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ABSTRACT

A spectral atmospheric circulation model is time-integrated for approximately 18 years. The model
has a global computationa! domain and realisti¢ geography and topography. The model undergoes an
annual cycle as daily values of seasonally varying insolation and sea surface temperature are pre-
scribed without any interannual variation. It has a relatively low computational resolution with 15
spectral components retained in both zonal and meridional directions. Analysis of the results from the
last 15 years of the time integration indicates that, in middle and high latitudes, the model approximately
reproduces the observed geographical distribution of the variability (i.e., standard deviation) of daily,
monthly and yearly mean surface pressure and temperature.

In the tropics, the model tends to underestimate the variability of surface pressure, particularly at
longer time scales. This resuit suggests the importance of processes with long time scales such as
ocean-atmosphere interaction, in maintaining the variability of the atmosphere in low latitudes.

It is shown that global mean values of standard deviation of daily, 5-daily, 10-daily, monthly,
seasonal and annual mean surface pressure of the model atmosphere may be approximately fitted by a
corresponding set of standard deviations of a red noise time series with a decay time scale of slightly
longer than four days. However, it appears that the temporal variation of surface pressure also includes
minor contributions from disturbances with much longer decay time scales.

In general, the model tends to underestimate the persistence (or decay time scale) of atmospheric
disturbances. However, it reproduces some of the features of the observed geographical distribution
of decay time scale of the surface pressure fluctuations in middle and high latitudes.

The observed standard deviation of annual, hemispheric mean surface air temperature also is com-
pared with model results. Although a clearcut evaluation of model performance is somewhat hampered
by observational uncertainty, it appears that the model’'s value amounts to a substantial fraction of the
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corresponding standard deviation derived from observational studies.

1. Introduction

Over the past two decades, the quality of at-
mospheric general circulation models (GCM's) has
greatly improved. Some of the experimental resvlits
indicate that GCM’s have successfully reproduced
many of the basic characteristics in the time-mean
state of the present climate. However, there have
been very few studies which evaluate the temporal
variability of a model atmosphere (e.g., Blackmon
and Lau, 1980; Chervin, 1980), in particular, studies
which investigate model variability at monthly,
seasonal and interannual time scales. Since a large
amount of computer time is required to time-inte-
grate a GCM over an extended period of time (i.e.,
many years), the determination of the variability of a
model atmosphere at these time scales has been
difficult.

Two recent developments have resulted in an im-
proved situation regarding direct evaluation of

! Preliminary results of this study are found in Hahn and
Manabe (1979).

model variability. First of all, further technological
improvements have yielded a substantial increase
in computer speed; and second, the development of
spectral GCMs with semi-implicit time integration
schemes has resulted in the speed-up of the time-
integration of the GCM’s. Because of these de-
velopments, it has become feasible to perform a
long-term integration of a spectral GCM with rela-
tively low computational resolution.

One necessary condition for the effective evalua-
tion of the variability of a simulated climate is the
availability of observational data from which the
corresponding variability of the actual atmosphere
can be inferred. Such data has recently become
available owing to the effort of Jenne (1975) and
Oort (1982) who have compiled a massive amount of
data from surface and upper air observations.

A successful simulation of climate variability by a
mathematical model clearly is an important pre-
requisite for reliable studies on the predictability
and the variability of climate using the model. When
it is confirmed that a model succeeds in reproducing
some of the essential characteristics .of the ob-
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served variability of the atmosphere, one can use
the model for the identification of dynamical and
physical mechanisms responsible for climate vari-
ability. For example, by comparing results from two
long term integrations of a model with and without
a certain relevant process (e.g., ocean—-atmosphere
interaction, snow-albedo feedback), one can
evaluate the influence of this process on the vari-
ability of climate. Such a variability study is the
topic of a future investigation. In this study, vari-
ability of the simulated atmosphere is compared with
that of the actual atmosphere. In addition, this study
can yield information on the potential importance of
some of the processes excluded from the model (e.g.,
ocean-atmosphere interaction) in controlling the
variability of climate. (Note that, in the present
model, the distribution of the seasonally varying
sea surface temperature is prescribed and does not
change from one year to the next.)

It is expected that this study also provides in-
formation essential for evaluation of results from a
climate sensitivity study conducted with a general
circulation model of the atmosphere. A sensitivity
study compares two time-mean states which emerge
from long-term integrations of a model with and
without certain forcing. In order to evaluate the
response of the model climate to the forcing, it is
necessary to study the difference between the two
time mean states of the model integrations in light
of the natural variation (standard deviation) of its
time-mean states. The variability of the time mean
states of the model atmosphere is the subject of
this study.

2. Model structure

A spectral model of the atmosphere used in this
study is constructed by combining the framework of
spectral dynamics as developed by Gordon and
Stern (1974), with mathematical representations of
the physical processes (e.g., moist and dry convec-
tion, radiation and ground hydrology, etc.) as
previously developed at the Geophysical Fluid
Dynamics Laboratory (GFDL) (Manabe, 1969;
Holloway and Manabe, 1971). Here only a brief
description of the model is presented; a more de-
tailed description is found in Manabe et al. (1979).

The dynamical structure of the spectral atmos-
pheric model is very similar to the spectral model
developed by Bourke (1974). It predicts stream
function and velocity potential for the horizontal
components of the wind, temperature, moisture and
surface pressure based on the equations of motion,
the thermodynamical equation, the prognostic equa-
tion of water vapor, and the continuity equation of
mass. The horizontal distributions of these variables
are represented by a limited number of spherical
harmonics. The resolution of the representation is
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determined by the degree of rhomboidal truncation
of the spherical harmonics components. For this
model, 15 zonal wavenumbers are retained. In the
vertical direction, the distributions of the variables
are specified at nine unequally spaced finite-differ-
ence levels which extend from the surface to ~25 km.
The model has a global computational domain and
realistic geography and topography.

Precipitation is predicted whenever the relative
humidity exceeds 100% (Manabe et al., 1965). The
precipitation is identified as snowfall if the air tem-
perature near the earth’s surface falls below freezing;
otherwise, rainfall is predicted (Manabe, 1969). At
the continental surface, temperature is determined
from the assumption that no heat is stored in the
ground. Over the oceans, a seasonally and geo-
graphically varying sea surface temperature distri-
bution derived from observations (Manabe et al.,
1979; U.S. Naval Oceanographic Office 1944, 1957,
1958, 1967a, 1967b, 1969) is prescribed. The annual
cycle of sea surface temperature exactly repeats
itself. Therefore, it has no interannual variation.
The changes in soil moisture and snow cover over
the continents are determined from the hydrology
budget computations as derived by Manabe (1969).
If snow cover is indicated, surface albedo is in-
creased according to snow depth.

For the computation of the flux of solar radiation,
the scheme of Lacis and Hansen (1974) is used after
minor modification. The fluxes of terrestrial radia-
tion are obtained using a scheme developed by
Rodgers and Walshaw (1966) and modified by Stone
and Manabe (1968). The seasonal, latitudinal dis-
tribution of insolation at the top of the model
atmosphere is prescribed. Diurnal variation of in-
solation is not incorporated. The gaseous absorbers
considered in the radiative transfer calculations are
water vapor, carbon dioxide and ozone. The dis-
tribution of water vapor, which varies spatially and
temporally, is obtained from the prognostic system
of water vapor as mentioned above. Zonal mean
distributions of ozone derived from observations
are prescribed as a function of latitude, height, and
season. On the other hand, it is assumed that the
mixing ratio of carbon dioxide in air is constant
everywhere; its prescribed concentration being
0.456 x 1073 g g™! of air. In addition, the radiative
effects of cloud cover are taken into consideration
by prescribing a latitude-pressure distribution of
cloud cover which does not change with season.

The performance of the model in simulating the
time mean state of the atmosphere and its seasonal
variation was evaluated by Manabe et al. (1979).
In particular, they investigated how the simulated
climate is affected by the degree of spectral trunca-
tion of the model.

The model is time-integrated over 17.75 annual
cycles starting from initial conditions obtained from
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a 300-day integration of the model with fixed January
distributions of insolation and sea surface tempera-
ture. From the 17.75 year record of this seasonal
integration, the data from the last 15 years is analyzed
and presented in this report. It is important to
recognize that the model contains no interannual
forcing resulting from fluctuations in sea surface
temperature, ozone, cloud amounts or insolation, as
the same values are prescribed for the correspond-
ing data of each model year. However, the model
climate may have interannual variability resulting
from the physical processes related to snow cover
and soil moisture, and internal dynamics of at-
mospheric circulation.

3. Observational data

In order to evaluate the performance of a GCM
in simulating the variability of the atmosphere, it
is desirable to have a global observational data set
which has been collected over an extended period.
As mentioned in the Introduction, the following
two sets of observational data are used for model
evaluation in this study.

The first set, compiled by Jenne (1975), contains
distributions of daily sea level pressure for 73 years
from 1899 to 1972. As discussed by Madden (1976),
the quality of this data set is not uniform over this
period mainly because the number and spacing of
data reports varied greatly during this period and
because of local changes in data analysis procedure.
In order to reduce the distortion of climate variability
attributable to .such problems, only data from the
last 15 years (1958-72) are used for model valida-
tion in this study. These data are compiled from
digitization of .the Northern Hemisphere daily
weather maps on a 10° longitude x 10° latitude grid.
Unfortunately, this data set extends only from 20 to
80°N and contains only the sea level pressure field.

The second data set used in this study is com-
piled by Oort and his collaborators at the Geo-
physical Fluid Dynamics Laboratory of NOAA
using mainly the historical records of rawinsonde
data for the 10-year period May 1963 April 1973.
Unlike the previous data set, it extends over the
entire globe and includes the statistics compiled
for several atmospheric variables at atmospheric
levels extending upward to 50 mb. This data tends
to be most reliable in regions where the rawinsonde
network is dense. On the other hand, it tends to be
least reliable over some of the vast oceanic regions
with little rawinsonde coverage, particularly south
of 40°S, Oort (1978). For further discussion of this
data set and the analysis procedures used in proc-
essing the data, see Stefanick (1981).

Additional observational reports available for use
in validation of atmospheric GCM variability were
compiled by van Loon (1967) and van Loon and
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Jenne (1974). They contain zonal mean standard
deviation of daily values of sea level pressure and
500 mb geopotential height and standard deviation
of monthly mean 500 and 100 mb geopotential
height. These observed distributions have not been
included in this report since they are not sub-
stantially different from those compiled from the
previously mentioned data sets of Oort and Jenne.

4. Time-mean fields

To avoid a lengthy discussion, a comprehensive
evaluation of the variability of all model variables
is not attempted. Instead, emphasis is placed on
evaluation of the model performance in simulating
the variability of the key variables of pressure and
temperature.

Before discussing variability of the model at-
mosphere, the time mean fields of sea level pressure
and surface air temperature as simulated by the
model are briefly described. Figs. 4.1 and 4.2 show
the model’s 15-year mean geographical distributions
of sea level pressure for the Dec—-Jan-Feb and
Jun-Jul-Aug seasons. Corresponding observed
distributions of sea level pressure, as compiled by
Crutcher and Meserve (1970) and Taljaard et al.
(1969), also are included in these figures for the sake
of comparison. For both seasons, the distribution of
observed sea level pressure is simulated by the
model to a relatively high degree of accuracy
despite - the low computational resolution of the
model. For example, in both seasons the intensities
of the subtropical highs west of North America and
North Africa are well simulated. However, they
tend to be located too far north during the Jun-Jul-
Aug season. Subtropical highs of the Southern
Hemisphere west of Africa, South America, and
Australia are well-positioned by the model in both
seasons, although they tend to be slightly weak
by ~1-5 mb. '

During the Dec-Jan-Feb season, the model
simulates an Icelandic low and a Siberian high of
about the right intensity. However, the Aleutian
low is too deep by ~10 mb and is placed too far
north. The large-scale structure of the summer
Asian low is simulated quite well by the model, al-
though sea level pressures are ~5 mb too low over
much of Asia and the western Pacific. In summer
over other continents, namely, North America,
South America and Africa, there exists a similar
tendency for sea level pressures to be slightly lower
than observed.

In both seasons, the model is unable to accurately
simulate the low-pressure belt along the Antarctic
coast. However, these results for the region north
of the Antarctic coast are more realistic than many
of the previous simulations using finite-difference
models (e.g., Holloway and Manabe, 1971).
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FiG. 4.1. Geographical distributions of sea level pressure (mb) for Dec—Jan—Feb season. Top: the 15-year mean distribution of the
model. Bottom: the observed distribution from the data sets of Crutcher and Meserve (1970) and Taljaard et al. (1969).

Figs. 4.3 and 4.4 include geographical distributions
of seasonal mean surface air temperature which
have been constructed in a manner similar to that of
the preceding two figures. Computed ‘‘surface air
temperature’’ is the temperature at the lowest finite-
difference level of the model, which is located at
~70 m above the earth’s surface and is somewhat
higher than the level where surface air temperature
is usually observed. This difference introduces a
small bias which tends to make computed surface

air temperatures appear lower than observed. Since
sea surface temperatures of the model are set equal
to observed climatological means, it is not sur-
prising that one finds reasonably good agreement
between the computed and observed distributions of
surface air temperature over oceanic regions. Over
continental regions in summer, surface air tempera-
tures of the model tend to be higher than observed
for an unidentified reason. Otherwise, the model
reproduces the basic characteristics of the geo-
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Fi1G. 4.2. As in Fig. 4.1 except for the Jun—Jul- Aug season.

graphical and seasonal variation of observed sur-
face air temperature. For example, the model re-
produces areas of minimum temperature in the north-
ern portion of the Eurasian and North American
continents in the Dec—Jan-Feb season.

5. Variability of pressure
a. Geographical distributions

In order to examine variability of the model
atmosphere at several time scales, standard devia-

tions of daily data, 5-day means, 10-day means,
monthly means, seasonal means, and annual means
are computed using the 15-year model data set.
Here, the standard deviation o of the field ¢ aver-
aged over period T (i.e., &7) is defined by

B 1 N .1 N_T2112 |
e fybd ek e o

where N is the number of model years (15) for
which the present analysis is conducted. From this
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Fi1G. 4.3. Geographical distribution of surface air temperature (K) for the Dec-Jan—-Feb season. Top: the 15 year mean distribution from
the model. Bottom: the observed distribution from the data sets of Crutcher and Meserve (1970) and Taljaard ef al. (1969).

equation, it is clear that fluctuations of the time
means, which are considered for the computation
of standard deviation, do not include a contribution
from the mean annual cycle. For computational
convenience, variance of daily fluctuation (o'?) aver-
aged over the period of one month is not computed
from Eq. (1). Instead, it is approximated as the
sum of 1) the variance calculated using daily de-
partures from each monthly mean and 2) the vari-
ance of the 15 monthly means as determined from

Eq. (1). See Chervin (1980) for further discussion
of this approximation.

Fig. 5.1 compares the standard deviation of daily
1000 mb geopotential height of the model for the
Dec—Jan—-Feb season with the corresponding
standard deviation deduced from the observational
data of Oort. For both computed and observed
distributions, the seasonal mean daily variances,
from which standard deviations are obtained, are
arithmetic averages of three monthly mean daily
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FiG. 4.4. As in Fig. 4.3 except for the Jun-Jul-Aug season.

variances. This comparison indicates that the model of Asia, and along the west coasts of North America,
reproduces most of the features of the observed South America, Australia and Africa also are indi-
distribution of the standard deviation of daily 1000 cated in the model distribution.

mb geopotential height. For example, in the Dec- For the Jun-Jul-Aug season, results in Fig. 5.2
Jan—Feb season, the model simulates maxima near also show that the model is successful in simulating
the vicinity of the Icelandic and Aleutian lows and the daily variability of 1000 mb geopotential height.
along the Arctic coast of central Eurasia though For example, the model produces maxima of stand-
these maxima tend to be situated too far north. ard deviation in the vicinity of Iceland and ‘the
Meridional belts of relatively small values observed Aleutians. Unfortunately, the model maintains an
in east central North America, along the east coast east Asian maximum which is not evident in the
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F1G. 5.1. Standard deviation of daily geopotential height (m) at the 1000 mb surface
for the Dec-Jan-Feb season. Top: simulated. Bottom: observed, Oort.
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Fi1G. 5.2. As in Fig. 5.1 except for the Jun-Jul- Aug season.
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observed distribution. Meridional belts of relatively
small values are indicated in the simulated distribu-
tion along the west coasts of North America and
Africa in qualitative agreement with the observed:
characteristics. In general, the gross features of the
simulated and observed variability distributions of
the Dec—Jan-Feb season qualitatively resemble
those of the Jun—Jul- Aug season. The main differ-
ence is that the magnitudes of regional maxima of
the winter season tend to be almost twice as large as
those of the summer season.

Some of the unrealistic features of the simulation
identified above appear to be related to the features
of the sea level pressure distribution of the model.:
For example, standard deviation of daily 1000 mb
geopotential height during the Jun-Jul-Aug season
is generally larger in the model than observed over
eastern Siberia and the western Pacific. Similarly,
in the Dec—Jan—Feb season, the Aleutian region of
large variability is more extensive in the model than
observed. In both cases, sea level pressure is
shown to be lower than observed as indicated by
Figs. 4.1 and 4.2, suggesting that these model
failures are related to one another. In addition,
near the Aleutians and Iceland in the Jun-Jul-Aug
season, daily variability of the model is shown to be
less than observed. In this case, sea level pressure
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was previously shown to be higher than observed as
the oceanic subtropical highs of the model extend
too far poleward over the North Pacific and the North
Atlantic. These examples suggest that in the model
atmosphere, the activity of atmospheric disturbances
is more intense than observed in regions where sea
level pressure is lower than observed, and vice versa.
Geographical distributions of standard deviation
of monthly mean 1000 mb geopotential height of the
model are compared with observed distributions in
Fig. 5.3 for the Dec—Jan-Feb season and in Fig. 5.4
for the Jun-Jul-Aug season. For both observed
and computed distributions in both seasons, the geo-
graphical distribution of standard deviation of
monthly mean 1000 mb geopotential height re-
sembles the standard deviation of daily 1000 mb
geopotential height shown in Figs. 5.1 and 5.2, As
aresult, Figs. 5.3 and 5.4 indicate that the successes
and failures of the model in simulating the observed
monthly variability patterns are similar in nature to
those previously discussed regarding daily vari-
ability. For example, in the Dec-Jan-Feb season,
centers of maximum standard deviation of monthly
mean 1000 mb geopotential height are located near
the Aleutians and Iceland with a tendency for small
values to be located along the east coast of Asia
and over continental North America. As previously
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FiG. 5.3. Standard deviation of monthly mean 1000 mb geopotential height (m) for

the Dec—Jan-Feb season. Top: simulated. Bottom: observed, Oort.
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F1G. 5.4. As in Fig. 5.3 except for the Jun—Jul-Aug season.

stated with respect to daily variability, the model
tends to overestimate monthly variability in regions
where computed sea level pressures are lower than
observed, i.e., over eastern Siberia and the western
Pacific in the Jun-Jul-Aug season and near the
Bering Strait in the Dec~-Jan—Feb season.

In the tropics, standard deviation of monthly mean
1000 mb geopotential height is somewhat lower than
observed, particularly in the Dec-Jan-Feb season
as indicated by Fig. 5.3. In this season, the model
fails to reproduce the relatively large variability
in the tropical eastern Pacific.

Fig. 5.5 compares the standard deviation of annual
mean 1000 mb geopotential height of the model
with that of the actual atmosphere. The observed
distribution of Fig. 5.5 is calculated using the annual
means in the record of Jenne. According to this
figure, the annual variability is relatively large near
the Aleutians and Iceland in agreement with the ob-
servations. Qualitatively similar features are evident
in the distributions of daily and monthly variability
described earlier. In general the geographical distri-
bution of standard deviation of annual mean 1000 mb
geopotential height resembles the distributions of
standard deviation of daily and monthly mean 1000
mb geopotential height in Figs. 5.1, 5.2, 5.3 and 5.4.

b. Zonal means

Fig. 5.6 contains latitudinal distributions of zonal
mean standard deviation? of daily and monthly
mean 1000 mb geopotential height for the Dec-Jan—
Feb season of the model and in the actual atmosphere
(Oort, Jenne). Fig. 5.7 contains similar distributions
for the Jun-Jul- Aug season. These figures indicate
that the model simulates the latitudinal and seasonal
variation of zonally averaged standard deviation of
daily and monthly mean 1000 mb geopotential height
to a relatively high degree. Moreover, they also
reveal that the observed variability obtained by Oort
is in general agreement with the variability from
the observational data of Jenne.

In high latitudes of the Northern Hemisphere in
the Dec—Jan-Feb season, the latitude of maximum
daily and monthly variability of the model is located
poleward of the observed maxima as obtained by
Oort and Jenne. This poleward shift of both daily
and monthly variability in the Dec—Jan—-Feb season
is previously noted in the discussion of geographical
distributions in Figs. 5.1 and 5.3.

2 Hereafter zonal mean standard deviation is computed by
averaging standard deviation (not variance) at all grid points along
a latitude circle.
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Fic. 5.5. Standard deviation of annual mean geopotential height (m) at the 1000 mb
surface. Top: simulated. Bottom: observed, Jenne.

In the Jun-Jul-Aug season from approximately
15 to S0°N, standard deviations of both daily and
monthly mean 1000 mb geopotential height of the
model tend to be larger than observed. At these
latitudes, it was shown that daily and monthly
variability of the model have a tendency to be
larger than observed over eastern Asia and the
western Pacific.

In the tropics, Figs. 5.6 and 5.7 indicate that
both simulated and observed estimates of atmos-
pheric variability are small relative to the variability
at other latitudes. However, the model tends to
systematically underestimate the observed vari-
ability in the tropics. Also, the fractional difference
between computed and observed variability is largest
in this region. For example, in the Dec-Jan-Feb
season, the model maintains ~70% of the daily and
~45% of the monthly variability as measured by the
zonal mean standard deviations of geopotential
height at the 1000 mb level at the equator. This sug-
gests that the model’s ability to simulate the vari-
ability of the actual tropical atmosphere decreases
as the averaging period is increased from one day
to one month. .

The latitudinal distribution of zonally averaged

standard deviation of annual mean geopotential
height at the 1000 mb surface of the model is com-
pared with an observed distribution in Fig. 5.8. At
the latitudes where observational data of Jenne are
available, the model variability of annual means
matches well with that of the observations. This
agreement is of particular interest in view of the
fact that the process of ocean-atmosphere interac-
tion, which can generate long-term fluctuations of
climate, is not incorporated in the present model.

In Fig. 5.9, a latitude-pressure distribution of
zonal mean standard deviation of daily geopotential
height in the model atmosphere for the Dec-Jan—Feb
season is compared with the observed distribution
obtained from the data of Oort. This figure indi-
cates that daily variability sharply increases with
increasing latitude near 30°N and 30°S at all
tropospheric levels of the model, in qualitative agree-
ment with observations. However, the model’s
variability in the tropics is significantly smaller than
observed, particularly in the upper troposphere
and stratosphere.

At sea level, it was previously shown that the
model simulates the latitudinal distribution of daily
variability to a relatively high degree of accuracy.
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geopotential height (m) for the Dec~Jan-Feb season. Observed distributions are

from Oort and Jenne.

However, in the middle and upper troposphere,
model values are systematically smaller than ob-
served values, with the discrepancy increasing with
increasing height. In addition, local maxima are ob-
served near the tropopause at 60°N. Clearly, model
profiles do not include this feature of the Northern
Hemisphere. However, its characteristics are dupli-
cated to some extent near the tropopause of the
Southern Hemisphere.

The latitude-pressure profile of zonally averaged
standard deviation of monthly mean geopotential
height of the model is shown in Fig. 5.10 for the
Dec-Jan—-Feb season. The observed distribution
(Oort) is also included in this figure for comparison.
For both computed and observed distributions, the
characteristics of monthly variability shown in Fig.
5.10 are similar to the characteristics of daily
variability illustrated in Fig. 5.9, though the magni-

tude of standard deviation is reduced. Consequently,
the assessment of the simulated monthly variability
profiles as compared with the observed profiles is
very similar to the corresponding evaluation of
daily variability.

In tropical regions, the simulation of observed
variability of monthly mean geopotential height is
somewhat worse than the simulation of daily vari-
ability, particularly in the upper troposphere and
lower stratosphere. For example, the daily vari-
ability of the model atmosphere is about one-half
the observed value in the upper levels of the tropics
as Fig. 5.9 indicates, whereas the variability of
monthly means amounts to only about one third the
observed value as revealed by Fig. 5.10.

In summary, the model successfully simulates the
gross characteristics of the profile of zonal mean
variability of daily and monthly mean geopotential
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height. The quality of the model simulation tends to [
decrease with increasing height and decreasing

latitude.
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c¢. Global and hemispheric averages

Leith (1973) and Madden (1976) pointed out that
the daily fluctuation of sea level pressure in the
actual atmosphere may be fitted approximately by a
simple stochastic model of a first-order Markov
process. If similar characterization applies to the
daily fluctuation of pressure in the model atmosphere
and the decay time scale of the fluctuation does
not vary too much from one place to another, it is
reasonable that the distribution of daily pressure
variability qualitatively resembles the corresponding
distributions for the monthly and yearly mean pres-
sure as shown in the preceding subsections. This

08

FiG. 5.8. Zonal means of standard deviation of annual mean

geopotential height (m) at the 1000 mb surface for the model )

and observed (Jenne).
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geopotential height (m) for the Dec-Jan-Feb season. Top: simulated. Bottom:
observed, Oort.

section evaluates how well the daily 1000 mb geo- or\® 7 1 To
potential height data resemble a red noise time /) Tl 21 1 - exp
series.

According to Leith (1973), the standard deviation
of a red noise time series averaged over the period
T (i.e., oy) is given by
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) o

where o indicates the standard deviation of daily
data, and 7, is a single correlation decay time scale
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)

where R(7) is the correlation at lag time 7. For a red
noise time series, it is given by

R(%) = exp(— 2|T|) .

To

To EJ R(®)d~,

4

Here an attempt is made to determine how well Eq.
(2) approximates the dependence of the standard
deviation of time-mean geopotential height upon the
averaging period.

For this purpose, the global average standard de-
viation of time-mean geopotential height of the 1000
mb level (i.e., ;%) is computed for various lengths
of the time-averaging period (i.e., T = 5, 10 days,
month, season and year). These global averages
are further normalized by the global average standard
deviation of daily geopotential height (i.e., &%)
and are plotted in Fig. 5.11. In addition, red noise
curves, which show the relationship between (o;/0)
and T for a red noise time series, are determined for
various values of 7, from Eq. (2) and are drawn for
the sake of comparison. This figure shows that the
dependence of normalized global mean-average
standard deviation of time-mean geopotential height
on the averaging period T can be represented
approximately by a red noise curve with a decay
time scale of approximately five days.

Upon further examination of Fig. 5.11, one notes,

5 10 30 910 3165
T (doys)

FiG. 5.11. Normalized global mean standard deviations of time
averaged geopotential height at 1000 mb level of the model
atmosphere are plotted by Crosses. (Ordinate: &§/3¢. Abscissa:
time-averaging period T). All standard deviations are computed
from variances averaged over the annual cycle. The red noise
curves for various decay time scales are added for comparison.
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FiG. 5.12. Normalized area mean standard deviations of time
averaged 1000 mb geopotential heights 6;¥/G* are plotted against
the averaging period T. All standard deviations are computed
from variances averaged over the annual cycle. [Here, (T)¥
denotes the averaging operator over the area of the earth
20-90°N.] Crosses: simulated. Circles: observed, Jenne. The red-
noise curves for various decay time scales are also added for
comparison.

however, significant difference between (a,;%/a%)
plots of time-mean geopotential height and the red
noise model curve of 7, = 5 days. For example,
the plot for the averaging period of five days is on
the red noise line of 4.4 days, whereas the plots for
the averaging period of 10, 30, 90 and 365 days are
on the red-noise line for which 7, is equal to 4.5,
5.1, 5.5, and 5.4 days, respectively. In short, the
effective 7, values increase with increasing averag-
ing period 7. These results indicate that the records
of temporal fluctuation of 1000 mb geopotential
height in the’model atmosphere cannot be regarded
simply as the time series of red noise with a decay
time scale of 4 ~ 5§ days. Instead, they appear to
contain the disturbances with longer decay time
scales. [See the companion paper by Lau (1981)
for the description of the structure of such dis-
turbances which appear in the model atmosphere.]

To compare the normalized standard deviations of
time-mean 1000 mb geopotential heights in the model
atmosphere discussed above with those of the actual
atmosphere, Fig. 5.12 is constructed. This figure
contains the plots of (6,"/&") versus T for both the
model and the actual atmosphere. Here ( )N indi-
cates the area average over the latitudinal belt 20
to 90°N. This choice of region is dictated by the
areal coverage of the observational data of Jenne
(1975) used for this analysis. Red-noise curves are
also drawn in this figure for reference. For the actual
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atmosphere, normalized standard deviations of
monthly, seasonal and annual mean 1000 mb geo-
potential height are positioned on red noise curves
with 7, of 7.4, 7.7 and 8.3 days, respectively. For
the model atmosphere, they are located on the red-
noise curves with 7, of 5.6, 6.1 and 5.5 days, respec-
tively. These results indicate that the decay time
scale (7,) of disturbances in the actual atmosphere
is significantly longer than the corresponding time
scale in the model atmosphere. This discrepancy
manifests itself in the decay time-scale analysis of
the pressure field of the model atmosphere described
in the following subsection.

COMPUTED
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d. Persistence

In this subsection, the distribution of the decay
time scale is examined and is compared with the ob-
served distribution. Assuming the time series can
be fitted by a first-order Markov model, the decay
time scale 7, defined by Eq. (3) is computed using
the following approximation:

©)

This equation holds when T > 7, [see Eq. (2)]. For
the present analysis, T is chosen to be 30 days.
The geographical distribution of 7, computed

7o = (op/0)*T.
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F1G. 5.13. Geographical distributions of decay time scale (r,, days) of 1000 mb
geopotential height computed from Eq. (5) for the Dec—Jan-Feb season. Top:
simulated. Middle: observed, Jenne. Bottom: observed, Qort.
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from the variability of daily and monthly mean
1000 mb geopotential height for Dec-Jan-Feb
season is shown in Fig. 5.13. Also included in Fig.
5.13 are two observed distributions. One is based on
data from the last 15 years in the observational
record compiled by Jenne. The other is based on
the 10-year data set of Oort. Fig. 5.14 contains
corresponding distributions for the Jun—July-Aug
season. In both seasons, large values of 7, are
found near the poles of the model. While the general
level of model persistence (as indicated by 7,) is in
broad agreement with observations in high latitudes
of the Northern Hemisphere, the distribution of 7, is
not in agreement with observations near the North

COMPUTED

MONTHLY WEATHER REVIEW

VoLuME 109

Pole. In both seasons, the polar maximum of the
modelis located north of the Bering Strait, while ob-
served maxima are located near Greenland in the
Jun-Jul- Aug season, and along the northern coast
of Eurasia in the Dec—-Jan-Feb season.

In the Dec—Jan—Feb season in middle latitudes of
the Northern Hemisphere, 7,-maxima in the model
atmosphere are located over mid-oceanic regions
and minima are located over North America and an
area extending from eastern Asia into the western
Pacific. These locations of maxima and minima are
consistent with the discussion of Madden (1976) who
suggested that maximum values of 7, tend to be lo-
cated in regions where frequent blocking is expected
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Fi1G. 5.14. As in Fig. 5.13 except for the Jun-Jul-Aug season.
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FIG. 5.15. Latitude — pressure distributions of zonal mean decay time scale (7,, days) of
1000 mb geopotential height computed from Eq. (5) for the Dec-Jan- Feb season. Top:

simulated. Bottom: observed, Oort.

and minimum values tend to be located in regions
where cyclogenesis is expected. For the model in
the Jun-Jul- Aug season, similar features also are
evident in middle latitudes of the Northern Hemis-
phere, though they are less distinct than in winter.
Many of the characteristics of the model distribu-
tions described above are indicated in the observed
distributions in both seasons.

In both seasons, the persistence of 1000 mb geo-
potential height over the model tropics is much
lower than the observed. This discrepancy is
particularly large over the eastern Pacific’® and is
indicative of the absence of long-term fluctuations
such as the Southern Oscillation in the model
atmosphere. Incorporation of the ocean—atmosphere
interaction into the model appears to be necessary
for the successful simulation of surface pressure
variability in the tropics. The failure of the model
in simulating the Southern Oscillation is evident in
the results of the companion study of Lau (1981).

Latitude—pressure profiles of the zonal mean de-
cay time scale of the model are compared with
observational distributions as derived from the
record compiled by Oort in Fig. 5.15 for the Dec—
Jan-Feb season, and in Fig. 5.16 for the Jun-Jul-

? The magnitude of the very large values of 7, observed in the
eastern Pacific is not certain since Eq. (5) holds only
when 7, < T.

Aug season. Such profiles are zonal averages of 7,
calculated from daily and monthly mean 1000 mb
geopotential heights. In general, the decay time
scale of the model is relatively large in the strato-
sphere of the winter hemisphere, particularly in high
latitudes. In the model troposphere, it is large in
the polar regions during both summer and winter
seasons. Most of these characteristics are evident in
the profile of zonal mean decay time scale of the
actual atmosphere.

In general the decay time scale in middle lati-
tudes of the model is much less than in polar regions.
From winter to summer, this region of minimum
persistence extends poleward. Qualitatively, a simi-
lar feature is evident in the observed distributions
except that the persistence of the model is slightly
less than observed at nearly all tropospheric
levels in middle and high latitudes.

In tropical regions, from 20°N to 20°S, decay
time scales obtained from model results are much
shorter than those obtained from observations.
For the Dec-Jan-Feb season, the difference is
large at all levels, while in the Jun-Jul- Aug season,
the difference is somewhat smaller near the earth’s
surface.

The largest difference between computed and
observed decay time scales of 1000 mb geopotential
height in the tropics previously was shown to occur
in the eastern Pacific where large sea surface
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F1G. 5.16. As in Fig. 5.15 except for the Jun-Jul- Aug season.

temperature anomalies associated with El Nifo are
known to occur. Such variations excite long-term
fluctuations in the large-scale pressure patterns in
the tropics. In addition, it has been noted (from
unpublished results) that the model fails to simulate
the quasi-biennial oscillation observed in the upper
troposphere and lower stratosphere of the tropics.
This model failure is, no doubt, also reflected in the
large differences between computed and observed
zonal mean decay time scale in the upper tropo-
sphere of the tropics.

6. Variability of temperature
a. Geographical distributions

Geographical distributions of the annually aver-
aged standard deviation of daily, monthly and annual
mean surface air temperature of the model are
illustrated in Fig. 6.1. In all three distributions, stand-
ard deviations are much larger over continents than
over oceans with prescribed surface temperature.
They are at a maximum over the high-latitude por-
tions of the North American and Eurasian conti-
nents and are at a minimum over equatorial oceanic
regions. In general, the distributions of daily,
monthly and yearly standard deviations resemble
one another. This similarity suggests the possibility
that a daily record of surface air temperature re-
sembles a red noise time series as was the case
with surface pressure.

Fig. 6.2 contains an observational counterpart of

the variability distribution of annual mean surface

air temperature of the model shown in Fig. 6.1. This
figure indicates that the land—-sea contrast in the
magnitude of variability is also evident in the ob-
served distribution of standard deviation of annual
mean surface air temperature. Furthermore, zones
of relatively large variability in high-latitude regions
of the model continents also appear in the observed
distribution. Although the model tends to underesti-
mate the magnitude of annual variability over tropi-
cal oceans, it succeeds in reproducing the general
characteristics of the geographical distribution of
standard deviation of annual mean surface air
temperature of the atmosphere.

b. Zonal means

To examine the vertical distribution of tempera-
ture variability, Figs. 6.3 and 6.4 are contructed. In
these figures, the latitude—pressure distributions of
the annual, zonal mean standard deviation of the
daily and monthly mean temperature of the model
atmosphere are compared with corresponding dis-
tributions for the actual atmosphere obtained from
the data of Qort. For the model atmosphere, vari-
ability of both daily and monthly mean temperature
is at a minimum in the equatorial troposphere. In
addition, it appears significant that in high latitudes
of the model, the standard deviation of both daily
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FIG. 6.1. Annual mean standard deviation of daily (top), monthly mean (middle),
and annual mean (bottom) surface air temperature (K) of the model. For the top
two distributions, annual mean standard deviation is computed as the square root of
the arithmetic mean of variances for the 12 months.

and monthly mean temperature is relatively small
near the tropopause level where the meridional
temperature gradient is very small, and is large near
the earth’s surface where the meridional tempera-

ture gradient is at a maximum. Similar characteristics

are evident in the observed distributions.

There are, however, differences between the ob-
served and computed distributions. In the middle
troposphere of high latitudes, simulated standard
deviations of both daily and monthly mean tempera-
ture are smaller than the corresponding values for
the actual atmosphere. This result is related to the

model’s underestimation of the geopotential height
variability described in the preceding section. In
the upper troposphere and lower stratosphere of
the tropics, the simulated variability of daily tem-
perature fluctuations is slightly larger than the
corresponding observed variability, whereas the
reverse is the case with respect to the variability
of monthly mean temperatures. This implies that
temperature fluctuations in the model atmosphere
have shorter time scales than those of the actual
atmosphere, as discussed in the following sub-
section.
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¢. Persistence

To compare the persistence of temperature fluc-
tuations in the model atmosphere with that of actual
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atmosphere, Fig. 6.5 is constructed. This figure
illustrates the latitude—pressure distributions of
zonal and annually averaged decay time scale 7,
computed from standard deviations of daily and
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F1G. 6.5. Latitude-pressure distribution of zonally averaged decay time scale
(7o, days) of surface air temperature as computed from Eq. (5). Top: simulated.
Bottom: observed, Oort. Distributions are calculated using data averaged over the annual

cycle as in Fig. 6.1.



2282

monthly mean temperature for both the model and
the actual atmosphere. In general, the zonal mean
decay time scale of the model is significantly smaller
than the corresponding time scale from the actual
atmosphere. One may note, however, some qualita-
tive similarities between the simulated and observed
distributions. For example, in the model troposphere
To 1S at a minimum in middle latitudes and increases
equatorward and poleward, in qualitative agreement
with the observed distribution. Similar characteris-
tics are noted in the simulated distributions of zonal
mean decay time scale for geopotential height de-
scribed in Section 5. One of the most notable differ-
ences between the observed and computed distribu-
tions is again evident in tropical regions. According
to Fig. 6.5, the zonal mean decay time scale is
particularly large in the upper tropical troposphere,
where it is very small in the model atmosphere. A
similar discrepancy is evident with respect to the
persistence fields of geopotential height shown in
Figs. 5.15 and 5.16. *

7. Fluctuations of zonal and hemispheric mean
temperature

In previous sections, the local variability of key
variables of the model is compared with that of the
actual atmosphere. In this section, the temporal
fluctuations of the departure of hemispheric mean
surface air temperature from the normal (15-year
mean) seasonal climatology is examined. This is of
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great interest because hemispheric mean tempera-
ture is often used as a key indicator of long-term
climate variations.

Fig. 7.1 contains a latitude—-time distribution of
zonal mean surface air temperature departure
smoothed by a 12-month running mean operator.
In both hemispheres the fluctuations of zonal mean
surface air temperature are particularly large in high
latitudes, and very small near the equator. These
results are consistent with the features of Figs. 6.1
and 6.2 which also show that the local variability of
annual mean surface air temperature increases
with increasing latitude.

Fig. 7.1 also shows evidence of very long-term
fluctuations in the model’s surface air temperature.
For example, positive surface air temperature
anomalies exist near the north pole in year 2 of the
model integration. During the next four model years,
this feature apparently shifts equatorward. A similar
shift apparently takes place from years 7 to 15. The
interannual variation of hemispheric mean surface
air temperature may simply be a red noise mani-
festation of daily weather fluctuations with a rela-
tively short decay time scale of 4-5 days. However,
these variations are notable enough to warrant
further study. '

Monthly means of surface air temperature aver-
aged over the entire Northern Hemisphere are
shown in Fig. 7.2 for both the 15-year record of
the model integration and the 25-year record of
observational results compiled by Yamamoto et al.
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Fi1G. 7.1. Latitude-time distribution of 12-month running mean of zonally, monthly averaged surface air temperature
departure (from the 15-year mean of each month, K).
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each month, K). Thin line curves indicate monthly data; heavy line curves represent 12-month running means of the monthly data.

Top: simulated. Bottom: observed, Yamamoto (1975).

(1975). In both cases, the annual cycle is removed
from the time series. To emphasize characteristics
of fluctuations which have time scales that are much
longer than one month, 12-month running means
of the above time series also are added to the figure.
Visual comparison of the time series of monthly
means reveals that both observed and simulated
time series contain large episodic increases and de-

TaABLE 1. Standard deviation of Northern Hemisphere mean
surface air temperature (°C).

Observed data

Yamamoto et al. Model
(1975) data
Monthly means 0.29 0.16
3-Monthly running means 0.22 0.11
12-Monthly running means 0.16 0.05

creases. In such episodes, values of this quantity
increase or decrease up to 1.0°C in a relatively short
period of one or two months. It is important to note
that the amplitude of the observed fluctuations is
significantly larger than for model fluctuations. This
difference is particularly evident in the comparison
of the 12-month running means. For example, from
1951 to 1956 and from 1958 to 1965, large downward
trends of 12-month running mean surface air tem-
perature extend over many years in the observed
record, a feature not as apparent in the model
results.

The difference between the observed and simu-
lated variability is quantified in Table 1 which con-
tains the standard deviations of monthly, 3 and 12
monthly running mean values of surface air tem-
perature of both the model and the actual atmos-
phere. According to this table, the standard devia-
tion of monthly, hemispheric mean surface air
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temperature of the model atmosphere amounts to
~55% of the corresponding standard deviation for
the actual atmosphere. For the three monthly
running means, the model variability is 50% of the
observed value, and for 12-month running means, it
is only 31%. In short, results contained in Table 1
indicate that the standard deviations of hemispheric
mean surface air temperature of the model atmos-
phere are significantly smaller than the correspond-
ing standard deviations of the actual atmosphere.
The discrepancy becomes larger with increasing
averaging period.

It is important, however, to recognize that the
observed variability of hemispheric mean tempera-
ture may not be accurate. This possibility is under-
scored by the fact that observed variability of
annual mean surface air temperature as compiled
by Yamamoto et al. (1975) is approximately twice
as large as that of Yamamoto and Hoshiai (1979).
The variability of the latter is very similar to that of
the model while the variability of the former is sub-
stantially larger than that of the model. The vari-
ability as determined by Angell and Korshover
(1977) appears to be very similar to that of Yamamoto
et al. (1975). In addition, extended comparisons
by Angell and Korshover (1977) indicate that their
results are similar to those of Reitan (1974) and
Budyko (1969, 1977), although the latter two results
appear to contain a slightly lower level of variability.

It is difficult to understand the reasons for the
large differences between the level of observed
variability in the results of Yamamoto and Hoshiai
(1979) and the corresponding magnitudes in the
studies of Yamamoto et al. (1975), Angell and
Korshover (1977), Reitan (1974) and Budyko (1969,
1977). However, Barnett (1978) and Yamamoto
and Hoshiai (1980) point out that the nonuniformity
of the network of observing stations chosen for the
analysis may result in a large error in the estimation
of hemispheric mean temperature. In the network
chosen by Angell and Korshover (1977, Fig. 1), the
density of observational stations over oceans is
much less than over continents in the Northern
Hemisphere. Since they assumed equal weight for
both oteanic and continental data, continental tem-
perature fluctuations have a disproportionately large
influence on the variability of hemispheric mean
temperature. As described in the preceding section,
the standard deviation of local temperature fluctua-
tions tends to be generally larger over continental
regions than over oceanic regions. Therefore, their
network may yield an overestimated standard devia-
tion of hemispheric mean temperature. Qualitatively
similar overestimation may result from the usage of
the cubic spline interpolation technique adopted by
Yamamoto et al. (1975) when the density of the
observational network varies from continents to

MONTHLY WEATHER REVIEW

VoLUME 109

oceans. On the other hand, Gandin’s optimum
interpolation technique (Gandin, 1963, 1969) as
modified and used by Yamamoto and Hoshiai (1979)
tends to underestimate the contribution from data-
sparse (oceanic) regions. In the computation of
hemispheric mean temperature deviation, Yamamoto
and Hoshiai assumed that the temperature deviation
is equal to zero at grid points which have no observa-
tional data within the range of the characteristic
scale of horizontal temperature variations. This
assumption is partially responsible for the under-
estimation mentioned above.

In order to lend greater understanding by way of
example, standard deviations of time mean, North-
ern Hemisphere mean surface air temperature of
the model are recomputed using model data only at
the Angell-Korshover network rather than using the
complete array of model data. The standard devia-
tions thus computed are approximately twice as large
as the original values obtained from the data at every
grid point. For example, the value of standard devia-
tion increases from 0.16 to 0.31 for monthly data,
from 0.11 to 0.20 for three-monthly data, and from
0.05 to 0.11 for annual mean temperature data. These
results do not necessarily imply that the Angel-
Korshover network yields a similar overestimation
when it is used for the analysis of the observed surface
air temperature. However, the present analysis sug-
gests that the discrepancy between observed and
simulated results may not be as large as Table 1
indicates. Considering this observational uncer-
tainty, the standard deviation of annual, hemispheric
mean surface air temperature of the model potentially
amounts to a substantial fraction of the correspond-
ing standard deviation for the actual atmosphere.
It is important to note that the present model does
not include various processes with long time con-
stants, such as secular variation of atmospheric
turbidity and ocean-atmosphere interaction. The
results of this section suggest that one cannot disre-
gard the effect of nonlinear dynamical processes in
the atmosphere when one discusses the interannual
variation of surface air temperature.

8. Summary and conclusions

The spectral atmospheric circulation model de-
scribed here simulates not only the distribution of
surface pressure, but also that of its variability.
Except in tropical regions, the model is successful
in simulating the distribution of local variability of
daily and monthly means. Even for annual means, a
high percentage of observed variability is realized
by the model despite an absence of interannual vari-
ability of underlying oceanic temperatures. In
general, the model’s ability to simulate the variability
of geopotential height deteriorates with increasing
altitude.
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The model also possesses skill in simulating the
geographical distribution of the local variability of
surface air temperature in the atmosphere. For
example, the variability of surface air temperature
over continents is much larger than the variability
over oceans. It is particularly large over the high-
latitude portions of continents, in agreement with
observed characteristics.

In qualitative agreement with the characteristic
of the actual atmosphere (Leith, 1973; Madden,
1976), global mean values of standard deviation of
daily, weekly, monthly and yearly mean surface
pressure may be fitted approximately by a corre-
sponding set of standard deviations of a red noise
time series with a decay time scale of 4-5 days.
However, it appears that the temporal variation of
surface pressure also includes minor contributions
from disturbances with much longer decay time
scales. The structures of the disturbances with rela-
tively long decay time scales are the subject of an
extensive analysis in a companion paper by
Lau (1981).

In general, the persistence of the local fluctuations
of simulated surface pressure as indicated by a single
correlation decay time scale, 7, is significantly
shorter than the corresponding persistence for the
actual atmosphere. This discrepancy partly resuits
from a tendency of this low-resolution spectral
model to accumulate kinetic energy near the short
end of energy spectrum (Manabe et al., 1979). It is
encouraging, however, that the model simulates
some of the characteristics of the horizontal distribu-
tion of decay time scale for the surface pressure
fluctuations. For example, the winter distribution of
7, for the model indicates relatively large persistence
of surface pressure over the north Pacific and North
Atlantic where blocking in the pressure patterns
frequently occurs in the actual atmosphere. In
general, the simulated decay time scale is relatively
short in middle latitudes, where development of
cyclones predominates, and increases poleward in
agreement with observed characteristics. However,
the model fails to simulate the large persistence of
the pressure field observed in the entire tropical
troposphere. The discrepancy between computed
and observed persistence is particularly large over
the eastern equatorial Pacific where long-term
fluctuations of sea surface temperature associated
with the southern oscillation predominate.

It is shown that the model has a relatively poor
performance in simulating the variability of tempera-
ture and geopotential height in the tropics. This
result appears to be consistent with the recent
study of Charney and Shukla (1981). By use of
results from several relatively short time integra-
tions of a general circulation model developed at the
Goddard Laboratory for Atmospheric Sciences
(NASA), they suggest that fluctuations in the atmos-
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pheric circulation occurring in the absence of
boundary anomalies account for most of the vari-
ability of monthly mean rate of precipitation and
monthly mean sea level pressure in the middle lati-
tudes but not in the tropics. According to their
speculation, the missing element of the model tropics
is probably some boundary forcing (e.g., anomalies
of sea surface temperature and surface albedo). It
is probable that the absence of the interaction be-
tween the atmosphere and ocean also explains the
failure of the present model in simulating the rela-
tively large persistence in the fields of pressure and
temperature in the tropics.

In view of the increased interest in long-term
fluctuations of hemispheric (or global) mean
temperature, the variability of hemispheric mean
surface air temperature is also examined in this
study. A clearcut evaluation of the model’s per-
formance in this regard is somewhat hampered by
observational uncertainty. However, the standard
deviation of annually averaged, Northern Hemi-
sphere mean surface air temperature of the model
may account for a substantial fraction of the corre-
sponding standard deviation for the actual atmos-
phere. This result suggests that one cannot com-
pletely disregard the contributions from nonlinear
dynamical interaction processes in the atmosphere
when one discusses the interannual variation of
hemispheric mean temperature.

The results described here are obtained from a
general circulation model with low computational
resolution. When more computer resources become
available, it is desirable to repeat the present numeri-
cal experiment by use of a model with higher compu-
tational resolution which is capable of reproducing
the spectral distribution of kinetic energy of the
atmospheric motion with better fidelity. Neverthe-
less, the results from the present study encourage
its authors to use a similar model for performing
preliminary numerical experiments designed for
the identification of processes responsible for caus-
ing climate fluctuations.
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