated with these
anticyclone pairs. In January, southeasterly wind of
significant intensity crosses the equator over Africa,
the western Pacific, and South America and is respon-
sible for the net northward transport of mass across
the equator in the upper troposphere of the model (see
Fig. 3.4). In July, the general direction of the cross-
equatorial flow is reversed. A very intense north-
easterly wind predominates in the Eastern Hemisphere
and transports large quantities of mass from the
Northern to the Southern Hemisphere. Johnson (1969)
pointed out that these stationary flows transport angu-
lar momentum from the Northern to the Southern
Hemisphere in January and in the opposite direction
in July as a result of the correlation between the
zonal and the meridional components of the wind.
However, this transport is offset by the transport of
angular momentum effected by the net mass flow in
the opposite direction. This subject will be discussed
again in the section dealing with the budget of angular
momentum in the model tropics.

Fig. 5.5 indicates that the mid-oceanic troughs dis-
cussed earlier predominate during the summer season.
In the Northern Hemisphere, these troughs predominate
over the eastern Pacific and the mid Atlantic in July;
whereas in the Southern Hemisphere, oceanic troughs
intensify in January. As pointed out in the discussion
on the annual mean flow, the mid-oceanic troughs in
the Southern Hemisphere extend to the Northern Hemi-
sphere and are responsible for cross-equatorial flow over
the central Pacific.

The streamlines in the upper troposphere of the
model, which have been discussed in the preceding
paragraph, may be compared with the corresponding
flow field in the actual atmosphere shown in Fig. 5.6.
According to this comparison, various features of the
flow field in the upper troposphere of the model are in
excellent qualitative agreement with those of the
actual atmosphere. In January, three pairs of anti-
cyclones around the equator and an intense trough in
the South Pacific are evident in both observed and
computed flow fields. In July, a so-called easterly jet
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extending from the western Pacific to the mid-Atlantic, Further examination of the results, however, reveals
and troughs over both the Pacific and the Atlantic of significant discrepancies between the observed and the
the Northern Hemisphere are simulated by the model. computed flow fields. For example, the easterly jet
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mentioned above is located at too low a latitude by
several degrees. In addition, the anticyclonic vortex
extending zonally over the western Pacific, Africa and
Asia in July is situated too far south by about 10° It
extends too far into the western Pacific reflecting the
excessive development of tropical cyclones in the lower
troposphere of the model (see subsection 5a). The causes
of these discrepancies are yet to be identified.

6. Eddy kinetic energy

The annual mean distribution of eddy kinetic energy
in the model tropics is shown in the upper half of Fig.
6.1 as a function of latitude and height. According to
this figure, the eddy kinetic energy in the tropical part
of the model atmosphere is greatest in the upper
troposphere and decreases rapidly with height in the
stratosphere. In the troposphere, it decreases generally
with decreasing height except that a secondary maxi-
mum is evident in the tropics of the Northern Hemi-
sphere of the model. It seems to be significant that
eddy kinetic energy in the model tropics is not dis-
tributed symmetrically relative to the equator, ie., it
is larger in the Northern Hemisphere. Similar asym-
metry exists in the distribution of sea surface tempera-
tures, meridional circulation, and precipitation as
already pointed out in preceding sections. The distribu-
tion of eddy kinetic energy in the model tropics de-
scribed above may be compared with the distribution
in the actual tropics shown in the bottom half of Fig.

VoLume 31

6.1. This figure indicates that eddy kinetic energy in

* the actual tropics is at a maximum around the 200-mb

level agreeing with the features of the model distribu-
tion. However, the magnitude of the maximum is sig-
nificantly less than the eddy kinetic energy in the
upper troposphere of the model. The causes for these
discrepancies have not been identified.

The seasonal variation of eddy kinetic energy is
illustrated in Fig. 6.2, which shows the latitude-time
distributions of eddy kinetic energy at two isobaric
levels of the model. According to this figure, the belt
of maximum eddy kinetic energy in the lower tropo-
sphere of the model shifts from one hemisphere to
another with respect to season. It moves from about
10N in July to about 4S in January. Comparing Fig, 6.2
and the latitude-time distribution of precipitation rate
shown in Fig. 4.4, one finds that, in the model tropics,

_the seasonal movement of the maximum eddy kinetic

energy in the lower troposphere resembles very well
the movement of the rainbelt. However, the magnitude
of eddy kinetic energy in the tropical rainbelt does not
necessarily vary in proportion to the rate of precipita-
tion there. For example, eddy kinetic energy is at a
local maximum but is not particularly large in the
lower troposphere over_the model equator in March
and April when the precipitation rate is very great. On
the other hand, both eddy kinetic energy and precipita-
tion rate are very large at about 10N in July. Further
study is required to determine whether the preferred
latitude for the development of tropical disturbances
differs from that for the formation of the rainbelt in
the model tropics.
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MONTH

Fic. 6.3a. Latitude-time distribution of eddy kinetic energy
(1073 J cm™2 mb™1) at the 190-mb level of the model: top, station-
ary component; bottom, transient component.
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In the upper troposphere of the model tropics, eddy
kinetic energy varies in a different manner. It has a
semi-annual rather than an annual variation at the
equator. The area of maximum eddy kinetic energy is
centered about the equator and does not move from
one hemisphere to another. In other words, the seasonal
variation of eddy kinetic energy in the upper tropo-
sphere of the model tropics is more or less symmetric
relative to the equator and does not follow the seasonal
movement of the tropical rainbelt.

The eddy kinetic energy described above may be
divided into two components—the kinetic energy of the
stationary eddies and that of the transient eddies. Such
a subdivision is useful for providing insight into how
stationary are disturbances in the model tropics. In
this study, the kinetic energy of stationary disturbances
is defined by

A

- —
e e -t -t

R =3@—u Y40 —v ], (61)

and that of transient eddies is given by

A

¢

KE =3[ —) (o = )T

A

——— —t

—x

H[O—)—(—0 )}, (62)

where # and v are eastward and northward components

¢ A

of the wind, respectively, and () and () denote
the time mean (over a period of one month) and the
zonal mean, respectively. In rough terms, the stationary
eddies defined here have a time scale longer than one
month and include quasi-stationary disturbances such
as the monsoon flow. The transient eddies defined here
have a time scale shorter than one month and include
tropical disturbances such as mixed Rossby gravity
waves, equatorial Rossby waves and easterly waves, as
well as ultra-long waves extending from middle latitudes
(see Hayashi, 1973).

Fig. 6.3 shows how the kinetic energy of stationary
and transient disturbances in the model tropics varies
with respect to season. In the lower troposphere of the
model, the zones of maximum eddy kinetic energy of
both stationary and transient disturbances move from
one hemisphere to another in a manner similar to that
of the tropical rainbelt. In the upper troposphere of
the model, the kinetic energy of stationary eddies varies
by more than a factor of 2 from one season to another,
reflecting the seasonal variation of monsoon activity.
It is greatest around January and July when the cross-
equatorial monsoon flow is at a maximum. Cn the
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Fi1c. 6.3b. As in Fig. 6.3a except for the 835-mb level.

other hand, the kinetic energy of transient eddies in
the upper troposphere varies less with respect to season.
One can nevertheless detect a seasonal shift of a maxi-
mum from one hemisphere to another which resembles
the seasonal variation of eddy kinetic energy in the
lower troposphere of the model tropics.

The geographical distribution of transient distur-
bances in the lower troposphere of the model tropics is
illustrated in Fig. 6.4. The transient component of
eddy kinetic energy presented in this figure is given by*

Clu—2 )2+ (o—2)7].

Comparing this figure with the distributions of the rate
of precipitation shown in Fig. 4.2, one finds that the
areas of relatively large transient eddy kinetic energy in
the lower troposphere correspond very well with the
location of the tropical rainbelt. In January, a belt of
large transient eddy kinetic energy is located slightly
to the north of the equator in the Pacific Ocean. It also
branches from the central to the southeastern Pacific.
The position of this belt agrees well with the location of
the tropical rainbelt over the Pacific Ocean of the model.
In the western part of the Indian Ocean, the area of
large eddy kinetic energy is located around the island of
Madagascar, where the rate of precipitation is very
large in January. Similarly, in July one can find good
correspondence between the areas of large transient
eddy kinetic energy in the lower troposphere and the
locations of the tropical rainbelt. For example, areas

4This expression is inconsistent with Eq. (6.2). However, the
difference between the two transient kinetic energies is small.
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F16. 6.4. Horizontal distribution of kinetic energy (m? sec™?) of transient eddies at the 835-mb level of the model atmosphere: top,
January; bottom, July. Black area, >350; large dots, 20-50; small dots, continental areas,

of large transient eddy kinetic energy in the western
Pacific, the central Pacific and the Bay of Bengal
correspond well with the areas of intense precipitation.
It should be noted here that the regions of intense
transient disturbances, which are identified above,
approximately coincide with the areas of cyclogenesis
in the actual tropics (see, e.g., Gray, 1968). As pointed
out already, the rainbelt in the model tropics tends to
form in areas of relatively warm sea surface tempera-
tures. The results described here suggest that warm
sea surface temperatures stimulate not only precipita-
tion but also the development of transient disturbances
in the model atmosphere. The mechanism of such
stimulation will be discussed in the following section.

The horizontal distribution of eddy kinetic energy of

transient eddies in the upper troposphere of the model

tropics is shown in Fig. 6.5. According to this figure,
the correspondence between the areas of large eddy
kinetic energy and those of heavy precipitation is less
obvious in the upper troposphere than it is in the lower
troposphere. One can nevertheless identify some areas
of large eddy kinetic energy corresponding to areas of
maximum precipitation, i.e., the areas in the central
and the western Pacific (in the Southern Hemisphere)

in January and those in the western Pacific, Central
America, and the Bay of Bengal (in the Northern
Hemisphere) in July.

In summary, disturbances in the model tropics tend
to develop in certain geographical regions, i.e., oceanic
regions with relatively warm sea surface temperatures.
This tendency is particularly evident in the lower
troposphere.

7. Budget of eddy kinetic energy
a. Basic equations

In the preceding section, the distribution of -eddy
kinetic energy and its seasonal variation were de-
scribed. The subject of this section is the budget of
eddy kinetic energy in the model tropics. In preparation
for the discussion of the energy budget, it is desirable
to write down the basic equations.

The equation for zonal mean eddy kinetic energy on
an isobaric surface is

okg — ——) =) .
"5;‘=[—D(kn) +kz-kg)—V'-ve' +V.F 7], (7.1)
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Fi1G. 6.5. As in Tig. 6.4 except for the 190-mb level. Black 'area, >160; large dots, 80-60; small dots, continental areas.

where

kp=kr—kz, (7.2)
kp=3(u*+v%), (7.3).
' Y Y
kz=3[(u )?+(v )], (7.4)

—_— N\ 1 6 A 6 by

D() = —[cosf-v-( ) JH+—{w( ) ], (7.5)

a-cosf 96 ap

U \—————
(kz . kg>= <—>D(u’ . COSO)
cosf

¢ is time, a the radius of the earth, V the horizontal
wind vector, # and v the east and northward compo-
nents of the wind, w the vertical p-velocity, 6 latitude,
p pressure, ¢ geopotential height, and F the frictional

Y
force vector. The symbols ( ) and ( )’ indicate zonal
mean and its deviation. In the following discussion, the
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Fic. 7.1. Annual mean latitudinal distribution of the vertical
mass-weighted integral of various components of the budget of
eddy kinetic energy: solid line, eddy conversion; dashed line,
pressure integration; dotted line, nonlinear term; dot-dashed
line, dissipation.
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sum of the first two terms in the square brackets of
(7.1) will be called the nonlinear term, the third term

—_———\ .
(—=V'-v¢') the production term (of the eddy kinetic

SESE—Y
energy), and the fourth term (V/-F’)  the eddy dissipa-
tion term. The nonlinear term can be separated into
two terms: the first represents the flux convergence of

eddy energy —D(k E))\, and the second represents energy
transfer from zonal to eddy kinetic energy (kz kg).
The production term may also be divided into two
parts:

A A Y
—V.-v¢ =—uw'a’ —D@'), (7.7)
where a is specific volume, the first term represents the
conversion of eddy available potential energy to eddy
kinetic energy (the eddy conversion term), and the
second term represents the energy exchanged by the
eddy-component of pressure interaction (the eddy
pressure interaction term).

b. Annual mean

The annual mean distribution of the vertical mass-
weighted integrals of various components of the budget
of eddy kinetic energy are shown as a function of
latitude in Fig. 7.1, which clearly shows that the most
important source of eddy kinetic energy in the model
tropics is the conversion of eddy potential energy into
eddy kinetic energy. A secondary source is the energy
supplied to the tropics from middle latitudes through
eddy pressure interaction. The net effect of the non-
linear term is small and negative. It is noteworthy
that the contribution of eddy pressure interaction is
largest in the subtropics where the rate of eddy con-
version is relatively small. Fig. 7.1 also shows that the
distributions of these two effects tend to be correlated
negatively with each other in low as well as in high
latitudes. In other words, eddy pressure interaction
transports energy from the areas of high rates of eddy
conversion to areas of low eddy conversion. This ten-
dency becomes more evident when one examines the
seasonal variation of the energy budget described in
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the latter part of this section. The importance of eddy
conversion in maintaining the tropical disturbances is
emphasized by Manabe and Smagorinsky (1967),
Manabe et @l. (1970) and Nitta (1970). The positive
contribution of the effect of eddy pressure interaction
in maintaining the kinetic energy of the tropical dis-
turbances is discussed by Mak (1969) in a theoretical
study.

To examine how eddy kinetic energy is maintained
at various altitudes in the model tropics, latitude-
height distributions of eddy conversion and eddy pres-
sure interaction are given in Fig. 7.2. In addition,
latitude-height distributions of the upward and north-
ward components of energy flux through pressure inter-
action are shown in Fig. 7.3. In the tropics, eddy con-
version is at a maximum in the 200-500 mb layer from
where energy is exported both upward and downward
through eddy pressure interaction. The downward flux
is responsible for supplying energy to the planetary
boundary layer where dissipation of eddy kinetic energy
is very intense. The upward flux converges mainly
around the equatorial tropopause and in the lower

stratosphere and is responsible for maintaining eddy
kinetic energy there. The horizontal flux of energy
through pressure interaction is at a maximum in the
upper troposphere and transfers energy from middle
latitudes toward lower latitudes. It converges mainly
in the subtropics, as previously discussed. The effects
of positive eddy conversion together with the smaller
positive contribution of pressure interaction are re-
sponsible for the maximum eddy kinetic energy around
the 200-mb level of the model equator. These features
of the energetics in the model tropics are in qualitative
agreement with those of the actual tropics, as investi-
gated by Nitta (1970).

¢. Seasonal variation

The seasonal variations of eddy conversion and eddy
pressure interaction in the model atmosphere are given
in Fig. 7.4; it shows that the zonal mean rate of eddy
conversion is very large around 15N in July. In January,
it is maximum slightly to the south of the equator. In
general, the zone of maximum eddy conversion shifts
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Fic. 7.4. Latitude-time distributions of vertical mass-weighted
integrals: top, eddy conversion; bottom, eddy pressure inter-
action. Units are in J cm™2 day™. Values above 20 are darkly
shaded. Negative values are lightly shaded.

from one hemisphere to the other in a manner similar
to the movement of the rainbelt in the model tropics
(see Fig. 4.4). On the other hand, the contribution of
eddy pressure interaction tends to be at a maximum
and is very important in the subtropics of the winter
hemisphere where eddy conversion is small. It is mini-
mum (slightly negative) in the tropics of the summer
hemisphere where the rate of eddy conversion is maxi-
mum. In short, the effects of eddy conversion and that
of pressure interaction tend to supplement each other
in producing eddy kinetic energy in low latitudes. It
should be emphasized here that the contribution of
eddy pressure interaction is of major importance in the
subtropics of the winter hemisphere although its annual
mean value is relatively small. (Note that the seasonal
variation of this effect is very large.)

The latitude-time distribution of the horizontal

LATITUDE

MONTH

Fic. 7.5. Latitude-time distribution of the vertical mass-
weighted integral of the northward energy flux due to eddy
pressure interaction (sum of stationary and transient compo-
nents) in the model atmosphere. Units are in 10*® J day™.
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F1c. 7.6. Latitude-time distributions of vertical mass integrals
of eddy conversion (J cm™2 day™): top, stationary component;
bottom, transient component, Values above 20 are shaded.

component of the energy flux due to eddy pressure
interaction in the model atmosphere, given in Fig. 7.5,
shows that the energy flux from middle latitudes con-
verges the most in the subtropics of the winter hemi-
sphere and contributes to the production of eddy kinetic
energy there. This figure also indicates that in July
eddy pressure interaction is responsible for transporting
energy from the region of large eddy conversion around
15N toward the equator. In general, it tends to spread
the eddy kinetic energy created by the conversion of
eddy available potential energy over a wider area. In
Section 6, it is shown that in the lower troposphere of -
the model tropics, the latitude of maximum eddy
kinetic energy moves from one hemisphere to another
in a manner similar to the seasonal variation of eddy
conversion. On the other hand, the eddy kinetic energy
in the upper troposphere does not necessarily undergo
a similar variation. The results of the analysis described
here indicate that this difference is caused by the
effect of pressure interaction which predominates in
the upper troposphere of the model atmosphere.

Eddy conversion may be subdivided further into
stationary and transient components in the following
manner :

(Stationary conversion)

A

—A

- / (@ —o Yo —~a )dp (1.8)
0
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(Transient conversion)

i
3

>N

- f [@—a)—(@ —a ) Tla—a)—(aa ) 1p,

(7.9)

where P, is surface pressure.

In Fig. 7.6, these two components of eddy conversion
are shown as a function of latitude and time. This
figure indicates that the belt of maximum transient
eddy conversion shifts from one hemisphere to the
other with the passage of seasons in a manner similar
to the movement of the rainbelt in the model tropics.
On the other hand, the stationary eddy conversion does
not exhibit a similar variation with time. However, it
is large during the summer season in each hemisphere.

The pressure interaction term may also be similarly
subdivided into stationary and transient components.
Figs. 7.7 and 7.8 show the seasonal variation of the
northward flux of energy due to pressuré interaction
and that of the flux convergence, respectively. Accord-
ing to these figures, the stationary component of the
eddy pressure interaction is mainly responsible for the
energy flux from mid-latitudes to the subtropics of the
Northern Hemisphere, whereas the transient compo-
nent accounts for most of the energy flux into the
subtropics of the Southern Hemisphere. Manabe and
Terpstra (1974) attempted to identify the effects of
mountains based upon results from a set of numerical
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Fic. 7.7. Latitude-time distributions of the vertical mass-
weighted integrals of northward energy flux due to pressure
interaction (10'® J day™)): top, stationary component; bottom,
transient component. Negative (southward) areas are shaded.
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Fi6. 7.8. Latitude-time distributions of the vertical mass-
weighted integral of the rate of convergence of energy flux
through eddy pressure interaction (J cm™ day~): top, sta-
tionary component; bottom, transient component. Values above
10 are darkly shaded. Negative values are lightly shaded.

experiments. They suggest that major mountain ranges
enhance the stationary component of eddy conversion
in the Northern Hemisphere and are responsible for the
large southward flux of energy through stationary eddy
pressure interaction. In the Southern Hemisphere of
their model, transient components of both eddy con-
version and eddy pressure interaction prevail because
of the lack of large-scale mountain ranges in middle
latitudes. Therefore, it is probable that the difference
in topography between the two hemispheres is re-
sponsible for the difference in the distributions of
stationary and transient eddy pressure interaction
fluxes mentioned above.

In Section 6 it is shown that warm sea surface tem-
peratures tend to stimulate the development of the
tropical rainbelt and the accompanying disturbances
in the model tropics. We shall examine the geographical
distribution of the rate of conversion of eddy available
potential energy and discuss how the kinetic energy of
such disturbances is maintained.

Figs. 7.9 and 7.10 show horizontal distributions of the
transient and the stationary components of eddy con-
version for January and July. The transient component
of eddy conversion is defined by®

/ (w—0)a—a ) dp, (7.10)

® This expression is inconsistent with Eq. (7.7). However, the
difference between the two transient conversions is small,
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and the stationary component of eddy conversion by
LA’ :t_)\ PR— »
[ EE =,
0 . :

where w is the vertical p-velocity, o is specific volume,

(7.11)

— —\

() denotes a one-month mean, and () a zonal
mean. According to these figures, both transient and
stationary components of eddy conversion predominate
in the general areas of relatively warm sea surface
temperatures.

The reason why the conversion of eddy available
potential energy is encouraged in the areas of relatively
warm sea surface temperature is not obvious. However,
it is probable that general upward motion develops
in the area of warm sea surface temperatures and
creates a humid air mass which encourages moist con-
vective activities. As previously pointed out, one of
the important characteristics of the general circulation
model used for this study is the parameterization of the
macroscopic effects of moist convection by “convective
adjustment.” Manabe and Smagorinsky (1967) and

Manabe ef al. (1970) show how the synoptic-scale dis-
turbances develop in the tropics of this type of model.
They point out that the disturbances have a warm core
in the upper troposphere and a cold core in the lower
troposphere resulting from execution of the muoist
convective adjustment. The intense upward motion
in the warm core of the upper troposphere is responsible
for the release of eddy available potential energy gen-
erated by moist convective processes. It was shown that
warm sea surface temperatures tend to accelerate the
development of tropical disturbances by destroying the
cold core in the lower troposphere and raising the tem-
perature of the warm core in the upper troposphere.
These results account for the predominance of eddy
conversion in areas of warm sea surface temperatures.
Since quasi-stationary upward motion and moist con-
vection prevail in areas of large stationary eddy con-
version, they should encourage the transient component
of eddy conversion as well. This partly explains the
fact that the areas of large stationary eddy conversion
tend to coincide with those of large transient eddy
conversion. In summary, the results from both the
present integration and past studies using similar
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Fig. 7.10. As in Fig. 7.9 except for stationary component of eddy conversion.

models indicate that the enhancement of the conver-
sion of potential energy by warm sea surface tempera-
tures is very important factor in the development of
the tropical rainbelt and the accompanying disturbances
in the model tropics. -

8. Heat, water and momentum budgets
a. Heat balance (annual mean)

The components of the heat balance in the model
atmosphere are heating or cooling due to radiative
transfer, the effect of meridional circulation, large-scale
eddy processes, and convection and condensation. The
contribution of horizontal mixing by subgrid-scale
eddies is small. In this study, radiative transfer in-
cludes the effects of both solar and terrestrial radiation.
Convection and condensation represent the net effects
of moist convection and condensation as well as dry
convection and vertical mixing by subgrid-scale eddies.
In Fig. 8.1, the vertical distribution of these heat
balance components at the equator of the model are
compared with those of the subtropics. According to
this figure, the meridional circulation exerts a cooling
effect in the model tropics, but has a heating effect in
the model subtropics. This difference is caused by the

reversal of the sign of the vertical motion between the
upward and downward branches of the Hadley cell,
and is mainly counter-balanced by the difference in
the intensity of the moist convective heating between
the two regions. In the model tropics, the layer of
intense moist convective heating extends to the upper
troposphere, whereas in the model subtropics, the
heating decreases rapidly with increasing height. (It
is very large in the planetary boundary layer.) This is
because the moist convection in the model subtropics
is relatively shallow and does not penetrate as deeply
as the convection in the model tropics. _

The latitude-height distribution of the heating rate
due to convection and condensation is shown in Fig.
8.2, Again, this figure illustrates the maximum in
convective heating in the moist tropics and the mini-
mum in heating in the dry subtropics. The general
features of this distribution agree with those of the
actual atmosphere estimated by Newell ef al. (1972).
However, the level of maximum heating in the model
tropics (685-mb level) is located somewhat lower than
that in the actual tropics (500-mb level) as obtained
by Newell ef al. (1972) and Nitta (1972).

It should be noted that large-scale eddies tend to
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F1e. 8.1. Vertical distributions of annual mean heat balance components in the model
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increase the static stability of the model tropics by
cooling the lower troposphere and heating the upper
troposphere (see Fig. 8.1a). The results of our analysis
indicate that large-scale eddies transport heat upward®
in the model tropics and are partly responsible for this

6§ One can infer this from the latitude-height distribution of
the rate of conversion of eddy potential energy shown in Fig. 7.2.

stabilizing effect. According to the results of Hayashi
(1973), the mixed Rossby-gravity waves in the model
tropics are responsible for the horizontal convergence
of heat flux toward the equator’ and also contri-

70n the other hand, large-scale eddies are responsible for the
horizontal divergence of heat flux in the lower stratosphere of

the model.
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bute to the heating in the upper troposphere of the
model.

b. Waler balance (annual mean)

The factors which affect the budget of water vapor
in the model tropics are 1) dry and moist convection
(condensation) and evaporation, 2) meridional circula-
tion, and 3) large-scale eddies. The contribution of
horizontal mixing by subgrid-scale eddies is very small.
Fig. 8.3a presents the vertical distributions of these
components of the water balance at the equator of the
model; it shows that the planetary boundary layer of
the model tropics gains water vapor through the advec-
tion by meridional circulation and through evaporation
and convection, whereas it loses water vapor through
the transport by large-scale eddies. According to our
analysis, the positive contribution of meridional circu-
lation in Fig. 8.3a implies that the supply of water
vapor by the equatorward branch of the Hadley cell
exceeds the removal of moisture by the upward branch
of the cell. Fig. 8.3a also suggests that, in the planetary
boundary layer, the gain of water vapor due to the
evaporation from the earth’s surface overcomes the loss
due to the condensation and the export of moisture into
the mid-troposphere through convective adjustment.

The moisture, which is exported from the planetary
boundary layer by the meridional circulation, large-
scale eddies and convective adjustment, condenses in
the mid-troposphere of the model tropics, releasing its
heat of condensation. Fig. 8.4a illustrates the vertical
distributions of the rates of the upward transport of
moisture by the meridional circulation and by large-
scale eddies separately. This figure shows that the
upward transport by large-scale eddies is significantly
larger than that by the meridional circulation. In other
words, the hydrologic processes in the rainbelt of the
model tropics are enhanced markedly by the existence
of large-scale eddies.

Nitta (1970) and Yanai ef ¢l. (1973) estimated how
convection and condensation affect the water vapor
content in the actual atmosphere. Their estimates are
based upon the budget of water vapor in the polygons

which connect the observational network in the neigh-
borhood of the Marshall Islands. These estimates may
be compared® with the contribution of convection and
condensation shown in Fig. 8.3a. According to this
comparison, their values are generally larger than the
model values. This is reasonable because model values
represent the zonal mean over the entire longitudinal
span of the equator, whereas their values represent a
local area in the western Pacific where moist convec-
tion is particularly intense. Although the general fea-
tures of the vertical distributions in the model tropics
agree reasonably well with those of the actual atmo-
sphere, as estimated by Vanai ef al., there is one very
significant difference. The distribution obtained by
Yanai ef al. shows no source of moisture near the
earth’s surface. On the other hand, a very intense net
moisture source does exist in the planetary boundary
layer of the model tropics. One of the reasons for this
difference may be due to the difference in the scale of
the small-scale eddies considered. Since the size of the
polygons adopted in the studies of Nitta and Yanai
el al. are much larger than the grid size used for this
study, it is probable that their estimate of vertical
convective transport- includes the contribution of
synoptic-scale eddies which are explicitly treated by
the model. In fact, Murakami (1972) showed that the
frequency spectra of vertical velocity depends upon
the size of polygons chosen for analysis. Further studies
are required to identify the cause of this discrepancy.

One can also examine the water balance in the model
subtropics by use of Figs. 8.3b and 8.4b which show
the budgets and the vertical fluxes of water vapor at
29N. According to these figures, the upward flux of
water vapor by large-scale eddies in the model sub-
tropics is much less than that in the model tropics.
Furthermore, the meridional circulation transports
moisture downward. Therefore, the supply of moisture
from the planetary boundary layer into the mid-
troposphere is relatively small and the moist convec-

8 Divide the Q. value in Nitta’s paper by the latent heat
of evaporation and reverse the sign in order to compare his
results with our distribution.
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tive activities are weak in the model subtropics. In
short, very dry descending air seems to suppress the
large-scale eddy activity as well as the hydrologic
processes in the model subtropics.
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Tic. 8.4. Vertical distributions of the annual mean upward
flux of moisture due to the meridional circulation (solid lines)
and large-scale eddies (dashed lines) at the equator (A) and at
20N (B).

¢. Angular momentum balance

It has been pointed out by Tucker (1965), Kidson
el al. (1969) and others that large-scale eddies in the
upper troposphere transport angular momentum across
the equator from the winter to the summer hemisphere.
This feature is successfully reproduced by Manabe
et al. (1970) and Kasahara and Washington (1971) in
the time integrations of their global models of the
atmosphere, Similar features are evident in Fig. 8.5,
which shows the distributions of the transport of
angular momentum by stationary and transient corn-
ponents of large-scale eddies in the model atmosphere.
In this figure

Stationary transport=2wra cosf

X'/M—t 3 = )
o (v —v )(® —® ) dp, (8.1)
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Transient transport= 2wa cosf

r
12

x / (=)= =2 ) T@—F )~ (@ —& )Tdp,
(8.2)

where ® is absolute angular momentum defined by
®R=a cost(u—+a cos)

and Q is the angular velocity of the earth. This figure
indicates that the cross-equatorial transport of angular
momentum is accomplished by both stationary and
transient eddies. It is greatest in the upper troposphere
where the kinetic energy of tropical disturbances is at
a maximum. As shown in Section 5b, the quasi-sta-
tionary, cross-equatorial flow in the upper troposphere
of the model tropics is most intense in January and
July when the intense Hadley cell straddles the equa-
tor. In January, the S-shaped, cross-equatorial south-
erly wind predominates over Africa, the western
Pacific and South America, and is responsible for the
southward transport of angular momentum due to
stationary eddies, In July, an intense northeasterly

occupies most of Eastern Hemisphere and accounts for
the large northward transport of angular momentum
which is evident in Fig. 8.5. As pointed out by Dickinson
(1971), large-scale asymmetries in the release of latent
heat exist in the tropics, and these produce cross-
equatorial flow and are responsible for the eddy flux
of angular momentum across the equator. In Section
5b, it is shown that the asymmetric distribution of
latent heat release generates an asymmetric pair of
anticyclones around which the cross-equatorial flow
meanders with the result that angular momentum is
transported from one hemisphere to the other.

As Fig. 8.5 indicates, the transient eddies also trans-
port angular momentum across the equator in the
model atmosphere. Recently, Hayashi (1973) carried
out a detailed analysis of the structure of the transient
disturbances in the tropics of this model. According to
his analysis, large-scale equatorial Rossby waves with
a period of 10-20 days predominate in the upper
troposphere of the model tropics. In July, the waves
tilt from northeast to southwest and transport angular
momentum from the Southern Hemisphere to the
Northern Hemisphere. In short, his results indicate
that Rossby waves are partly responsible for the cross-
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equatorial transport of absolute angular momentum
by transient eddies mentioned above.

The budget of angular momentum in the upper
troposphere of the model tropics is essentially main-
tained by the balance between the effect of the meridio-
nal circulation and the effect of momentum transport
by large-scale eddies. The contribution of subgrid-scale
eddies is negligible as compared with these two effects.
Fig. 8.6 shows the latitude-time distributions of the
rates of change of angular momentum due to the advec-
tion of absolute angular momentum by meridional
circulation and due to the momentum transport by
large-scale eddies at the 190-mb level. It demonstrates
how well the effect of the meridional circulation is com-
pensated by that of large-scale eddies. The seasonal
variation of the relative angular momentum of the
zonal wind results from the small difference between
these two effects.

The budget of angular momentum in the lower tropo-
sphere is somewhat different from that in the upper
troposphere described above. The results of the present
analysis indicate that the budget is dominated by the
counteracting effects of the Coriolis force acting upon
the meridional flow and the Reynolds stress in the
planetary boundary layer. The seasonal variation of
the zonal wind in the lower troposphere (Fig. 3.2) is in
phase with that of the meridional circulation and is out
of phase with the effect of the frictional stress.

9. Summary and conclusions

The global model of the atmosphere discussed here
is capable of simulating major features of the seasonal
variation of the tropical rainbelt, Qver continental
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regions of the model, the rate of annual mean rainfall
tends to be greatest over the equator. This is not the
case over the eastern Pacific and the Atlantic Oceans.
According to the comparison between the distribution
of the rate of precipitation and that of sea surface
temperature in the model tropics, the tropical rain-
belts over the oceans tend to form in the areas of rela-
tively warm sea surface temperatures. Based upon re-
sults from earlier. numerical experiments as well as
those of the present experiment, we speculate that the
tendency for the tropical rainbelt to form away from
the equator in certain oceanic regions of the model has

" not resulted from inherent characteristics of the model

atmosphere, but is mainly caused by the belts of cold
sea surface temperatures located at the equator in the
model. In view of the very strong influence of sea sur-
face temperature upon the distribution of rainfall in
the model tropics, it would be very desirable to perform
a series of numerical experiments designed to determine
the relationship between the anomaly of sea surface
temperature and the distribution of precipitation rate
in the tropics. _

The long belt of heavy precipitation, which is con-
sidered to be one of the characteristic features of the
tropical rainbelt, emerges only when the rate of pre-
cipitation is averaged over sufficiently long periods of
time. The distribution of 6-hr rainfall in the model
tropics reveals a cellular rather than a zonal structure.
In other words, the tropical rainbelt of the model
consists of a chain of cells of heavy precipitation ac-
companying synoptic-scale disturbances. The charac-
teristic horizontal dimensions of these cells vary, but
they average about 1000 km in diameter. Some of
these cells may be identified with cloud clusters as
detected in satellite pictures.

In the lower troposphere of the model, the seasonal
variation of the location of the ITCZ and of the flow
field around it is highly realistic. For example, the
complete reversal of the direction of surface flow over
the northern Indian Ocean from January to July is
successfully reproduced by the model.

The model also simulates some of the observed
features of the flow field in the upper troposphere such
as:

1) The mid-oceanic troughs which intensify in
summer,

* 2) The easterly jet prevailing during the period of
the summer Indian Monsoon.

3) The anticyclonic pairs which straddle the equator
in the western Pacific and other regions.

4) The equatorial westerlies over the eastern Pacific
and the Atlantic (manifestations of the Walker
circulation in the Pacific and a similar circulation
in the South America-Atlantic region).

The eddy kinetic energy in the model tropics is at
a maximum around the 200-mb level in agreement with
features of the actual tropics. The analysis of the
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seasonal variation of eddy kinetic energy in the model
tropics indicates significant differences between the
upper and lower troposphere. In the upper troposphere
of the model, the eddy kinetic energy at the equator
is greatest around January and July. In the lower
troposphere, the zonal belt of maximum eddy kinetic
energy moves from one hemisphere to the other with
respect to season in approximately the same way as the
movement of the tropical rainbelt. The magnitude of
the eddy kinetic energy, however, does not necessarily
vary in proportion to the rate of rainfall. It is particu-
larily large at about 10N in July. Further study is
required to determine whether the development of
the tropical disturbances has latitudinal preference or
not.

In the lower troposphere of the model tropics, the
kinetic energy of the transient eddies is large over
certain oceanic regions where sea surface temperatures
are relatively high, particularly over the western
Pacific in the summer hemisphere. (In the upper tropo-
sphere, the correspondence between the two quantities
is less obvious but is discernible.) This result suggests
that the relatively warm sea surface temperatures tend
to encourage the development of tropical disturbances
in the model tropics. The areas of large kinetic energy
of transient eddies mentioned above coincide very well
with the areas of frequent formation of tropical cyclones
in the actual tropics.

The analysis of energetics of the disturbances in the
model tropics indicates that the primary source of eddy
kinetic energy is the conversion of eddy available po-
tential energy and the secondary source is the energy
supplied from middle latitudes through pressure inter-
action. The contribution of pressure interaction is
largest in the subtropics and affects significantly the
budget of eddy kinetic energy there.

The belt of large eddy conversion in the model
tropics moves between the two hemispheres with re-
spect to season in a manner similar to the tropical
rainbelt. It is located in the tropics of the summer
hemisphere. On the other hand, the contribution of
pressure interaction is largest in the subtropics of the
winter hemisphere and there it supplements the con-
tribution of eddy conversion which is relatively small
in that season.

The rate of eddy conversion in the model tropics is
particularly large in certain oceanic regions where
sea surface temperatures are relatively high, particu-
larly in the summer-hemispheric part of the western
Pacific. The warm sea surface temperatures increase
the supply of moisture in the lower troposphere, raise
the temperature of the warm anomaly in the upper
troposphere through the mechanism of the convective
adjustment, and thus encourage the release of available
potential energy.

The analysis of the budget of angular momentum in
the model tropics reveals that large-scale disturbances
transport angular momentum across the equator from
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the winter to the summer hemisphere. The change of
angular momentum due to this effect is compensated
by the change due to the advection of absolute angular
momentum by the meridional circulation. The small
difference between these two opposing contributions
accounts for the change of zonal wind in the upper
troposphere of the model tropics.

In the lower troposphere of the model tropics, the
effect of large-scale eddies on the budget of angular
momentum is relatively small. The contribution of
meridional circulation is almost compensated by the
exchange of angular momentum between the earth’s
surface and the atmosphere.

According to the analysis of heat budget, the heating
due to moist and dry convection is counter-balanced
by the cooling due to meridional circulation and radia-
tive transfer in the model tropics. It is shown that both
large-scale eddies and meridional circulation transport
latent heat upward and maintain moist convection in
the model tropics. Particularly, the former is found to
be very effective in transporting moisture from the
planetary boundary layer into the middle and upper
troposphere.

The heat balance in the model subtropics is main-
tained quite differently from the tropical budget de-
scribed above. In the subtropics, meridional circulation
has a warming effect because of the adiabatic heating of
descending air. Furthermore, moist convection pene-
trates much less in the subtropics than in the tropics.
The overall balance is maintained between the cooling
due to radiation and the heating due to meridional
circulation and dry and moist convection.

In general, the basic features of the general circula-
tion in the model tropics are very realistic despite the
extreme idealizations adopted in the formulation of the
parameterization of moist convection. There are, how-
ever, various systematic differences between the struc-
ture of the model atmosphere and that of the actual
atmosphere. For example, the intensity of the easterlies
in the stratosphere of the model tropics tends to be too
strong. The vertical distribution of static stability in
the troposphere of the model tropics is significantly
different from the observed distribution as described in
Section 3. The relative humidity in the lower tropo-
sphere of the model is systematically higher than the
observed humidity. Since the moist convective adjust-
ment strongly influences the distribution of static
stability and relative humidity, it is possible that im-
provement of the parameterization of moist convection
could rectify the last two of the difficulties mentioned
above.

Recently, Miyakoda ef al. (1973) attempted a nu-
merical prediction of the tropical circulation by use of
a model which is very similar to the one used for this
study. They observed a rapid deviation of the state of
the model atmosphere from the observed state during
the first day of the time integration. In other words, the
model atmosphere underwent a process of rapid adjust-
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ment from a realistic state to a state consistent with the
systematic bias of the model. Their experience indicates
that there is a significant difference between the be-
havior of the model and the actual atmosphere.

In the course of this study, we have noted other
shortcomings of the model. For example, the horizontal
distribution of vertical velocity reveals an irregular,
grid-scale pattern which is not sufficiently resolved
by the finite-difference representation of the model.
Furthermore, it was necessary to suppress the excessive
growth of inertial gravity waves by the periodic appli-
cation of the so-called “Euler backward scheme” pro-
posed by Matsuno (1966a) during the course of the
numerical time integration of the model (Holloway
and Manabe, 1971). These difficulties partly stem from
the abrupt execution of the convective adjustment in
response to the fulfillment of the conditions for moist
convection. The various difficulties described above
underscore the necessity for further improvement in
the parameterization of moist convection, as well as
in other components of the model, for the better simu-
lation of the tropical circulation.
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