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ABSTRACT

A two-week prediction was made, applying a general circulation mode}l on Kurihara’s global grid to an
observed data set. The maps for the basic meteorological elements at 10 vertical levels for 5 days in
March 1965 were analyzed manually with the aid of nephanalysis charts. This report discusses the forecast
results selectively for the tropical areas only. The predicted wind, temperature, and precipitation were
compared, whenever possible, with the observed data including satellite cloud pictures. The main objective
was to attempt a tropical forecast for a case study, and to obtain a crude idea, based on one sample,
about the feasibility of predicting tropical weather systems. Some capability in the prediction of the
tropical atmosphere is evident for about 3 days, in particular for the upper troposphere, but the predic-
tion needs considerable improvement for the lower troposphere as well as for the stratosphere.

1. Introduction

The specific questions asked here are: whether
tropical disturbances behave systematically or errat-
ically; to what extent the disturbances are predictable;
and whether the cloud ‘“clusters” can be predicted
deterministically or can only be calculated statistically.
To investigate these points or at least to make some
approach to these questions, we started to collect
meteorological data on a global scale in 1965. The
period of the data is March 1965, during which the
TIROS IX satellite provided the first daily world-
wide cloud mosaics. Meanwhile, in our laboratory, an
effort was going on to construct a numerical model
of the general circulation with Kurihara’s global grid.
This model had just reached its first usable stage
(Manabe et al., 1970; Holloway and Manabe, 1971;
Miyakoda, Moyer, et al., 1971). With these two
products a global prediction with real initial data was
conducted for a two-week period. This paper discusses
only the tropical portion of the experiment.

2, The model

The basic equations and the physics used in the
mode] are nearly the same as those in Smagorinsky
et al. (1965) and Manabe et al. (1965). Some modifica-

t'The preliminary report of the paper was presented at the
meeting of the American Meteorological Society in New York,
11 January 1969, under the title “Prediction of the Tropical
Weather with a Nine-Level Global Model.”

2 Department of Meteorology, University of Hawaii, Honoluluy,
Hawaii 96822.

tions of the physics used are described by Miyakoda,
Smagorinsky, et al. (1969). The global grid was origi-
nally designed by Kurihara (1965) with the idea of
having a homogeneous distribution of gridpoints on
the sphere. The particular model used here, however,
is based on the later version of the Kurihara grid
and the finite difference formulation of the equations
(Kurihara and Holloway, 1967).

a. Outline

The general characteristics of the model follow:
It employs 9 vertical levels (at approximately the 9-,
74-, 189-, 336-, 500-, 664-, 811-, 926-, and 991-mb
levels), and makes use of the primitive equations.
It is global in extent, with the Kurihara grid, and the
horizontal resolution is N =48, which means that there
are 48 gridpoints between a pole and the equator—
i.e., the grid size is 220 km in the meridional direction,
but is somewhat inhomogeneous in the zonal direction;
and there are 9216 gridpoints per level (=4-N?%). Tt
uses the finite difference scheme which guarantees the
so-called “kinetic energy conservation” for an appro-
priate condition. Water vapor is included, as are
radiation, orography, and land-sea contrast.

The condensation criterion is 809, relative humidity.
The coefficient for nonlinear viscosity is 0.25. The
sun’s declination is fixed for mid-March. The cloud
coverage used for the radiation computation is a func-
tion of height and latitude only. The cloud distribu-
tion in the Southern Hemisphere was assumed to be
equal to the values for autumn in the Northern Hemi-
sphere. Water vapor and ozone as absorbers of radiant
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energy are also functions of height and latitude, carbon
dioxide is a function of height only, and all absorbers
are constant with time. Sea surface temperature is
supposedly a very important component for the tropi-
cal circulation, and in this case it is given by the
March normal prepared by the U. S. Navy Hydro-
graphic Office. The ground surface temperature is
determined by the heat budget at the surface under
the assumption that soil has no heat capacity. The
availability of water vapor over sea is 1.0, and that
over land is specified as a function of the geographical
location, which is based on the climatological values
of rainfall. The difference in thermal properties between
the land-ice and sea-ice surfaces is taken into con-
sideration. For March, the surface temperatures over
sea-ice are set to —29.1C for the Northern Hemisphere
and —4.7C for the Southern Hemisphere. The surface
drag coefficient over both land and sea is assumed to
be 0.002.

It may be useful to note that the following effects
were not taken into account: the diurnal and seasonal
variations of insolation, the time and space change
of albedo due to the deposit of new snow, the response
from the ocean, and time and longitudinal variations
of cloud cover.

In the following, somewhat detailed descriptions are
given of the most important processes in the model
related to our tropical problem.

b. Boundary layer process

The turbulent transfer in the surface boundary layer
is treated in a simple way. The mixing length is as-
sumed to increase linearly with height from the surface
up to the lowest level in the model (level 9, i.e., about
091 mb). Vertical diffusion above level 9 is applied
only to momentum so that the mixing length decreases
gradually from level 9 to about 700 mb. The eddy
coefficient does not include the effect of vertical strati-
fication. No special assumption was made for the
Ekman layer representation at the equator.

c. Ensembled small-scale convections

The small-scale convective transfer process, designed
by Manabe, is called the “moist convective adjust-
ment” (Manabe e al., 1965). The temperature is
instantaneously adjusted to the moist adiabatic lapse
rate whenever supersaturation occurs and at the same
time the lapse rate tends to exceed the moist adiabatic.
The .vertical profile of the new temperature is de-
termined in such a way that total energy in the at-
mospheric column is conserved. The criterion for
saturation of humidity was taken in this study to be
809, relative humidity.

It is one of our purposes to investigate the per-
formance of this parameterization scheme by applying
it to real data in the tropics. However, a preliminary
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appraisal of this scheme has aiready been presented.
The most important characterstic of this method is
the simplicity of the assumption, the concept, and its
practical treatment; and yet this method contains
some essential features of the mechanism. Undoubtedly,
it provides at least the first approximation of the
ensemble effect of cumulus convection. As will be
seen later, and also in other articles (e.g., Manabe
el al., 1974), there is a body oi evidence which tends
to show that the performance is not bad.

On the other hand, several shortcomings have also
been mentioned:

1) In this method, the subgrid scale convection is
assumed to start only if the humidity reaches satura-
tion, whereas in reality the activity seems to occur
almost irrespective of the macroscale humidity value.

2) In the lower troposphere of the tropics the tem-
perature profile is often super-moist adiabatic, whereas
this method forces the temperature to the moist
adiabatic lapse rate in the adjustment process (Krish-
namurti and Moxim, 1971).

3) A strong “shock” (geostrophic imbalance) is
generated due to a large and sudden change in tem-
perature and moisture (Gadd and Keers, 1970; Miya-
koda, Strickler, ef al., 1971).

4) In this method all the detailed physical processes
are bypassed, and accordingly it is not convenient
to make future improvements. For example, the in-
corporation of momentum transfer in the vertical
(advocated by Gray, 1968) is difficult.

d. Remarks on the truncation error

A large truncation error in the Kurihara-grid finite
differencing has been pointed out by several authors
(see Miyakoda, Moyer, et al., 1971). The present
study also has experienced this computational prob-
lem. So far as the tropics are concerned, however, the
numerical distortion in the solutions is supposedly
and hopefully not so enormous. It is noted that after
this project was finished the global gridding was
modified so that the gridpoints are increased in the
zonal direction, but this revised version was not in-
cluded here.

3. Data, analysis, and initialization
a. Data

- Wind, temperature, geopotential height, and mois-
ture data for 10 mandatory levels together with ship
and aircraft reports (see Sadler, 1965) were gathered
by special request from at least 15 regional data
centers with emphasis on the tropics. This arrange-
ment was absolutely necessary to recover the. vast
amount of missing data in routine communication.
The period for the data set is 5 days commencing at
00 GMT 1 March 1965. The cloud pictures televised
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from the TIROS IX satellite were utilized in the
analyses. Usability of the radiometer data from the
TIROS VII satellite for the determination of the
stratospheric temperature was examined, but it ap-
peared that the data deterioration for that period was
too large. The moisture analysis was mainly deter-
mined from the satellite observed cloudiness.

b. Analysis

The data were plotted on Mercator projection maps
at 24-hr intervals. The off-time data were used over
data-sparse regions and for time continuity. Analysis
was performed subjectively for the streamlines, iso-
tachs, temperature, humidity, surface pressure, and
height of constant pressure surfaces for the belt be-
tween 40N and 40S. These were meshed with the
Northern and Southern Hemisphere analyses to obtain
a consistent tropical boundary at 30N and 308S.

Fig. 1 is the streamline analyses for the 200-mb,
700-mb, and surface levels at the initial time, i.e.,
00 GMT 1 March. In the maps, the anticyclones
are denoted by an 4, and the cyclones by a C. When
a vortex is located just at the equator, it is labeled E.
In the Southern Hemisphere the summer monsoon is
very strong over the Indian Ocean and western Pa-
cific. The circulation is more typical of mid-February
than March. The low-level westerlies extend from
Africa eastward to 180° with an observed speed at
850 mb (not shown) of 35 kt at both Diego Garcia
(7S, T2E) and Djakarta. These westerlies are also
abnormally deep as indicated by the 500-mb observa-
tions of 35 kt and 30 kt at Diego Garcia and Darwin,
Australia, respectively. Two tropical cyclones of hur-
ricane intensity had developed earlier in the monsoon
{rough over the south Indian Ocean and on the 1st of
March are recurving poleward. Hurricane Dolly is
located just west of Australia and hurricane Gay
near 75E. Hurricane Gay crossed the 70E meridian
and was renamed Olive on the 2nd of March. The
eastern end of the monsoon trough has the typical
orientation from New Guinea southeastward across
180° near 30S. Numerous cyclonic vortices, other than
the two hurricanes, existed in the monsoon trough;
however, none was of sufficient intensity to maintain
a definite time and space continuity for the S5-day
period.

The Southern Hemisphere tropical upper tropospheric
trough (TUTT) at 200 mb is near its normal position
(Sadler, 1972) extending southeastward from the
equator at 170W. The trough is rather intense as
indicated by the associated low-level cyclonic sys-
tems. During the 5 days a family of surface vortices
was initiated in the longitude of 150W-120W. The
satellite data would support at least a tropical storm
intensity for one of the systems on the 3rd of March
and the nearest surface observation had a speed
of 35 kt.
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In the Northern Hemisphere the low-level “buffer
system” (a counter-clockwise turning wind system
between the monsoon westerlies of the Southern
Hemisphere and the tropical easterlies of the Northern
Hemisphere; see Sadler and Harris, 1970) lies north
of the equator as a trough in the western Pacific.
A tropical depression in the eastern end of the trough
near 4N and 145E, on the 1st, drifted westnorthwest
to 8N and 130E by the 5th. The major mid-latitude
interactions with the tropics were a modecrate north-
east monsoon surge into the South China Sea and
western Pacific on 4 and 5 March and a deep upper
trough in the westerlies with a cut-off low just east
of the Hawaiian Islands.

It is noted that Krishnamurti (1969), in his pre-
diction experiment, used the initial condition for the
same day, i.e. 1 March 1965, but for 12 GMT (our
case is for 00 GMT). Although the domain of his
maps is smaller, his analysis can be compared with
ours. There are quite a few differences.

The maps were then digitized with a graphic data
digitizer, which gives the values of any scalar or
vector, at 181X31 gridpoints, 2° interval (valid on
the equator), on the 30N-30S Mercator map. The 2°
grid spacing was adopted without profound considera-
tion, but as will be mentioned later, this resolution
happens to be adequate for the representation of
streamlines at the 700-mb level; 4° resolution is not
satisfactory. There is another aspect. Hayden (1970)
found that the predominant width of “cloud clusters”
is 275 km in winter and 450 km in summer, and based
on this, suggested that the grid size in the tropics
should be equal to or less than 2°. The grid we are
discussing, of course, is not the “computational grid”
used in a prediction model, but the “data grid” used
for the map representation of the weather system,
though in our particular case both grid resolutions
happen to be the same.

Persistence, i.e., day-to-day continuity, and internal
consistency checks of the analyzed maps were per-
formed—i.e., the streamlines against the cloud pic-
tures, consistency checks of the wind fields and geo-
potential height fields by solving the balance equation
from wind to geopotential (Miyakoda, 1960), and
hydrostatic consistency between temperature and
thickness (see Bedient and Vederman, 1964, for an
example of objective tropical analysis).

The data outside the tropical area were taken from
three sources. The Northern Hemispheric troposphere
was taken from the objective analysis of the National
Meteorological Center, Suitland, Md. The stratospheric
maps for the Northern Hemisphere, of geopotential
height and temperature, were taken from the published
analysis of Berlin Freien Universitiit. The Southern
hemispheric troposphere and stratosphere were ana-
lyzed subjectively by Clarke (Clarke and Strickler,
1972). These maps of different sources were assembled
with a degree of compromise at the boundaries.
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¢. Initialization

The conventional method of initialization was em-
ployed to adjust the data for the prediction computa-~
tion, not because this old method is satisfactory, but
because a more advanced method was not available
at that time (for example, the ‘“4-dimensional”
analysis).

For the areas poleward from 15N and 155, the
conventional process was applied for the Northern
and Southern Hemispheres, respectively; that is, the
balance equation and the w-equation were used to derive
the rotational and the divergent components of wind
from the geopotential height. On the other hand, in
the tropical region, the analyzed wind was used
directly. So the divergent component was automati-
cally included in the tropics at least in principle,
regardless of its reliability. The temperature field was
compared and made essentially consistent with the
geopotential and, accordingly, the wind field was
checked for geostrophic balance and hydrostatic bal-
ance. The data thus processed for the middle and
high latitudes and for the tropical belts were smoothly
connected at around the 30N and 30S latitude circles.

Using these initial conditions, a marching calcula-
tion of the prediction was carried out with Matsuno’s
Euler-backward time differencing technique (Matsuno,
1966) for the first half day. The tropics present unique
and formidable problems in initialization: one factor
is the large amount of condensation heat as well as
the associated tropical disturbances; the second factor
is the weak control on motions due to the Jack of
the earth’s rotational effect in the equatorial region;
and the third factor is the presence of medium scale
intense motion systems such as hurricanes. These
factors make the initialization extremely difficult, and
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the conventional technique cannot accomplish the
complete balancing. The application of the Matsuno
scheme is a quick remedy for suppressing the un-
reasonably large oscillations. After one-hali day, the
Euler-backward process was changed to the usual
leap-frog method (centered difference). The prediction
computations were made in 1968 with the UNIVAC
1108, which used 31 hours’ computer time for a one-
day forecast. The predictions were made for 14 days.

4. The zonal and temporal means

Let us first look at the solutions of the prediction
averaged zonally and temporally for the period from
the 4th through the 14th day. The reason for ex-
cluding the first 3 days is to avoid the transient state
of the solutions during the initial adjustment period.
Figs. 2, 3, and 4 provide the meridional sections for
the temperature, zonal wind, and relative humidity.

The predicted winds (Fig. 3) deviate in significant
aspects from the observed of the initial day. Some
deviation is expected but the persistent primary cur-
rents should be retained. The most obvious error is
the elimination of the lower stratospheric core of
westerlies centered at 20 km, i.e., the “Berson west-
erlies.” More significant to synoptic systems is the
over forecast of the low-level easterlies. The monsoon
westerlies, a persistent and most important feature of
this season, have been weakened or eliminated since
by the third-day forecast they were replaced, contrary
to observations, by easterlies in the longitudes of 135E
to 180°. Even the Northern Hemisphere easterlies
which were observed as being stronger than normal
on the initial day (7.1 m sec™) were further inten-
sified by the forecast to an unreasonable zonal average
of 84 m sec” in comparison with seasonal means of
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Fia. 2. Predicted temperature zonally and temporally averaged for 10 days in units of °K. The extrema are plotted. The vertical dashed
lines at 10N and 10S indicate the equatorial region, where the comparison between the forecast and observation is made.
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Fic. 3. Predicted west-east component of wind zonally and temporally averaged for 10 days in units of m sec™. The W’s are the
westerlies and I7’s are the easterlies (negative). '

near 3 m sec? (Kidson ef al., 1969) and the March
mean of near 4 m sec™* at the gradient level (Atkinson
and Sadler, 1970).

The predicted humidity (Fig. 4) shows a large
deviation from reality. The near surface values are
symmetrical about the equator between the 40th par-
allels. Along the 20th parallels, the winter desert
conditions typical of Africa, Arabia, India, Indochina,
and Mexico comprise more than one-third of the
global circumference at 20N and should have values
different from those at 20S where the smaller land
area is within the humid tropics. The maximum
humidity centered on the equator appears contrary
to observations of rainfall and cloudiness, as will be
discussed later, and the value in the upper troposphere
is excessive when compared to mean conditions

(Kidson ef al., 1969).

Exact comparison with observation, however, is not
possible, because the analyzed raaps are only for the
first 5 days, although station cata are available for
the entire 14-day period. In order to make a com-
parison as objective as possible, the following approach
was used. First, the available observational data are
taken for the zonal belt between 10N and 10S on
the pressure levels 1000, 850, 700, 500, 300, 200, 100,
50, 30, and 10 mb. In a similar way, the predicted
values at the nearest grid points to these observation
stations are interpolated for the same pressure levels.
For both the forecast and the observation, the values
for temperature, zonal wind, and humidity were
averaged arithmetically for the 10-day period, i.e.,
days 4-14. Figs. 5, 6, and 7 show the results as a
function of pressure. It turned out that each day
there are about 20 stations in this belt that reported
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Fi1G. 4. Predicted relative humidity zonally and temporally averaged for 10 days, in percent.
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F16. 5. Comparison of the vertical distribution of temperature
between forecast (solid lines) and observed (dashed lines) values
for the equatorial region, averaged for 10 days, in °C.

data for the levels below 200 mb, and there are less
in the stratosphere, i.e., 10 stations at 50 mb and
only 2 at the 10-mb level. As a check, one may com-
pare the predicted values in these figures with those
in the meridional sections, Figs. 2, 3, and 4, where
the 10N-10S regions are marked by dashed lines. The
values do not always coincide, indicating that the
data selected for Figs. 5, 6, and 7 are not a sufficiently
large sample, but more specifically, the fixed observa-
tions are not well distributed throughout the longi-
tudes. Despite this discrepancy it is hoped that the
comparison between the prediction and the observa-
tion is meaningful.

Fig. 5 is the comparison for the temperature: the
predicted temperature is higher than the observed.
This is particularly so near the tropopause level; there
the difference is about 10C. It is interesting to note
that in the middle and high latitudes the disagree-
ment is just the opposite (not shown here); there,
the predicted atmosphere appears generally cooler than
the observed. The reason for the lower temperature
in the higher latitudes is apparently due to the in-
accuracy of the radiation calculation, whereas the
reason for the discrepancy in the lower latitudes is
not yet clear. It is also noticed in Fig. 5 that the
predicted temperature in the low levels is erroneous,
being higher than the observed.

Fig. 6 is the comparison for the zonal wind. Overall,
the zonal wind was simulated to some extent, but
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Fic. 6. Comparison of the vertical distribution of the west-
east component of wind between forecast (solid lines) and ob-
served (dashed lines) values for the equatorial region, averaged
for 10 days, in units 6f m sec™.

some differences were recognized. The most obvious
difference between prediction and observation is in the
stratosphere. The stratospheric wind systems of the
equatorial region are highly zonal (see Sadler, 1957)
and vary only slowly with time through a quasi-
biennial cycle; therefore, the few observations are a
good representation of the zonal time mean for the
10-day period. The predicted stratospheric easterlies
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Fic. 7. Comparison of the vertical distribution of relative
humidity between forecast (solid lines) and observed (dashed
lines) values for the equatorial region averaged for 10 days,
in percent.
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are much too strong and even eliminated the observed
westerly core centered near 20 km. Conceivably this
error is not negligible, because the vertical shear in
wind may cause a considerable effect on the wave
dynamics in the equatorial region. These results alto-
gether indicate that the wvertical resolution of the
model at the tropopause level as well as in the strato-
sphere is insufficient.

The observations of Fig. 6 within the troposphere
are considerably biased by the distribution of observa-
tion points. In the upper troposphere the observed
relatively strong westerlies covering most of the
western hemisphere which dominated the zonal aver-
age above 14 km are observed only by aircraft and
therefore are not sampled in Fig. 6. The monsoon
westerlies of the lower troposphere over the South
Indian Ocean and the western South Pacific are
sampled by no more than three of the twenty sta-
tions. More observations in these two major currents
would reveal a greater deviation between the observed
and predicted curves throughout the troposphere.

The observed moisture decreases very rapidly with
height in the lower levels (Fig. 7), due probably to
the concentration of stations in the Northern Hemi-
sphere sampling the typical trade wind moisture profile
over the oceans (Malkus, 1962) and dry continental
air over land. Even with this bias, the prediction is
much lower than the observed. This result is also
opposite to that in the middle and high latitudes.
However, as was discussed elsewhere (Miyakoda,
Strickler, ef al., 1971), the humidity is affected ap-
preciably by the horizontal grid resolution, and hence
any final conclusion should be reserved until an ex-
periment with a more refined grid model is carried out.

Next, we shall take a look at some other variable
which is important to the study of tropical dynamics,
but which has no observational counterpart for com-
parisons. Fig. 8 is the meridional section for the pre-
dicted vertical velocity, which is averaged in the same
way as the previous quantities.
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The Hadley circulation is the most dominant and
therefore most important component of motion in the
tropics. The maximum upward motion in the zonal
mean is located right at the equator in this case and
the intensity is 1.1 cm sec™®. 'This location conflicts
somewhat with the observed cloudiness, which will be
discussed in a later section. The magnitude of 1.1 cm

“sec”! is about 3 times the March mean of Qort and

Rasmusson (1970). One of the peculiar features in the
vertical velocity is that there is a sinking current at
the tropopause level in the equatorial region. The
intensity of the downward current is 0.06 cm sec™? in
the zonal and time mean (see Fig. 8). It is interesting
to note that this downward current existed also in
previous results (see Wetherald and Manabe, 1972,
and Miyakoda, Moyer, et al., 1971). Also in the “dry”
global circulation experiment by Kurihara and Hol-
loway (1967), the downward flow is present, though
it is feeble. We will discuss this phenomenon further
in Section 7.

5. Flow fields

Within the tropics, the zonal average is less than
satisfactory for depicting the overall tropical tropo-
spheric circulation, since there is a wind reversal with
longitude. For example, winds are in opposite direc-
tions over the monsoonal eastern hemisphere and the
trade wind western hemisphere, so that the true
strength of the currents is maskzad by zonal averaging.
Therefore, let us look at the horizontal distribution
of the flow.

a. Representation of maps

In middle and high latitudes it is customary to use
the geopotential height maps for the presentation of
forecast results, but in the tropics this field is not
appropriate because its spatial variation is small
Instead, the streamline pattern is used more frequently.
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The streamlines in the figures shown below are
generated by selecting points randomly from the total
domain and by tracing these points in a Lagrangian
way with the existing flow field, which is assumed
stationary only for the purpose of constructing the
streamlines. Fig. 9 shows streamlines at the 200-mb
level. The maps at the initial time correspond to the
maps that were subjectively analyzed and drawn
manually (Fig. 1). As mentioned earlier, the stream-
lines that are drawn by machine are based on the
digitized wind velocity for the 2° interval grid. The
representation of the streamlines appears satisfactory,
but if the data are given for the 4° interval grid the
resemblance is not good ; many vortices are filtered out.

The only problem is that for quantitative verifica-
tion, streamlines are not appropriate; for this purpose
the streamfunctions and the velocity potential fields
are suitable. The zonal and meridional components of
wind vector u, v are written in terms of the stream-
function ¢ and the velocity potential X as

oy X
o e, M
adep @ CcosedN
oy ax
v= +— 2)

_a Ccos @O aaga’

where @ is the radius of the earth and N\ and ¢ are
the longitude and latitude respectively. From (1)
and (2), the vorticity equation is derived as

Vi =F, 3)
where
1 v Ad(ucose)
F= —_— 4)
@ Ccose AN a cospde
and

92 1 0 d
Vi= f ——(cos <p———>. 3)

@ cos’pdN?  a?cose Ao deo

The streamfunction (¢) is obtained by solving the
Poisson equation (3) under the assumption that F is
given for the zonal belt encircling the globe between
the latitude ¢ and —¢1; in practice, ¢; is taken
as 35°. The boundary conditions for ¢ are

- 8%
Yy=¢ynt——— at o=-+te¢, (6)
2Q sin gy
- 8%
Vs=y¢g—— at o=—qy, (M
29 sin ¢y

where yx and J5 are the zonal means to be obtained
below, z is the geopotential height, g is the accelera-
tion of gravity, Q is the earth’s rotation, and ¢y
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and ¢ are derived from (1), i.e.,

_ ~ a + 1 2%
'//N—lﬁs=—/ / ud\d . (8)
27 —¢1 0

In practice, we set ¥ 5= —yx.

Maps of the streamfunctions are illustrated in
Fig. 10, but maps of the velocity potential are not
shown here. This kind of streamfunction presentation
was also used by Krishnamurti (1969) and Vanderman
(1972); the velocity potential maps were effectively
used by Krishnamurti (1971). Our streamfunction
map for the Oth day in Fig. 10 was compared with
the similar chart for 12 GMT of Krishnamurti (1969);
the agreement is not good.

b. 50-mb fields

The forecast of 50-mb flow patterns is a complete
failure; the forecast patterns are quite different from
the ‘“‘observed” (or analysis) even at the 1st day.
This is probably because of the insufficient vertical
resolution of the model.

¢. 200-mbd fields

Figs. 9 and 10 are the 4-day evolutions of 200-mb
flow fields both for the observation and the forecast.
The overall resemblance between them is not bad,
though it is by no means excellent. The forecast skill
is not high by the usual yardstick for middle latitudes,
so we did not attempt any quantitative verification
of the prediction.

The subtropical ridges are reasonably forecast in
the eastern hemisphere with only minor disagree-
ments in latitudinal position. The TUTT, extending
southeastward from near 170W at the equator to
135W at 30S is maintained quite well in the forecast
field. The most significant disagreement is the move-
ment westward of the South American anticyclonic
cells. These are supposedly maintained by the large
convective heat source and should remain essentially
stationary over the continent. A spurious anticyclonic
cell appeared on the 3rd day forecast near 5S and 65E.

d. 700-mb fields

The results for the 700-mb level are shown in Fig. 11.
Compared with the 200-mb flow fields, these maps
include perturbations of considerably smaller scale.
Some irregularities are fictitious, and they are due to
the sudden adjustment for convection.

There are some large-scale agreements between the
observed and forecast field, particularly after the first
day. On the first day there appears to be erroneous
cross-equatorial flow in the Pacific (not seen in Tig.
11); it was caused by the incomplete initialization of
data. There is considerable similarity in the mainte-
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nance of the subtropical ridge over the eastern hemi-
sphere north of the equator and over southern Africa.
The primary westerly monsoon current is forecast
with reasonable accuracy over the South Indian Ocean
between the equator and 15S; however, the cyclonic
cells within the monsoon trough, including hurricanes
Dolly and Olive, are not well maintained in the surface
field (not shown here). Their movement is forecast in
general agreement with observations. Hurricane Olive
moved southward from 10S and reached 25S on the
4th day. Hurricane Dolly was originally located at
208, and moved to 27S by the 3rd day, and it dis-
appeared on the 4th day. In the surface level predic-
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tion, it moved to about 25S or. the 3rd day, and it
disappeared on the 4th day. However, at 700 mb the
tropical storms tend to be dispersed quickly, mainly
because of truncation error and also probably due to
the inadequate initial conditions for the thermal and
dynamical structure of hurricanes. Miller (1969) -re-
ported that with a grid resolution of 140 km in the
horizontal and 7 vertical levels, a certain degree of
success was achieved in forecasting the movement and
even the development of hurricanes 24 hours ahead.
Manabe ef al. (1970), on the other hand, performed
a global circulation experiment with a 4° mesh, and
found that a number of hurricane-like disturbances
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were formed in the areas which coincide with the
climatologically favorable region of hurricane forma-
tion (Gray, 1968). This may imply that even with a
coarse mesh, such as 4°, hurricanes are generated in
the course of computation presumably if necessary
meteorological conditions are met, and that the com-
puted tropical cyclones are preserved, if the necessary
structure is contained in the model, though they may
be unrealistically shallow.

In order to make a precise forecast of tropical
storms and to extend the forecast period longer than
Miller’s case, a finer grid may be needed. Ooyama
(1969), in the model designed to treat a single isolated
hurricane system, used a mesh of 20 km or even 5 km
in the central regions of the storm.

The extension of the monsoon trough from north-
east of Australia southeastward to near 180° and 308
is gradually eliminated in the forecast. In fact, by
the 3rd day the observed trough is replaced by a
ridge in the forecast and a well defined cyclonic cell
is replaced by an anticyclonic cell near 14S; 160E.,
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6. Precipitation

A verification of predicted rain against observed
cloudiness is the best global comparison that is ob-
servationally available at present. However, since they
are different variables, the interpretation needs special
care and an exact coincidence between these two pat-
terns should not be expected.

a. Zonal mean

The 10-day means of the predicted rain and of the
observed clouds are averaged zonally, and compared
with other quantities in Fig. 12. The curves include
the model’s rainfall; the satellite cloudiness for the
same period (the curve marked Sadler); the brightness
from another satellite, obtained by Winston (1971)
for March; and the convergence of the observed water
vapor obtained by Rasmusson (1973) based on five-
year data for March. Note that the latter two quan-
tities are not for the same period as the one we are
treating.

K
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T16. 9. Comparison of the streamline patterns for 4 days at the 200-mb level: forecast patterns (right) and ohserved (left).
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Two pronounced facts may be noted in the figure:
a) in the latitudinal distribution of all the quantities
except the predicted rain, there are relative minima
right at the equator; b) in the Southern Hemisphere,
the rain forccast appears too small compared with the
cloudiness and the water vapor convergence. Con-
cerning the first point, the coincidence of the relative
minimum with the equator is due to zonal averaging.
In the central and eastern Pacific and the Atlantic
the minimum is slightly south of the equator and in
the west Indian Ocean and Africa it is north of the
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equator. The causes of the minimum are a matter
of debate, many hypotheses having been postulated
for the formation and maintenance of the ITCZ (or
a maximum cloud zone) and the perhaps associated
relative minimum zone (Charney, 1966; Bates, 1970;
Holton et al., 1971; Yamasaki, 1971; Hayashi, 1971;
and Pike, 1972). The reason for the deficiency of the
present prediction will be discussed in Remarks below.
With respect to the second point, it is now accepted
that the March cloudiness is substantially greater in
the Southern Hemisphere than in the Northern Hemi-
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sphere (Sadler, 1969) and also that the rainfall has
a similar tendency (see Riehl, 1954, page 77).

b. The daily palterns

Fig. 13 is the series of patterns of predicted con-
densation as well as the cloud coverage obtained by
the TIROS IX satellite. The maps are the 30N-308
Mercator projection maps and the geography is shown
in the pattern at the bottom. The six maps show the
time evolution of the rain distribution, commencing
on the Oth day, i.e.,, 1 March 1965, until the 5th day.
The precipitation is indicated by the contoured lines
and the area in which the rain is more than 1/4 inch
is shaded lightly. For example, the pattern for the
Oth day contains the integrations of rain from 00 GMT
1 March through 00 GMT 2 March. The cloud dis-
tribution is based upon the cloud coverage which was
observed by the orbiting satellite and was scanned
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only once a day. The region in which the cloud cate-
gory of the nephanalysis is C and C+4- is shaded black.

So far as the Oth day is concerned, the agreement
between the two patterns is good. For instance, on
the Oth day, the so-called “‘convex band” of clouds
in the South Pacific near the Solomon Islands is in
good agreement. This precipitation is very similar to
that of Krishnamurti (1969) in the same domain as
in his case. The precipitation patterns in our case
deviate with time. One characteristic is that at the
beginning of the forecast the computed precipitation
is well organized, but as time goes on, say after the
3rd day, the predicted rain is very ‘‘spotty.” The
spotty pattern is probably due to the shortcomings
of the parameterization for cumulus convection. In
particular it may be related to the “‘shocking” caused
by the sudden adjustment. In any event, the good
agreement between rain and cloudiness on the first
day is most encouraging. It may imply that the

F16. 10. Same as in Fig. 9, but for the streamfunction. The station data are plotted on the Oth day map.
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“subjective” tropical analysis at initial time is not
bad, and that the “moist convective adjustment” is
_ capable of yielding a correct forecast of condensation
to this accuracy at least.

¢:. Remarks

The above results indicate that the present model
has a tendency to produce rain concentrated at the
equator, which is a deviation from reality. This devia-
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tion appears to be due to the general inability of the
model to predict the circulation patterns since the
precipitation forecast for the first day based on anal-
yses is surprisingly good. A number of possible causes
for the deterioration can be considered; e.g., an error
in the sea surface temperature, a defective boundary
layer assumption, an improper parametcrization of
cumulus convection, an inadequate vertical and spatial
resolution particularly for moisture, etc. It was sug-
gested by Manabe el al. (1974) that the concentration
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of rain at the equator is definitely due to inadequacy
in the specification of the sea surface temperature
distribution. In particular, the eastern and central
equatorial Pacific is supposed to have a cold water
pool, which does not appear in the present data.
However, our results indicate that this is not the
major deficiency in the model’s specifications, since
there is an equatorial concentration of predicted rain-
fall in the Indian Ocean—which has no belt of cold
equatorial waters.

7. The equatorial sinking motion and heat budget

An interesting and intriguing result found in this
experiment is that the mean meridional circulation
reveals a tendency for downward current at the
tropopause level on the equator (Fig. 8), though a
dynamical significance has not yet been attached to
this fact. The postulate of downward current at the
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equator has been proposed by two groups. In the first
group are Tucker (1964), Reed (1964), and Wallace
(1967), who search for the explanation of the “26-
month cycle.” The other group includes Fletcher
(1945) and Charney (1966), who tried to show a con-
sistent picture of the Hadley circulation with the ITC
zone located away from the equator. The downward
current which we are now concerned with in our ex-
periment may be relevant to none of them. The down-
ward current is presented almost constantly in the
lower stratosphere as well as in the upper troposphere.
In particular, right at the equator, the vertical flow
seems to penetrate downward quite sharply with time.

Why does this motion exist and how are the heat
balance and moisture balance maintained? It is known
that there is a temperature minimum both in the
horizontal and in the vertical at the tropical tropo-
pause. Manabe and Hunt (1968), discussing the tropi-
cal heat budget, inferred that the minimum tempera-
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Fic. 11. Comparison of the streamfunction$patterns for 4 days at the 700-mb level: forecast patterns (right) and observed (left).
The station data are plotted on the Oth day map.
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ture at the tropopause is achieved mainly by the
mean meridional circulation rather than the eddy
circulation. In their case, the zonal mean vertical
velocity is directed upward in the tropics and ac-
cordingly it contributes to the cooling of the tropical
atmosphere. So far as the monthly mean temperature
is concerned, the upward branch of the Hadley cir-
culation appears at the 80-mb level to explain the
annual variation of the latitudinal position of this
equatorial temperature minimum (Reed and Vlcek,
1969).

In the present study, the temperature and the
humidity distribution are not peculiar but completely
normal, and yet there is this mysterious downward
current at the equator. How can this seemingly con-
tradictory situation be explained?

In order to discuss this point, let us consider the
thermal equation, i.e., -

0—6(1231‘) | a(PsT“) | 6(P3T7}) la(;bsTd’)
1 1 ) Py

dx

R Tw o
—— ——psraa— 2l r =P Geon—vFr,

Cp @

ot dy

(7.4)

where T is the temperature, p, the surface pressure,
x and y are the coordinates for the longitudinal and
the meridional directions, respectively, # and v are
the wind components for x and y, o=do/dt, p=p.0,
w=dp/dt, R is the gas constant of air, ¢, the specific
heat at constant pressure, ¢raq the heating due to
radiation, ¢eon the heating from condensation, gFy the
contribution from the horizontal diffusion, and yFr
the contribution due to the vertical diffusion.

To make the discussion simple, the zonal average
is applied to (7.1), and we have

d___ 9 __ 94 ____ RTw
== ) +—(psTo)+—(p.T5) ——
ol dy do Cp O

0

_pSQrad_psQCo;_m_m, (72)

where the bar denotes the zonal average.

Using the output of the prediction calculation, we
estimated the vertical distribution of the terms in the
above equation at the equator, averaged over the
two-week period. Figure 14 contains the terms as
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— —(¢,T): Time change of temperature
ir a___ 9 R Tw
T["*(PRWT)—_([?R&TH— ————— :|: Total circulation
Pl dy do Cp O

+ psGrat/Ps: Radiation

PsGeon/Ps: Convection

nFr/p,: Diffusion

where yFr is zero in the free atmosphere, and the
summation of the last four terms is supposed to be
the same as the first term. As seen in the diagram,
convection contributes to the temperature increase,
whereas the total circulation contributes to the tem-
perature decrease.

In order to go one step further, the variables are
divided into two; for example, T=T-+T", where the
prime denotes the deviation from the zonal mean.
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Inserting this expression for all variables into the
second, the third, and the fourth terms in (7.2),
we have

4 . d_ _ 99
—(pT)=—(pdT)+—(pu V' T")+—(@p,'T")
dy dy dy dy

4 9
+—(Tp/v )+—(p/ VT, (7.3)
dy &y

d 0 o O
—(ps6T)=—(ps 6T)+—(p, ' T")
do do do

g .. 9 0 ____
+_(0' PS/TI)+_(7)PSIO-_/)_i__(psld_/T/),
do Jdo do
RTe RT& RTW
s (7.4)

Cp O €p 0 Cp O

Among them, we first select

_ I — _
H@T)= ——(p#T)/p, : divergence of meridional transport by zonally-averaged motions

dy

_ 9 __ -
V(eT)y=——(p,6T)/p, : divergence of vertical transport by zonally-averaged motions
do

R T

Cp P

These are the contributions of the mean meridional
circulation to the temperature change.

Fig. 15 shows the vertical distribution of these
terms at the equator, averaged for the two-week
period. In the diagram, the total addition of the
above terms is shown, i.e.,

-
HVT)+V(eT)+——.

cp P

(71.5)

The individual terms are very large, i.e., of order of
magnitude 10C, but the summation is smaller by one
order of magnitude; the horizontal transport and the
vertical transport almost cancel each other. At the
tropopause, the term representing divergence of ver-
tical transport contributes to the temperature increase
as was expected from the downward motion we are
concerned with. On the other hand, the divergence
of horizontal transport contributes to the temperature
decrease, i.e., the transport of heat away from the
equator. It should be pointed out that the contribu-
tions by eddy motion are very small. In summary,
it is clear that H(3T) tends to decrease the tempera-
ture and V(@T) tends to increase it. Manabe and
Hunt’s conclusions that the contribution of the me-

: adiabatic change due to zonally-averaged motions.

ridional circulation is far larger than that of eddy
motion is true in our case, but the negative tendency
of temperature is achieved by the horizontal diver-
gence of heat transfer. It is interesting to note that
Maruyama (1968), using observed data, calculated
the divergence of heat flux out of the equatorial zone
and obtained a significant contribution from the mixed
Rossby-gravity waves to the heat budget at the
tropopause level.

Thus we have a possible explanation of how the
heat budget is maintained at the equator despite the
sinking motion particularly at the tropopause level.
However, the reason why the downward current is
produced is not made clear. Furthermore, the reality
of this descending motion is still questionable. One
possibility is that it is the result of the “convective
adjustment.” Whatever the reason is, and whether
or not it is real, however, the overall picture of the
heat budget at the equator which was displayed above
is perhaps correct.

8. Conclusions

Some capability in the prediction of day-to-day
tropical troposphere flow fields is evident. The best
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I'ic. 13. Comparison of predicted rain (lightly shaded areas) and the observed cloudiness (darker areas) on the Mercator ma)
between 30N and 30S.

simulated level appears to be the upper troposphere
with less skill for higher and lower levels. In the
forecasts for 700 mb, the summer monsoon westerlies
of the South Indian Ocean are maintained as a rec-
ognizable current up through 3 days; however, the
eastern end of the monsoon system, north and east
of Australia, decays very rapidly and vanishes after

.day 2. The stratospheric prediction turned out to be

a complete failure. Even at the 1st day, the predicted
pattern of 50-mb flow is entirely different from that
of the analysis. The forecast at the surface is not
good. There are a number of well observed vortices,
the horizontal scale of which is about 1000 km, that
are rarely found in the forecast. Two tropical storms
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F1G. 14. Vertical distribution of the various terms in Eq. (7.2).

(hurricanes) were included in this case over the Indian
Ocean. Their behavior is simulated to some extent,
but the storms tend to weaken very rapidly and are
very shallow. The precipitation forecast for the 1st day
is surprisingly good, but it deteriorates rapidly. The
predicted rain pattern appears to be erroneously spotty
after about 2 days, and has undue concentration along
the equator. In the zonal mean averaged for 10 days,
the forecast zonal component of the wind shows a
systematic bias in which the stratospheric easterlies
are too strong, as are the low-level easterlies. The

LEVEL

-160 -140 -120 -100 -80 -60 -40 -20 .

“Berson westerlies” above the tropopause are missing
(due to the insufficient vertical resolution of the
model.)

One noteworthy fact that emerged in this experi-
ment is that a downward current exists right at the
equatorial tropopause even in the zonal and temporal
(10-day) mean. The temperature minimum at this
level may seem to conflict with the existence of the
downward current, but the heat budget can be ex-
plained without contradiction. The downward current
in the zonal mean circulation tends to contribute to
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F1c. 15. Vertical distribution of some terms in Eq. (7.3), related to the mean meridional circulation.
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the temperature increase, whereas the horizontal trans-
port of heat by zonal mean motion contributes to the
temperature decrease.

Thus, we conclude that the vertical grid resolution
of the present prediction model is insufficient, being
the main reason for the model’s failure to forecast
the stratosphere and to simulate the Berson westerlies.
Since in the tropics the atmospheric wave motion
tends to have many modes in the vertical (Lindzen
and Matsuno, 1968), which was clearly evident in the
Line Island Experiment (Madden and Zipser, 1970),
and also since water vapor is an important element
in the tropics and has large gradients in the vertical,
the tropical prediction requires a great deal of vertical
resolution (J. D. Mahlman, personal communication.)
The considerable impact of vertical resolution on the
dynamics of the tropical circulation has been studied
and confirmed by comparative experiments with the
9- and 18-level models, which will be reported else-
where. At the same time, the adequacy of the hori-
zontal grid resolution of the model is also a problem,
particularly in connection with the simulation of
tropical storms. Obviously, with the 2° spacing one
should not expect very much. It is our overall im-
pression that a higher resolution is required, perhaps
less than 2°, which may not be quite so stringent for
forecasting at higher latitudes. Another point is that
the accuracy of the initial conditions, as well as of
the verification maps, should be increased and that
the initialization scheme should be improved.

This is the report of our first trial for a tropical
forecast. We were unable to answer all the questions
posed in the introduction, which may require a number
of experiments. In any event, we did learn many
things from this experiment.
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