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ABSTRACT

The “primitive equations of motion’ are adopted for this study. The nine levels of the model are distributed
so a8 to resolve surface boundary layer fluxes as well as radiative transfer by ozone, carbon dioxide, and water vapor.
The lower boundary is a kinematically uniform land surface without any heat capacity. The stabilizing effect of
moist convection is implicitly incorporated into the model by requiring an adjustment of the lapse rate whenever it
exceeds the moist adiabatic value. The numerical integrations are performed for the mean annual conditions over
a hemisphere starting with an isothermal atmosphere at rest. The spatial distribution of gaseous absorbers is assumed
to have the annual mean value of the actual atmosphere and to be constant with time. )

A quasi-equilibrium is attained about which a cyclic energy variation occurs with an irregular period of about
2 weeks. The dominant wave number of the meridional component of the wind is 5 to 6 in the troposphere but is
reduced to about 3 in the stratosphere. The gross structure and behavior of the tropopause and stratosphere below
30 km. agree reasonably well with observation. The meridional circulation obtained from the computation has a
3-cell structure in the troposphere and tends toward a 2-cell structure with increasing altitude in the stratosphere.
Although the level of the jet stream as well as that of the maximum northward transport of momentum coincides
with observation, the intensity of the jet stream turns out to be much stronger than the observed annual mean.

' In the stratosphere the temperature increases with increasing latitude because of the effect of large-scale motion.
The magnitude of the increase, however, is smaller than that observed.

A detailed study of the vertical distribution of the budget of kinetic energy, of available potential energy, of
heat, and of angular momentum is made. The mechanism for maintaining the kinetic energy of the jet stream
and of the stratosphere is discussed. It is concluded that in the model the kinetic energy in the stratosphere is
maintained against its conversion into potential energy and dissipation through interaction with the troposphere,
which is in qualitative agreement with the results derived from an analysis of the actual atmosphere. In the tropo-
sphere, the conversion of potential energy reaches a maximum at about the 500-mb. level. This energy is then
transferred to the level of the jet stream and to the surface boundary layer by the so-called pressure interaction term,
thus providing the source of kinetic energy for these two levels at which dissipation is predominant. As with the
results of Phillips [27] and Smagorinsky [37], the ratio of eddy kinetic energy to zonal kinetic energy and that of
eddy to zonal available potential energy are computed to be much smaller than those of the actual atmosphere.

1 Preliminary results of this investigation were first presented at the International Symposium on Dypamics of Lm'gé-Scale Processes, Boulder, Colo., September 3-7, 1963,
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1. INTRODUCTION

The work to be reported upon in this paper represents
the results of the initial phase of a comprehensive long-
term research program in the dynamics of the general
circulation. This program, conceived in its present form
in 1958, is a natural outgrowth of the two principal
antecedents: (1) Phillips’s [27] two-level quasi-geostrophic
model in a zonally periodic domain on a @-plane, which
initially demonstrated the feasibility of numerically simu-
lating the general circulation, and (2) Smagorinsky’s [37]
primitive equation two-level model with motion within a
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spherical zonal strip, which considerably generalized the
hydrodynamic framework. These models have already
provided extremely useful information regarding our
ability to simulate some of the important gross properties
of the general circulation and the processes by which they
are maintained.

Both of these models had in common the gross over-
simplification of the vertical structure of the atmosphere
and all that it implies; namely, the necessity for strong
parameterization of the planetary boundary layer, the
radiative transfer, convective trarsfer, and the vertical
static stability. The role of fronts was highly over-
simplified, and the effects of the tropopause and the
stratosphere were ignored. The interaction of the hydro-
logic cycle was for the most part also ignored.

The ultimate objective of this work is to understand the
basic mechanisms responsible for maintaining the general
circulation and the climatology of the atmosphere and to
simulate the essential (nacroscopic) features of the general
circulation with a minimum of parametric constraints.
It was, however, apparent that such a complete step at the
outset would inevitably end in failure and would only be
unraveled by going back to less complex versions. The
strategy adopted anticipated such difficulties and took a
long-range view. We first constructed with considerable
care, and in fact programed, the most general of a hierarchy
of models in order to uncover in some detail the body of
physics needed, to determine where the obvious weaknesses
were, and to give us some idea of the computational limi-
tations we could expect. The perspective thus gained was
invaluable. We then laid out a program of simplified
models which can be' constructed as a sub-set of the most
general one. The main requirements were (1) that each
model represent a physically realizable state, (2) that they
could be constructed computationally by program by-
passes, and (3) that they collectively would provide a
step-by-step study of the behavior of new processes and
their influence on the interactive system. Hence, many
of the intermediate models in themselves may lack detailed
similitude to the atmosphere but provide the insight
necessary for careful and systematic scientific inquiry.

In this connection we have carried from our previous
experience the practice of performing comprehensive
dynamic diagnoses of the balances of energy, heat, and
angular momentum. Although this requires what may
appear to be an inordinate and incongruous effort, we feel
that the apparent simulation of the synoptic manifesta-
tions does not in itself constitute an understanding. It is
not inconceivable that the results superficially may be
correct but for the wrong reason. Diagnostic integral
techniques provide a very sensitive measure of the mecha-
nistic similitude of the model to the atmosphere. In our
view they provide the type of insight from numerical
studies that one normally expects to derive from analytical

studies. o
An important characteristic of this model lies in the
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computation of radiative transfer. It is clear that a
simple parameterization of the calculation of radiative
transfer requires that we implicitly presume a knowledge
of the vertical thermal structure of the real atmosphere.
To avoid the parameterization, we decided to compute the
radiative flux as a function of an arbitrary vertical dis-
tribution of the atmospheric absorbers, such as water
vapor, carbon dioxide, and ozone. For the sake of
simplicity of computation we adopted a scheme which
requires the results of low resolution measurements of
absorptivity. Preceding the present study, extensive
computations of thermal equilibrium were carried out by
the use of this scheme. Refer to Manabe and Strickler
[17] for the detailed description of these calculations.

One of the most important factors which influences, if
not controls, the general circulation of the atmosphere is
the process of condensation. The explicit incorporation
of this process into the general circulation model, however,
initially overcomplicates the scheme a great deal and
makes the analysis of results more difficult. Therefore,
we have introduced a simple process of moist convective
adjustment as a substitute for the moist convection, the
adjustment being carried out whenever the lapse rate
exceeds the moist adiabatic value. It must be kept in
mind, however, that although this process roughly cor-
responds to the stabilizing effect of moist convection, it
does not simulate the northward transport of latent energy
which could be of major importance. Therefore, this
numerical study could be regarded as an intermediate step
before we attempt to study the behavior of a more general
model involving the process of condensation. We shall
discuss the results obtained from the time integration of
the general circulation with the hydrologic cycle in a
paper which follows [18].

In dealing with a lower boundary of uniform heat
capacity, there are two extreme choices in simulating the
thermal properties. One can choose an ocean-covered
earth of infinite heat capacity for which one must specify
the quasi-equilibrium surface temperature. In this case,
the temperature specified at the ocean boundary would all
but control the latitudinal temperature gradient of the
atmosphere by convection,

Another choice for the uniform lower boundary con-
dition is a land surface with no heat capacity. In this
case, the temperature of the earth’s surface is determined
by the heat balance among solar radiation, long-wave
radiation, and the turbulent flux of energy from the
earth’s surface to the atmosphere. By adopting this
lower boundary condition, we implicitly neglect the
effect of the heat transport by ocean currents. The
numerical experiment with this boundary condition
constitutes a logical step before the study of the model
with the effect of energy transport by ocean currents.
Therefore, we adopted this latter boundary condition for
the present study.

It was our intention to permit sufficient vertical resolu-
tion to:
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(1) make unnecessary the Ekman approximation be-
tween the lowest level and the earth’s surface—namely,
the boundary layer is thin enough so that the rotational
forces may be assumed negligible with respect to the
viscous forces,

(2) have the upper level high enough to represent the
main ultraviolet absorption of ozone,

(3) describe the gross thermal structure of the tropo-
pause and stratosphere, and |,

(4) provide tropospheric resolution great enough to
account for the major role of frontal dynamics and of
condensation processes to be incorporated later.

2. SYSTEM OF PROGNOSTIC EQUATIONS
A. DYNAMIC AND THERMODYNAMIC EQUATIONS

Adopting pressure normalized by surface pressure as the
vertical coordinate, we write the equations of motion on the
stereographic map projection as follows (refer to the papers
by Phillips [28], [30]):

AL 5 (P, 0 (PUVY) p, oG
+[20 0 -5 (VXU |22V
PSS TS S
OPV)_ a3 (PLYVY, 2 (BT p o20V)

—[29 sin o—é% (VX—UY)] PU

—mPy Qg—mRT aal;v*'l‘HFy"‘vFY

57 (2A2)

The continuity equation is:

[ ()53 (Bo) |-+ gQ (243)

The hydrosta,tlc equation combined with the equation of
state is:

¢ RT

2o 2A4
The thermodynamical energy equation is:
b(P*T) [ (P*U T) +2 (P*VT>]
20X
XD E Loy p 1 Bl ong)

2@ Q
The notations used in these equatlons are as follows:
X  abscissa of stereographic rectangular coordinate
Y  ordinate of stereographic rectangular coordinate
t time
U earth velocity component in X-direction
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V  earth velocity component in Y-direction

P atmospheric pressure

P, atmospheric pressure at the lower boundary

T  temperature

¢  geopotential height of @-surface

Q P[Py (P: pressure) (see section 5 for definition of
Q-level spacing)

Q dQ/dt

w dP/dt

(] latitude

m

q

map scale factor for stereographic projection
rate of non-adiabatic heating

F, .F, rate of momentum changes due to Reynolds
P, P, stress in the X- and Y-directions
Fr rate of temperature change due to lateral
P, subgrid-scale diffusion of heat
R gas constant of air
¢y specific heat of air at constant pressure
a radius of earth
Q angular velocity of earth
V_F,,, vF, rate of momentum changes in the X- and Y-
P, directions due to vertical diffusion

B. SUBGRID-SCALE MIXING

The momentum change due to the Reynolds stress and
the temperature change due to subgrid-scale mixing
may be separated into two parts, i.e.,

F=,F+,F (2B1)

FT=HFT+VFT (2B2)
where subscripts H and V denote the contribution of
horizontal diffusion and vertical mixing, respectively.
According to Smagorinsky [37], the non-linear lateral diffusion
may be formulated on the basis of Heisenberg's similarity
hypothesis. If we ignore the density variation on the
constant @-coordinate surface, we may take the viscous
force due to lateral stress and the temperature change
due to lateral diffusion to be

i [ 2 (P 4 2, (PEADY] o

aFy=m? [a%( P.KuD S)——ay (P—*I,i’ipr) (2B4)

(2B5)

where
p,=20)_om¥) (2B6)
Ds a(a")'(V)+b(;”YU) (2B7)
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A 2
Ku=2% (5;) 1D (2B8)
k=Rfe, (2B9)

In this equation, |D| is the total deformation defined by
\D|=(Dy+Dy) (2B10)

A is the grid length; &, is a non-dimensional parameter
of order unity analogous to the Karman constant and is
taken to be 0.4 in this paper. The frictional force due
to vertical mixing is

VF 1 bv‘r
P, p3Z

g Oyr
P, 3Q

where p and g are the density of air and the acceleration of
gravity respectively. Based upon the mixing length
hypothesis applied to the boundary layer, the upward
flux of momentum is computed by using

(2B11)

ov
and
oY
2
K,=1 37 (2B13)

where [ is the mixing length. As Rossby and Montgomery
[32] suggested, we assumed the following simple law for
the vertical variation of I:

l=k_o(Z+Zo) Z=<h (2B14)
I=ky(h+Z,) - g % h<Z<H (2B15)
=0 H<LZ (2B16)

where the roughness parameter Z,=1 cm. According to
Rossby and Montgomery [33], the thickness of the loga-
rithmic boundary layer, A, is 50 to 100 m. In this experi-
ment A=75 m. and H=2.5 km.

The upward flux of momentum yr and heat yH at the
earth’s surface are

(vrlo=1=—p(h) - Cp(h)-[V(R)|- V(R)
(vH)o=1=p(k) - ¢, Cp(h) - |V(R)|- [T« —T(R)/@*(h)]

(2B17)
(2B18)

where Cp is the drag coefficient at the ground surface and

is given by
h 2
Oo=(oe (7))

and Ty is the temperature of the earth’s surface. Since
the height of the lowest level of our model is designed to
be 75 m., these fluxes are a function of the velocity and the
temperature of this level. In order to incorporate the
effect of free convection, a very large value of Cp is adopted

(2B19)
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for the computation of vertical heat flux, (yH)q-,, when
the stratification is unstable. The large coefficient
prevents the large temperature gradient at the earth’s
surface which otherwise appears in lower latitudes.

C. BOUNDARY CONDITIONS

(1) Lateral Boundary Conditions.—At the lateral bound-
ary, an insulated free-slip wall is assumed to exist. In
other words, the exchange of momentum and heat with
the equatorial boundary is zero and

V,=0, (2C1)
where V, is the component of the wind normal to the wall.

(2) Vertical Boundary Conditions.—At the top and bot-
tom of the atmosphere, the vertical @-velocity is zero, i.e.,

Q=0 at @Q=0, 1 (2C2)

Also, at the top of the atmosphere, the vertical flux of
momentum due to subgrid-scale mixing is zero, i.e.,

(V‘l')a=0=0

This condition is automatically satisfied by applying
equation (2 B 16).

The specification of »7 and H at the earth’s surface
(@==1) has already been done in section B.

(8) Boundary Condition for Radiative Transfer—At
the top of the atmosphere, the downward long-wave
radiation is assumed to be zero, and a solar constant
of 2 ly./min. is adopted.

At the bottom of the atmosphere, the temperature of
the earth’s surface, T%, 1s determined such that it satisfies
the requirement of the heat balance at the earth’s sur-
face. If we assume that the heat capacity of the earth
is zero, the balance equation of heat is

S* + (DLR)* =UT3< + (VH)Q=1

where Sx and (DLR)s+ are the net downward solar in-
solation and the downward long-wave radiation at
the earth’s surface, respectively, and o is the Stefan-
Boltzman constant. The solution of this equation yields
a Tx which satisfies the heat balance condition at the
earth’s surface. Since we have eliminated the daily
variation of temperature from our model by adopting
the effective mean zenith angle of the sun, the assumption
of no downward conduction into the soil may not produce
any serious difficulties.

(2C3)

(2Co

D. MOIST CONVECTIVE ADJUSTMENT

As explained in the introduction, we avoided the ex-
plicit incorporation of the condensation process for the
sake of simplicity of the model. A complete lack of
the condensation process, however, would make the
atmospheric static stability too unrealistically unstable
to compare the results of the experiment with geophysical
data. In order to simulate the stabilizing effect of moist
convection as simply as possible, a convective adjustment
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of the lapse rate to a critical value was made whenever
the lapse rate exceeded that value, with the requirement
that the total potential energy be unaltered. Implicitly,
it is assumed that the kinetic energy of moist convective
eddies produced as a result of the overturning of air
is dissipated into heat as soon as it is produced. The
moist-adiabatic lapse rate, which is dependent upon
the ambient temperature of the air, is adopted as the
critical lapse rate for the adjustment. It must be em-
phasized that, in the present model, the effect of lateral
transport of latent energy is completely neglected. Refer
to reference [18] in which this effect is incorporated by
making the mixing ratio of water vapor an independent
variable of the model.

E. RADIATIVE TRANSFER

The temperature change due to radiative transfer is
computed as a function of the vertical distribution of
atmospheric absorbers as well as of temperature. The
atmospheric absorbers which are taken into consideration
are water vapor, carbon dioxide, ozone, and clouds. For
simplicity of computation, low resolution measurements
of band absorptivity are used instead of the line intensity
data. The details of the computation scheme have been
described previously by Manabe and Strickler [17].
Hence only a brief outline of the computation method
is given here.

In the thermodynamical equation, the heat source
term ¢ may be separated into three parts, i.e.:

q.=q'LR+q'SR+q;C' (2El)
where sz and ¢z are the heating due to the absorption
of solar radiation and of long-wave radiation, respectively;
and ¢c is the heating due to condensation. (In this
study we do not incorporate the effect of gc explicitly.
Instead, we adopted the simple process of moist-convec-
tive adjustment which was described in section 2D.)
grr is computed by use of the following equation:

. __g oFy
qLR—P* bQ (2E2)
where F, is the net upward flux of long-wave radiation
at level @ and is obtainable as a function of the vertical

distribution of absorbers and temperature. ¢sz is rep-
resented by: S S
___g_ Pe) Q_OR Q]

where S, is the downward insolation at level @, and
RS, is the reflected upward solar radiation at the same
level. In order to avoid the complication in the heat
balance of the earth’s surface due to the daily variation
of solar insolation, it was assumed that the zenith angle
of the sun is constant with time. The effective mean
cosine of the zenith angle ¢ is computed by

Daytime Daytime
cos §=<f cos ;dt) / f dt

(2E4)
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|

Ficure 2F1.—Map of the grid points on which the computations
were performed showing one quarter of the stereographic projec-
tion plane of the Northern Hemisphere (N=20). The free-slip,
insulated boundary (Bndy.) is located one-half-grid-point
distance outside the envelope (Env.) of the southernmost grid
points in the Northern Hemisphere, not including the four points
on the Equator (Eq.) at the intersections of the coordinate axes.

The absorptivities of gaseous absorbers under different
pressures, and the reflectivities as well as absorptivities
of high, middle, and low clouds adopted for this study
are described in the paper by Manabe and Strickler [17].
Refer to the same paper for the climatological vertical
distributions of water vapor, carbon dioxide, ozone, and
clouds. All the above and the surface albedo are speci-
fied as a function of latitude only.

F. COMPUTATIONAL SPACE MESH

The hydrodynamical equations of the general circula-
tion model are solved for a rectangular grid on a stereo-
graphic map projection of the Northern Hemisphere,
tangent to the earth at the north pole. The positive
X-axis of the Cartesian grid is directed along the Greenwich
meridian. The number of points between the north pole
and the equator, N, is all the additional information
required to specify the grid uniquely. In the experiment
reported on here we have taken N=20 which corresponds
to an earth distance between grid points of about 320 km.
at the equator, 540 km. at 45° and 640 km. at the pole.

In order to restrict this study to the Northern Hemi-
sphere an insulated, free-slip boundary is constructed just
one-half-grid-point distance outside the envelope of the
southernmost grid points in the hemisphere. An excep-
tion is made at the coordinate axes where the boundary
is one-half grid point inside the hemisphere. This

predicted.

boundary never extends farther than 2° north at N=20.
Refer to figure 2F1 for a diagram of one quadrant of the
grid including this boundary.

The so-called ““o-system’ of Phillips 28] is used for the
vertical coordinate; that is, data levels are defined as
being at specified fractions of the surface pressure P«
rather than at fixed pressures. Furthermore, contrary
to normal procedure with this o-system, the nine data
levels used in this model are not evenly spaced with
respect to pressure but are arranged so as to give maxi-
mum resolution in pressure at the extremes of the atmos-
phere, namely near the ground and in the stratosphere.
The fractions used, denoted as @ values, are defined as

Qr=0%(3—20%) (2F1)
where
o= ___2k1g1, k=1,2,...,9) (2F2)
The pressure at a given data level k is given by:
Py=Py- Qk (2F3)

Values of @, and Ao, are listed in Table 2F. The Ag,

values in this table are computed as the difference between
Q values at half levels centered on full levels. The
values of @ at half levels are computed from o values

TaBLE 2F.—Q levels used in model

Level o Q Ag
1 1/18 0. 008916 0. 034294
2 3/18 . 074074 091907
3 5/18 . 188615 133059
4 7/18 . 336077 167750
5 9/18 . 500000 165080
6 11/18 . 663923 . 157750
7 13/18 811385 . 133059
8 15/18 925926 091907
9 17/18 991084 034294
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halfwa,y between the o values corresponding to full
levels. :

A diagram of these @ levels and their approximate
heights is shown in figure 2F2. The horizontal com-
ponent of the wind, temperature, and » are predicted on
full levels whereas ¢ is computed on half levels. Surface
pressure and temperature are forecast on level 9} where
Q@=1.0.

3. INITIAL CONDITIONS AND TIME INTEGRATION

The 1initial condition adopted for the time integration
is a resting isothermal atmosphere at 289°K. In order
to save computation time, the integration from 0 days to
78 days was performed by use of a coarse grid system
(N=10); further integrations were then continued by
use of the finer grid system (N=20). Refinement of the
grid was performed by linearly interpolating wind velocity,
temperature, and pressure. During the initial period of
investigation, a Hadley regime emerges. A circumpolar
westerly vortex develops in the upper part of the atmos-
phere and an easterly vortex appears near the earth’s
surface, while a single cell meridional circulation pre-
dominates. At 78 days of the N=10 calculation the
meridional temperature gradient of 45°C. does not yield
baroclinic instability because the horizontal resolution
is inadequate. However, about eight days after the
refinement to N=20 (a total lapse time of 86 days), waves
start to develop in the surface pressure pattern, indicating
the beginning of baroclinic instability. In the following
two weeks, westerly waves are formed and the polar
High penetrates into low latitudes of the subtropics at
various longitudes and forms several subtropical Highs.
Meanwhile, the westerly flow extends to the earth’s
surface in middle latitudes and the single Hadley cell
evolves into a three-cell meridional circulation.

The evolution from an isothermal atmosphere into the
stratosphere-troposphere system is very similar to the
results of the time integration preformed by Manabe and
Strickler [17] without the effect of large-scale motion.
Refer to figure 1 of their paper for further details of this
evolution. Usually, it takes 200 days before a state close
to thermal equilibrium is reached. However, the cloud
distribution of the model was changed at 176 days of our
time integration in order to bring it to closer correspond-
ence to the real atmosphere. It was therefore necessary
to continue the computation to 300 days by which time
statistical equilibrium was well established. Figure 3.1
shows the time series of the hemispheric mean temperature
for the period from 175 to 300 days. The 70-day period
of 231-300 days was adopted for our detailed analysis.
Based upon the time series of temperature shown in
figure 3.1, it may be concluded that we reached a state
close enough to the state of thermal equilibrium before
the beginning of this period.

In order to evaluate the degree of convergence toward
the state of quasi-equilibrium, the hemispheric mass-
weighted integrals of various quantities other than
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Figure 3.1.—Time variation of hemispheric mean temperature for
the period of 175-300 days.
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Figure 3.2.—In the upper part of the figure, the solid line shows
the time variation of the hemispheric mean of kinetic energy for
the period of 231-300 days, and the long-dashed and short-dashed
lines show the time variation of the hemispheric mean of con-
version and of dissipation, respectively. In the middle part of
the figure, the time variation of total available potential energy
and gross static stability are shown by solid and dashed lines
respectively. The rate of generation (source) and conversion of
available potential energy are also shown by solid and dashed
lines respectively. In the lower part of the figure, the solid line
and long-dashed line show the time series of the hemispheric
mean of absolute angular momentum and of relative angular
momentum for the period of 231-300 days, respectively. The
short-dashed line shows the time variation of the hemispherie
mean of surface torque.

temperature were also obtained for each time step in the
integration. It turned out that these integrals are very
useful as indicators of the consistency of the model.
The upper part of figzure 3.2 shows the time variation of
kinetic energy, that of conversion from potential to
kinetic energy, and that of dissipation of kinetic energy
for the 70-day period chosen for our analysis. Since
the magnitude of the conversion term varies violently
with time in the model, the variation with period shorter
than 1 day is removed by a running mean. Note the
variation of kinetic energy is consistent with the difference
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TaBLE 3.1.—Hemispheric budgel of kinetic energy for 231-300-day TaBLe 3.2.—Hemispheric budgel of available potential energy for
period 231-800-day period

Mean conversion of potential energy. ..o 2001 ergem.?sec.~'  Meqn net generation of available potential energy _ _.....___________ 3003 erg cm.—2 sec,~!

Mean dissipation of kineticenergy ... __________ 2939 ergem.~2sec.=!  Mean conversion of available potential energy. ... ____________ 2901 erg cm. -2 sec.~

Mean rate of change of kineticenergy. ... . ___________._._...____ 4 erg cm.~2 sec.~!

between the dissipation and conversion. Also, we com-
puted the budget of kinetic energy for this 70-day period
by performing the time integration of conversion and
dissipation. Table 3.1 shows the result. These results
suggest that the hemispherical integral of the contribu-
tion of the inertial terms almost vanishes as it should
despite the truncation error of our time integration.

In the middle part of figure 3.2, the time variation of
available potential energy as defined by equation (AIIS),
of the net generation and of conversion as defined by
equations (AII11) and (AII10) are shown. According to
this figure, the rate of net generation of available potential
energy varies little with time partly because cloudiness is
independent of time in the present model. Again, the
difference between conversion and net generation approxi-
mately corresponds to the variation of available potential
energy which is out of phase with that of kinetic energy
(and gross static stability). Table 3.2 shows the budget
of available potential energy during the 70-day period.
These results suggest that, in our finite-difference system,
the budget of available potential energy is consistently
maintained.

In the lower part of figure 3.2 the time variation of the
hemispheric integral of absolute angular momentum and
that of surface torque are shown. Again, we notice that
there is a rather good correspondence between the change
of absolute angular momentum and surface torque, though
the correspondence is not as good as in the case of the
budget of kinetic energy. The budget of absolute
angular momentum for this 70-day period is tabulated in
table 3.3.

This result suggests that there is a fictitious source of
angular momentum in our model. If one compares its
magnitude with the latitudinal distribution of surface
torque shown in figure 6A2, one finds that the relative
magnitude of this fictitious source is practically negligible.
The mean value for the area of negative torque is about
3.5X10% dyne/cm., whereas the magnitude of fictitious
torque is 5X10° dyne/cm. Therefore, we shall disregard
this discrepancy in further discussions.

4. STATE OF QUASI-EQUILIBRIUM

In this section, detailed descriptions of the state of
quasi-equilibrium obtained from the time integration are
made. As we mentioned in the previous section, the 70-
day period of 231-300 days was chosen for this analysis.
Figures and numerical results which are discussed in this
and following sections were obtained for this period except

Mean rate of change of available potential energy.______.___________ 114 erg cm.~2 sec.—!

TaBLe 3.3.—Hemispheric budget of absolute angular momentum for
231-300-day period

Mean surface torque ..o oo 0.057 X108 dyne/cm.
Mean change of absolute angular momentum._____________.___._.. 0.0056 X108 dyne/cm.

for the case specified otherwise. Data were stored once
a day and averaged.

Since on the stereographic projection adopted for our
time integration few grid points lie on common latitude
circles, it was necessary to perform a linear interpolation
to obtain the zonal mean of any quantity at a given lati-
tude. In order to avoid the error produced by interpola-
tion, the zonal mean of product terms such ag the transport
of angular momentum, heat, and kinetic energy, which are
discussed in the following sections, were computed by the
processes described below.

(1) Compute the product terms using the same finite-
difference method as was adopted for the time integration
of the model.

(2) Obtain the average value of the products thus com-
puted for each of a number of narrow latitude belts.

A. ZONAL MEAN TEMPERATURE

In figure 4A1, zonal mean temperatures obtained at
three latitudes from the numerical integration of our
model are shown on an adiabatic diagram together with
the observed annual mean temperatures. According to
this comparison, the general features of the stratosphere-
troposphere system are simulated very well by our general
circulation model. The pole-to-equatorial difference of
the height of the tropopause in the model is about 7 km.
which is somewhat smaller than, but not far from, the
observed difference of about 10 km. In the numerical
integration, a stable layer appears at high latitudes because
of the stabilizing effect of baroclinic waves, northward
advection of heat by the large-scale eddies, and the large
albedo of the polar cap. Recently, Manabe and Strickler
[17] computed the vertical distribution of the temperature
of the atmosphere in thermal equilibrium for various
albedos of the earth’s surface. (Refer to fig. 11 of that
paper.) Although they performed the computation for
the case of large albedo, the temperature inversion on the
earth’s surface did not appear. These results suggest
that not only the large surface albedo but also the effect
of large-scale motion, particularly that of the horizontal
advection of heat by the large-scale eddies, is indispensable
for the maintenance of the polar inversion. Though the
stable layer of the polar region, which is obtained in the
present computation, is in qualitative agreement with the
observed features, its static stability is less than that of
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F1GURE 4A1.—The vertical distributions of zonal mean temperature
obtained from our computation for various latitudes and that of
the actual atmosphere are shown on the left- and right-hand
sides of the figure, respectively. Light solid line marked S-A
indicates the ICAQ standard atmosphere.

the actual atmosphere. Further study is desirable before
we can decide on the exact cause of this discrepancy.

Figure 4A2 shows the latitude-height distribution of
zonal mean temperature obtained from our model com-
pared with that of the actual atmosphere. In general,
the similarity between the two distributions is remarkable,
particularly near the earth’s surface and in the upper
stratosphere. In our model, the pole-to-equatorial tem-
perature difference is about 42° C. at the earth’s surface
and coincides well with the observed difference. How-
ever, in the upper troposphere of middle latitudes, the
latitudinal gradient of the temperature of our model is
much larger than observed, and this is one of the major
discrepancies between our model and the actual atmos-
phere. In the lower stratosphere of the model, the
temperature increases by about 14° C. from the equator
to middle latitudes, but decreases again with a further
increase of latitude with the result that the net increase of
temperature from equator to pole is only 5° C. It is
encouraging, however, that we get significant latitudinal
increase of temperature in the lower latitudes. At the
top model level in the upper stratosphere (P/Px=0.009),
the decrease of temperature from equator to pole is about
28° C. which is close to the observed decrease of annual
mean temperature (24° C.). In general, the thermal
structure of our model atmosphere looks very similar to
that of the observed winter atmosphere in spite of the
fact that the annual mean solar insolation was given.

In their study of thermal equilibrium, Manabe and
Strickler [17] obtained the state of the radiative equilib-
rium of the stratosphere overlying the troposphere with
a realistic distribution of temperature. (Refer to fig. 13
of their paper.) According to this figure, the equilibrium
temperature of the stratosphere increases slightly with
increasing latitude for a July case, but the equilibrium
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Ficure 4A2.—The latitude-height distribution of the zonal mean
temperature obtained from our computation and that of the
actual atmosphere are shown in the upper and lower parts of the
figure, respectively. The observed distribution is based on the
results obtained by Peixoto [26] for the troposphere and by Oort
[24] and Kochanski [10] for the stratosphere. The tropopause is
indicated by a heavy line broken in middle latitudes.

temperature obtained for January decreases monotonically
with increasing latitude. Therefore, the decrease of
tropopause height with increasing latitude is significantly
less than that obtained from the present study. The
improvement accomplished by the present study is due
to the incorporation of the effect of large-scale motion.
Refer tosection 5 (Heat Balance) for the discussion of this

effect.
B. MEAN FLOW FIELD

In figure 4B1, the zonal mean of zonal current obtained
from the present computation is compared with that of
the actual atmosphere. The data obtained by Buch [4],
and Qort [24] are used for determining the observed
annual mean. The distributions for January and July
are taken from the results obtained by Kochanski [10] for
80° W. longitude. According to this comparison, the
latitude of maximum west wind in the upper troposphere
of the model coincides well with the observation. The
intensity of the jet, however, is much stronger than the
observed annual mean. By the thermal wind relation-
ship, this result is consistent with the excessive latitudinal
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Fraure 4B1.—In the upper left, the zonal mean of the zonal current of the model atmosphere obtained from our computation is shown

In the lower left, the annual mean of the observed wind obtained by Buch [4] and Oort [24] is shown.

The intensity of the zonal

current at 80° W. obtained by Kochanski [10]} for both January and July is shown in the upper right and lower right, respectively.

(Units: m./see.)

gradient of temperature in the upper troposphere of the
model atmosphere which was pointed out in the previous
section. A similar tendency appears in the results ob-
tained by Smagorinsky [37] and Phillips [27]. One of the
reasons may be the absence of a hydrologic cycle in the
model. We shall discuss this possibility in a companion
paper [18].

Another possibility is that the observed annual mean is
derived from an atmosphere subjected to the annual vari-
ation of solar radiation including a polar night. On the
other hand, our calculations represent the response to the
annual mean solar radiation. There may be a fundamental
fallacy in comparing these two. It is noteworthy that the
maximum intensity of the annual mean zonsal current is
much less than the average of the maximum intensity at
80° W. in July and in January. In general, the computed
distribution is close to the observed distribution in Jan-
uary though the tilt of the axis of the maximum westerlies
in the stratosphere is much less than observed. In the

tropical upper stratosphere of the model atmosphere, a
weak easterly current appears. Its intensity, however, is
much weaker than the observed intensity which prevails
in tropical latitudes. Refer to figure 4C2 for the longi-
tudinal distribution of these easterlies.

Next, we shall examine the structure of the mean merid-
ional cireulation, since it plays a major role in the general
circulation of the atmosphere. In figure 4B2, are shown
the zonal mean of the meridonal wind component and that
of the vertical wind component obtained from our model.
According to this figure, a three-cell circulation appears in
the troposphere. In the stratosphere, the circulation
tends toward two cells with increasing altitude; that is,
the direct polar cell is squeezed out by a poleward expan-
sion of the equatorial Hadley cell. Accordingly, the axis
of maximum meridional velocity tilts northward in the
stratosphere. Mintz and Lang [19] computed the dis-
tribution of the meridional component of the wind for the
troposphere based upon an angular momentum balance
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Figure 4B2.—The zonal mean of the vertical component of the
wind (cm./sec.) and of the meridional component of the wind
(m./sec.) of the model atmosphere are shown in the upper and
lower parts of the figure, respectively. Positive values are up-
ward and northward.

requirement. More recently, Teweles [41] applied a very
similar technique to the stratosphere. Figure 4B3 shows
the combined results. The axis of the maximum merid-
ional component of the wind also tilts northward in the
stratosphere, however the degree of tilt is somewhat larger
in the actual atmosphere than computed in our model.
(Refer also to the distribution of vertical motion obtained
by Miyakoda [21] for winter.)

Another characteristic feature of our results is the nar-
row belt of strong meridional wind component near the
earth’s surface. A somewhat similar belt is noticeable
in the results of Mintz and Lang [19]. As the result of
this phenomenon, the meridional circulation cell ob-
tained by the model is highly eccentric. It is clear from
our study of the momentum balance in section 6, that the
eccentricity of the meridional circulation depends upon
the assumed distribution of the vertical mixing coefficient.
This is because the change in angular momentum in the
Ekman boundary layer resulting from the surface torque
must mainly be compensated by the change of relative

Figure 4C1 displays an example of the synoptic distri-
bution of temperature, pressure, and wind in our model
atmosphere. In this figure the synoptic distributions of
the geopotential lines and isotherms are shown by solid
and dashed lines respectively, and the areas of southerly
flow are shaded. These shaded areas or the geopotential
gradient at these levels remind us of the actual situa-
tion which prevails during the winter. According to
figure 4C2, which shows one example of the caleulated
synoptic distribution of the zonal wind component at
PjP+=0.009, a very strong zonal wind develops in middle
latitudes. On the other hand, patches of easterly wind
appear at low latitudes. According to figure 4B1, the
calculated zonal mean easterly wind is much weaker than
observed. It is encouraging, however, that some easterly
wind even appears in the simulated tropical stratosphere.

In figure 4C1, the maps of the tropospheric levels show
the same features as those observed in the actual atmos-
phere: for example, the tilt of the troughs with respect
to the meridians and the lag of the thermal trough behind
the trough of geopotential height. This is obviously
necessary for a correct transfer of angular momentum
and heat. According to figure 4C3, the occlusion of
isotherms into low centers develops at various places.
Also at a low level a high pressure belt develops in the
subtropics as is found in the actual atmosphere. Figure
4C4 shows the zonal mean of surface pressure in our
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Freure 4C1.—In each map, the solid and dashed lines show the contour heights of isobaric surfaces (every 100 m.) and isotherms (every
5° C.) on the 259th day, respectively. The areas of southerly flow are shaded.
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Figure 4C2.—Distribution of the intensity of zonal wind at the
first model level (P/Px=0.009) on the 259th day. The contour
interval is 5 m./sec.

The areas of easterlies are shaded.

Fiaure 4C3.—SBurface isobars (every 5 mb.) and surface isotherms
(every 5° K.) on the 259th day are shown by solid and dashed
lines, respectively.

model.? The latitude of the subtropical High and that
of the lowest zonal mean pressure coincide well with
observation. The magnitude of latitudinal variation of
pressure turned out to be somewhere between the observed
value of the Northern Hemisphere and that of the

2 The mean surface pressure of the model atmosphere is about 28 mb. lower than ob-
served because the model has the same mass of air as the actual atmosphere but it has
no mountaips.
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Ficure 4C4.—The latitudinal distribution of the zonal mean of
surface pressure. Computed distribution is shown by a thick
solid line (scale on right), and observed distributions for the
Northern and Southern Hemispheres are shown by thin solid
and thin dashed lines, respectively (scale on the left).

Southern Hemisphere. Further improvement in the
similitude of the surface pressure field may be accom-
plished by considering global motions and admitting
land-sea contrast. Recently, Mintz [20] successfully
simulated the distribution of the zonal mean of surface
pressure in both hemispheres by taking into consideration
the effect of the land-sea distribution.

The synoptic distributions of vertical motion are shown
in figure 4C5. Above the level of the tropopause, the
intensity of the vertical motion decreases sharply with
increasing height. (Note that the contour intervals are
not the same for all maps.) Some features of the large-
scale vertical motion in the troposphere, however, are
identifiable in the stratosphere despite the strong damping.

D. HARMONIC ANALYSIS

In figure 4D1 the energy spectra of the calculated and
observed meridional and zonal components are shown.
As indicated by the synoptic charts, the meridional
component of the wind in our model atmosphere has a
maximum energy at wave number 6 in the troposphere,
and this wave number of maximum energy decreases
with increasing altitude in the stratosphere. As the
right-hand side of the figure indicates, the same wave
numbers prevail in the actual troposphere. In the tropo-
sphere the energy spectrum of the zonal component of the
wind of our model atmosphere has relatively large
values at wave numbers from 1 to 4, whereas a sharp
maximum exists at wave number 1 in the actual atmos-
phere. This discrepancy is partly a result of ignoring
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and dashed lines, respectively. The computed values are hemi-
spheric means and the observed data are the average between
15° N. and 80° N. The numbers beside the computed distribu-
tions are P/Px ratios.

the effects of the land-sea distribution and the effects
of mountains. If the flow circling around the pole has
some eccentricity due to the lack of uniformity of the
earth’s surface, the eccentricity of the zonal current is
regarded as an eddy of wave number 1. It is interesting,

‘however, that the energy spectrum of the meridional

component of wind is quite different from that of the
zonal components of wind for both the actual atmosphere
and the model. In the model, the energy in low wave
numbers is probably transferred from that in higher wave
numbers by the non-linear interaction between waves.

In order to examine the vertical variation of wave
numbers further, the hemispheric mean effective wave
number 7 at various altitudes is computed for the model
and for the actual atmosphere. ‘7 is defined as follows:

i=(fndEm) ) /([dEw)

where E(n) is the energy spectrum. The spectra obtained
by Teweles [41] for the period from July 1957 to June 1958
are used for obtaining n for the actual atmosphere.
Figure 4D2 shows the results. The n of the meridional
wind component of the model is close to observation, the

(4D)
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Figure 4D2.—The vertical variation of energy-weighted wave
number 7. Dotted, dashed, and solid lines show the vertical
distributions of the effective wave number 7 of the meridional
wind component (hemispheric mean), of the zonal wind com-
ponent, and of the total wind component, respectively. In the
lower part of the figure is shown the vertical variation of % com-
puted from the results of the harmonic analysis of the observed
wind field, which was performed by Teweles [41] for the period
July 1957 to June 1958. The domain of averaging ranges from
15° N. to 80° N.

difference being only ¥ of a wave number. On the other
hand the 7 of the zonal wind component of the model is
larger than that of the actual atmosphere by about one
wave number. The general height dependence of 7,
however, is simulated very well. As we shall show later,
the kinetic energy of the stratosphere is maintained by
energy from the troposphere supplied mainly by the pres-
sure interaction term. According to Charney and
Pedlosky [5], the damping of the pressure interaction
term with altitude is proportional to the stability of the
layer, to wave number, and to the degree of baroclinic
instability. Thus ‘the theory is consistent with the fact
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Ficure 4D3.—The latitudinal variation of the effective mean
wavelengths of the zonal wind component and of the meridional
wind component are shown by solid and dashed lines, respectively.

that long waves predominate in the stratosphere. This
subject will be discussed further in the section on the
balance of kinetic energy.

For reference, the latitudinal variation of the energy
spectra is shown in figure 4D3. For convenience in com-
parison, the spectrum is plotted versus wavelength in-
stead of wave number. In high latitudes the eddy kinetic
energy of the actual atmosphere is much larger than that
of our model atmosphere. Again, this discrepancy may
partly be due to the eccentricity of the circumpolar vortex
in the observed atmosphere. It is noteworthy that the
characteristic wavelength increases slightly with decreas-
ing latitude for both the actual atmosphere and our model.

E. DISTRIBUTION OF KINETIC ENERGY

In this section we shall examine the latitude-height
distribution of eddy kinetic energy. Figure 4E1 shows
the vertical distribution of the hemispheric mean eddy
kinetic energy of our model atmosphere. In the same
figure we also show values of the hemispheric mean eddy
kinetic energy for the actual atmosphere obtained by
various authors. According to this comparison, the ob-
served values are much larger than the calculated ones.
Although they may be somewhat overestimated because
of the geostrophic assumption, there must be other reasons
for this discrepancy. The level of the maximum eddy
kinetic energy lies at approximately 200 mb. in the model
atmosphere and coincides with that in the actual
atmosphere.

The latitude-height distribution of eddy kinetic energy
is shown in figure 4E2. The latitude of the maximum of
eddy kinetic energy falls approximately at 40° N. and
coincides with that of the maximum zonal velocity. In
figure 4E3 the latitudinal distribution of eddy kinetic
energy at the 500-mb. level obtained by Saltzman [35], is
compared with our results. In high latitudes the eddy
kinetic energy of the actual atmosphere is much larger



742 MONTHLY WEATHER REVIEW Voel. 93, No. 12
0 — 1 1 1 ) 1 1. L
HE
| ™~
190]160
200 <
<o
—_ 180 [150
a 400
E
= 170 |140
& 600
[ 7]
Ll
o
o TEWELES ® 160 |130
800
SALTZMAN 3¢
i WIIN - NIELSEN O
1000 ? T T 1 T r
0 0.5 1.0 1.5 2.0 2.5 0
-1 . 2 ‘ ad
X 10 1unleﬁm , mb - g
=
F1cUre 4E1.—The vertical distribution of the hemispheric mean of S
eddy kinetic energy is shown as a function of altitude. The
area mean of eddy kinetic energy obtained by Wiin-Nielsen [43],
Teweles [41], and Saltzman [35] for the actual atmosphere are also
plotted for the sake of comparison. The latitudinal ranges of the
area means for these studies {43, 41, and 35] are 16.75°-88.75° N.,
15°-80° N., and 15°-80° N., respectively. =
.009 °
— 30 §
—
=
5
of gk
a =
=
Y S
k
k
k= 4
926 T T T T U T 0 k=5
991 90° 80° 70° 60° 50 40° 30° 20° 10° O° E
LATITUDE lﬁ :S” T T T T T T T
Fieure 4E2.—Latitude-height distribution of eddy kinetic energy 238 248 258 n"szsa 278 288 28

obtained by the model.

i20
EDDY KINETIC ENERGY AT 500 MB LEVEL

100 |— -
O saLTZMAN

80 [—

1073 joule /cm2,Mp
8
[

3
T
1

\~~_l._
o

0 | | | 1 | I |
20 80 70 60 50 40 30 20

0
LATITUDE
Ficure 4E3.—The latitudinal distribution of eddy kinetic energy
at the 500-mb. level. The annual mean value obtained by Saltz-
man [35] for 1951 is also plotted for comparison.

F16URE 4E4.—In the top of the figure the time variations of total
kinetic energy, of zonal kinetic energy, and of eddy kinetic energy
for the period of 231-300 days are shown by short dashed,
dashed, and solid lines, respectively. (Units: joule/em.?) In
the center, the time variation of latitudinal distributions of both
zonal and eddy kinetic energy are shown (units: joule/em.?).
At the bottom, the time variation of the vertical distribution of
eddy kinetic energy is shown. The units are 1073 joule cm.™2
mb.~! (Hemispheric mean).

than that of our model probably because of the irregu-
larity and the eccentricity of the circumpolar vortex
caused by the kinematic and thermal asymmetries of the
lower boundary, i.e., land and sea.

The upper part of figure 4E4 shows the time variation
of the total kinetic energy, the zonal kinetic energy, and
the eddy kinetic energy. As expected, during the 70-day
period chosen for our extensive analysis, the variation of
zonal kinetic energy is mainly out of phase with that of
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Ficure 4F1.—The vertical distribution of total, zonal, and eddy available potential energy are shown in the left, center, and right side of
this figure, respectively. The corresponding distributions obtained by Wiin-Nielsen [43] for April 1963 and the whole year of 1962

are also shown.

eddy kinetic energy. Since the variation of eddy kinetic
energy is much larger than that of the zonal kinetic energy,
the time variation of the eddy kinetic energy and that of
the total kinetic energy are very similar. Although the
magnitude of the kinetic energy varies with a period of
approximately two weeks as Smagorinsky [37] pointed out
in his earlier work, it is not possible to find a distinct
period. In the center of the figure, the time variation of
the latitudinal distribution of zonal and eddy kinetic
energy are shown. The latitude of maximum energy
changes with time. The range of fluctuation, which is
several degrees of latitude, is somewhat smaller than the
range observed in the actual atmosphere.

In the lower part of this figure, the time variation of
the vertical distribution of eddy kinetic energy is shown.
This result shows that the level of maximum eddy kinetic
energy hardly changes with time during this portion of
the numerical simulation.

F. DISTRIBUTION OF AVAILABLE POTENTIAL ENERGY

According to Lorenz [15], simplified versions of the
total, the zonal, and the eddy available potential energy
may be defined as the mass integral of Ay, A, and Ag
defined as follows:

Ar=H[T"'] (4F1)
Az=[(TH"'] (4F2)

where ( )’’ denotes the deviation of the temperature on
an isobaric surface from its hemispherical mean, and
792-517 0—65——3

e B LBy R GRS
ErR AT %
dP P *P
where O is the potential temperature of the air and Py,
denotes the base pressure, 1000 mb., and -(—)-IL'r and ()" de-

note the hemispheric mean and zonal mean respectively.

In figure 4F1, the vertical distributions of total, zonal,
and eddy available potential energy obtained from our
computation are shown together with those computed
from actual data by Wiin-Nielsen [43]. In general, the
zonal available potential energy obtained from our model
is much larger than that of the actual atmosphere (annual
mean value). This large available potential energy is
consistent with the very large latitudinal temperature
gradient of the upper troposphere which appeared in our
calculation (see section 4A). On the other hand, the
eddy available potential energy of our model atmosphere
is significantly smaller than that of the actual atmosphere
(annual mean value). This discrepancy may résult partly
from the lack of mountains and of land and sea contrast.
In other words, the asymmetries of the lower boundary
create the eccentricity in the latitudinal gradient of tem-
perature and alter the partitioning of the available po-
tential energy in favor of the eddy potential energy.
Furthermore, the magnitude of the energy components is
sensitive to the horizontal resolution of the model and
the magnitude of the subgrid-scale mixing coefficient.
One must also expect that the eddy amplitudes will de-
pend on whether or not heat may be transferred in latent
as well as sensible form.

The level of maximum zonal available potential energy
lies at about the 350-mb. level, which is somewhat higher
than in the real atmosphere (400 mb.). Again, this is
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consistent with the model error in the latitudinal temper-
ature gradient. The maximum eddy available potential
energy lies at approximately 400 mb., which is reasonably
close to the pressure of the observed maximum.

5. HEAT BALANCE

The study of heat balance of the atmosphere has been
performed by many authors (e.g. Houghton [7], London
[14], Ohring [23], Manabe and Msller [16], and Davis [6]).
In this section, detailed investigation of the heat balance
of the model atmosphere is made and compared with that
of the actual atmosphere. Based upon this comparison,
the causes of the coincidences or discrepancies of the
various features of the thermal structure of the model
atmosphere with the observed features are discussed.

A. HEMISPHERIC MEAN OF HEAT BALANCE COMPONENTS

The hemispheric means of various heat balance compo-
nents at the top and bottom of the model atmosphere are
compared in table 5A with those obtained by London [14]
for the actual atmosphere. The coincidence between
them is encouraging and is the natural consequence of
the successful simulation of the temperature field as a
whole. Note that all the net radiation received by the
earth’s surface is transferred to the atmosphere in the
form of sensible heat because of the lack of evaporation.

TaBLE 5A.—Hemispheric mean of heat balance components (units
are ly./min.)

Model Actual
atmosphere | atmosphere

Net solar radiation__._...___ —0.329 —0.324
Top of the atmosphere______

Net long-wave radiation...__ .329 .324

Net solar radiation_.__._.___ —. 232 —.237
Earth’ssurface. ____________ Net long-wave radiation_____ . 081 . 090

Turbulent energy flux_...... .154 .147

B. LATITUDINAL DISTRIBUTION OF HEAT BALANCE
COMPONENTS

The latitudinal distribution of net upward radiative
fluxes at the top of the atmosphere and those of net upward
radiative fluxes and turbulent energy fluxes at the earth’s
surface are shown in figure 5B1. For the sake of compari-
son, the corresponding quantities obtained by London [14]
for the actual atmosphere are plotted in the same figure.
The general agreement between the net fluxes of our model
and those of the actual atmosphere is very good. In figure
5B2, the northward flux of energy expected from the
radiative imbalance of the earth-atmosphere system is
shown together with the northward fluxes obtained by
Houghton [7] and London. According to this figure, the
total northward transport of energy of our model turned
out to be somewhat smaller than the annual mean flux
obtained by either Houghton [7] or London [14] mainly
because of the slight difference in the latitudinal gradient
of net outgoing radiation. As we described in section 44,
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F1Gore 5B1.—The upper half of the figure shows curves of the
latitudinal distribution of net upward long-wave radiation
(NLR)T and that of net downward solar radiation (NSR)r at
the top of the atmosphere. The lower half of the figure shows
the latitudinal distribution of the net upward long-wave radia-
tion (NLR)gs, of net upward solar radiation (NSR)gs, and of
the upward turbulent flow of heat (SHFX)gs at the earth’s
surface. The corresponding quantities obtained by London [14]
are plotted in the same figure as stars, dots, and triangles for
comparison.

the latitudinal gradient of temperature obtained from our
model is significantly larger than the annual mean gradient
of the actual atmosphere and this is responsible for the
present discrepancy.

In the lower part of figure 5B2, the northward eddy
flux of heat obtained from our model is shown together
with those obtained by Starr and White [39] for the
annual mean and Peixoto [26] for winter. According to
this comparison, the computed eddy flux is significantly
larger than observed. This result does not necessarily
contradict the results shown in the upper part of this
figure. Since the effect of the northward transport of
latent energy is not incorporated in this model, it may be
reasonable to have a large eddy flux of sensible heat
despite the relatively small energy flux required from
radiative imbalance. This will be discussed further in
a companion paper [18] on general circulation simulations
with a simple hydrologic cycle.

The latitudinal distributions of various heat balance
components in the atmosphere are plotted in figure 5B3.
In general, the heating effect of convection from the
earth’s surface is mostly compensated for by the cooling
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the total energy expected from radiative imbalance is shown by a
dashed line. Also, the flux obtained by Houghton [7] and that
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the annual mean (Starr and White [39]) are also plotted.
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effect of radiation. The remaining imbalance is taken
up by the effect of large-scale motions. In the Tropies,
the cooling resulting from the meridional circulation plays
an important role; in the middle latitudes the effect of the
meridional circulation and that of the eddies more or less
compensate each other; and in higher latitudes the
heating produced by the convergence of eddy flux of
sensible heat predominates. Accordingly, the net effect
of the large-scale motion is cooling at low latitudes and
heating at high latitudes. Note that the temperature
change caused by the meridional circulation and by the
eddies involves the effect of adiabatic heating as well
as that of the convergence of sensible heat transport.
The subgrid-scale transport of sensible heat plays a minor
role in the heat budget.

C. VERTICAL DISTRIBUTION OF HEAT BALANCE COMPONENTS

In figure 5C1 are shown the calculated vertical distri-
butions of the hemispheric mean values of various heat
balance components. According to this figure, the
stratosphere as a whole is in almost complete radiative
equilibrium while in the troposphere the hemispheric
mean temperature is maintained as the balance among
convective heating, radiative cooling, and the somewhat
smaller effect of large-scale motions. In figure 5C2, the
vertical distributions of heat flux resulting from the
meridional circulation and large-scale eddies are shown
together with the temperature change caused by adiabatic
expansion and divergence of heat flux. As one might
expect from the theory of baroclinic instability, the
large-scale eddies transport heat upward except in the
stratosphere and tend to stabilize the static stability
of the troposphere and counteract the net effect of radi-
ation and convection. The hemispheric mean tempera-
ture change caused by the meridional circulation is
relatively small.
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Ficure 5C1.—The simulated vertical distribution of the hemi-
spheric mean of the temperature change due to radiation,
convection, and large-scale motion (advection and adiabatic
heating) are shown.
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Fi1Gure 5C2.—On the left side of the figure are shown the vertical
distributions of the rate of net temperature change (on the con-
stant @-surfaces) due to adiabatic expansion and divergence of
heat flux by the meridional circulation (M.C.) and by large-scale
eddies (EDDY). On the right side, the vertical distributions
of heat flux on constant @Q-surfaces due to meridional circulation
(M.C.), large-scale eddies (EDDY), and to both (NET FLUX)
are shown. Units: joules cm.™2 day, ! right side. Upward flux
is positive.

D. LATITUDE-HEIGHT DISTRIBUTION OF HEAT BALANCE
COMPONENTS

Figure 5D1 shows the latitude-height distribution of
net temperature change caused by radiation. Com-
paring this result with the corresponding distribution
obtained by London [14] for the actual atmosphere, one
can find many common features, i.e., the rapid decrease
with increasing altitude of radiative cooling of the upper
troposphere, the relatively large cooling in the tropical
troposphere, and the strong cooling in the low cloud layer.
This strong cooling due to the existence of low cloud is
somewhat exaggerated in our calculation since we assumed
the low clouds to be too thin. In the stratosphere weak
heating occurs at low latitudes and cooling at higher
latitudes. Similar features appeared in the heat balance
computations performed by Ohring [23], Manabe and
Moller [16], Davis [6], and Kennedy [9] for the actual
atmosphere. The rate of cooling in high latitudes for
the computed stratosphere is much smaller than that
obtained in any of these studies. The failure to get a
sufficiently warm stratosphere in higher latitudes (see
section 4A) is the major reason for this discrepancy. (The
cooling rate obtained by Ohring [23] and Davis [6] in the
higher latitude stratosphere is somewhat larger than that
obtained by Manabe and Maller [16] or by Kennedy [9]
mainly because of their assumption of a humid strato-
sphere in higher latitudes.)

In the middle and lower parts of figure 5D1 are shown
the latitude-height distribution of the rate of temperature
change due to solar radiation and that due to long-wave
radiation. In the top stratospheric level, heating resulting
from the absorption of solar ultraviolet radiation by ozone
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' Figure 5D1.—Upper, middle, and lower parts of the figure give

the latitude-height distributions of calculated temperature change
(°C./day) due to the net rate of radiation, the solar radiation
only, and long-wave radiation only.

is compensated for by the cooling caused by the long-wave
radiation of carbon dioxide and water vapor. Around
the level of the tropopause, both the effect of solar radia-
tion and that of long-wave radiation are small, and they
are in rather delicate balance. In the troposphere, the
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surface and to the moist adiabatic adjustment.
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Ficure 5D3.—The upper part of the figure shows the latitude-
height distribution of the calculated poleward eddy transport of
heat on isobaric surfaces. In the lower part of the figure the
northward heat transport obtained by Starr and White [39] for
the year 1950 is shown. Units are 107 joule mb.—! day.—!

cooling due to the long-wave radiation of water vapor
outweighs the heating due to the solar radiation absorption
by water vapor. The net radiative cooling in the tropo-
sphere 1s compensated for by convective heating originat-
ing from the earth’s surface. Refer to the paper by
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Manabe and Strickler [17] for the details of the vertical
distribution of the contributions of various gases.

The latitude-height distribution of the rate of temper-
ature change due to conduction at the earth’s surface and
moist convective adjustment is shown in figure 5D2. As
one would expect, the thickness of the moist convective
layer is deeper in the Tropics than in high latitudes. The
depth of this layer is about 12 km. in the Tropics and
monotonically decreases with increasing latitude. In our
model, the moist convective adjustment is very active in
subtropics where the observed rainfall is at s minimum.
This unreasonable result is the direct consequence of the
adjustment process which disregards the effect of relative
humidity on the moist convective process. We will be
able to discuss this matter in more detail in the following
companion paper [18] on the general circulation model
with a hydrologic cycle.

So far we have examined the latitude-height distribution
of temperature change due to radiation and convective
adjustment. Another important factor is the effect of
large-scale eddies. Figure 5D3 shows the latitude-height
distribution of the northward transport of heat both in our
model and in the actual atmosphere. In the real atmos-
phere, the area of the maximum transport of heat appears
in the lower and upper part of the mid-latitude tropo-
sphere, whereas our model has a maximum in the lower
troposphere but fails to have another maximum in the
upper troposphere. In the tropical troposphere of our
model atmosphere, extremely weak southward transport
appears. Recently Starr and Wallace [40] pointed out the
existence of a counter-gradient flux of heat in the tropical
troposphere. Since the magnitude of the negative flux
obtained from our computation is very small, this coinci-
dence with observation may not be significant.

The latitude-height distribution of the calculated verti-
cal heat flux is shown in figure 5D4 together with that of
the actual atmosphere obtained by Jensen [8] for April.
According to this figure, the upward flux of heat predomi-
nates in the troposphere except in the Tropics where a very
weak downward flux of heat appears. In the stratosphere
of our model atmosphere, the area of downward eddy heat
transport occupies most of the area. Similar features are
noticeable in the results of Jensen [8].

The net effect of these eddy fluxes of heat (including the
effect of adiabatic heating or cooling caused by eddies)
upon the rate of temperature change is shown in figure
5D5. Inmiddlelatitudes large-scale eddies make a signifi-
cant contribution toward stabilizing the atmosphere. Ac-
cording to our results, the height of maximum stabilization
decreases with increasing latitude. In higher latitudes it
is very close to the earth’s surface and contributes signifi-
cantly to the maintenance of the inversion in the lower
troposphere of high latitudes. Despite this stabilizing
effect, the calculated area of stable layer in high latitudes
is much smaller than the observed area. The existence of
a relatively warm sea surface around the polar cap may be
partly responsible for the maintenance of the strong inver-
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Ficure 5D4.-—The upper part of the figure gives the latitude-
height distribution of the calculated vertical eddy flux of heat
on isobaric surfaces. The lower part gives that obtained by
Jensen [8] for the actual atmospheric transient eddy component
for April. Units are joule cm.~2 day.—!

sion in the actual winter atmosphere. Further study on
this subject is desirable.

Next we shall examine the heat balance of the strato-
sphere. Figure 5D6 shows the latitudinal distribution of
the rates of temperature change due to various heat
balance components at model level 2 (P/Px=0.074) in
the stratosphere. According to this figure, the direct
meridional circulation in lower latitudes contributes to
the latitudinal increase of temperature there. The large-
scale eddies transport heat northward (counter-gradient
in lower latitudes) and help maintain the high tempera-
tures in higher latitudes. The net effect of the large-scale
eddies is cooling in the subtropics and heating in high
latitudes. The magnitude of this effect, however, is far
from sufficient to produce the observed temperature
reversal in the stratosphere because of the counteracting
effect of the polar cell. The temperature of this level
increases about 14° C. from the equator to middle lati-
tudes, but decreases with increasing latitude in the higher
latitudes. Accordingly, the net increase of computed
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Figurk 5D5.—The latitude-height distributions of the rate of tem-
perature change (°C./day) due to large-scale eddies and subgrid-
scale mixing are shown in the upper and lower parts of the figure,
respectively.

temperature from equator to pole is only 5° C., which is
much smaller than the observed annual mean increase
of 20° C. For comparison, the annual mean rate of
radiative temperature change obtained for the observed
distribution of temperature is shown by the triangle
symbols in figure 5D6. The cooling rate in the higher
latitudes is much larger for the actual atmosphere than
for the model atmosphere because of the higher observed
temperatures in high latitudes. In summary, there is
some tendency toward a latitudinal increase of temper-
ature in the model’s stratosphere, but further refinement
of the model is needed to simulate the full magnitude of
this property.

6. ANGULAR MOMENTUM BALANCE

A. LATITUDINAL DISTRIBUTION OF ANGULAR MOMENTUM
BUDGET

The distributions of northward transport of angular
momentum which are due to large-scale eddies, meridional
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Ficure 5D6.-—In the upper part of the figure, the latitudinal
distributions of the rate of temperature change due to various
heat balance components at the second model level (A=2,
P/Px=0.074) are shown. The triangles show the annual mean
rate of radiative temperature change at this level computed for
the observed temperature distribution. In the lower part of the
figure, the net temperature change due to large-scale eddies and
the meridional circulation is shown.

circulation, and subgrid-scale mixing are shown in figure
6A1 together with the eddy transport of the actual
atmosphere obtained by Starr and White [39] and Buch [4].
According to this figure, the calculated latitude of maxi-
mum eddy transport is about 30° N. and coincides with
that of the actual atmosphere. The magnitude of the
maximum eddy flux, however, is somewhat larger than
that of the actual atmosphere. The contribution of
subgrid-scale mixing turned out to be about ¥ of that of
the large-scale eddies. Figure 6A2 is presented to show
how the angular momentum balance is maintained at
each latitude by the above mechanisms. According to
this figure, the positive angular momentum, which is
supplied from the earth’s surface in tropical latitudes and
in very high latitudes, is transported into middle latitudes
mainly by the large-scale eddies, and the accumulated
momentum is returned to the earth’s surface there. In
middle latitudes, the westerly momentum is supplied by
the convergence of absolute angular momentum by the
large-scale eddies, and in the subtropics it is supplied by
the meridional circulation.

B. LATITUDE-HEIGHT DISTRIBUTION OF ANGULAR
MOMENTUM BUDGET

In figure 6B1 the latitude-height distribution of the
northward eddy transport of angular momentum obtained
from our model is compared with the observed transport
obtained by Buch [4] Oort {24]. According to this figure,
the height and latitude of the maximum northward eddy
transport coincide very well with those of the actual at-
mosphere. The negative eddy transport in high latitudes,
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Figure 6A1.—The latitudinal distribution of northward trans-
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Ficure 6A2.—The rates of the change of angular momentum due
to meridional circulation, large-scale eddies, subgrid-scale dif-
fusion, and surface torque are shown as functions of latitude.
In the lower part of this figure the distribution of computed
surface torque (solid line) is contrasted with the estimate of
surface torque by Priestley [31] for the actual atmosphere (coded

- circles). The Priestley data are means for two hemispheres
averaged by seasons.
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of angular momentum by the large-scale eddies. Unit is 108
gm.sec.”l day.m!
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Ficure 6B3.—The latitude-height distribution of the rate of
change of relative angular momentum due to the large-scale
eddies, the meridional circulation, horizontal and vertical subgrid-
scale mixing are shown in the upper, middle, and lower parts of the
figure, respectively. Units are 1012 gm. e¢m.? sec.—1. mb.-! day-1.
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Ficure 6B4.—Schematic representation of the flow of absolute
angular momentum in the model atmosphere.

which is obtained in our model, does not appear clearly in
these data for actual atmosphere. However, the results
obtained by Obasi [22] for the Southern Hemisphere show
significant negative transport at about 62° S.

The latitude-height distribution of vertical flux of
angular momentum by large-scale eddies is shown in
figure 6B2. It is interesting to note that the angular
momentum is transported upward in middle latitudes
where the jet stream predominates. In other words,
it is transported against the gradient of momentum below
the jet stream. Since this flux decreases with increasing
altitude at the level of the jet stream, it supplies the
momentum to the zonal current. The relative magnitude
of this contribution is about 30 percent of that of the
horizontal eddy transport.

In figure 6B3 the latitude-height distributions of the
rate of the change of relative angular momentum due
to the large-scale eddies, the meridional circulation, the
horizontal subgrid-scale mixing, and the vertical mixing
are shown. According to this figure, the absolute angular
momentum created by surface torque in the tropical region
is transported upward by the direct tropical cell and
supplies the relative angular momentum in the upper
troposphere near the equator. This relative angular
momentum then is transported northward by the large-
scale eddies. (Note that the eddy transport of angular
momentum is at a maximum in the upper troposphere.)
This eddy northward flux of relative angular momentum
converges in middle latitudes, counterbalances the sink
of relative angular momentum resulting from the indirect

meridional circulation in middle latitudes, and thereby -

helps maintain the jet stream. Figure 6B4 gives a
schematic representation of the flow of absolute angular
momentum described here.

Finally, we should comment on the dependence of our
results upon the vertical mixing coefficient adopted for our
computation. As figure 6B3 shows, the change of angular
momentum attributed to vertical mixing is very large in
the planetary boundary layer and is compensated for
mainly by the change of relative angular momentum due to
the meridional circulation. This is why the very narrow
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belt of the meridional component of the wind sticks to the
earth’s surface as figure 4B3 shows. In other words, the
degree of eccentricity of the meridional circulation of the
atmosphere is mainly dominated by the thickness of the
boundary layer or by the specified distribution of the
vertical mixing coefficient near the earth’s surface.

7. BUDGET OF KINETIC ENERGY AND AVAILABLE
POTENTIAL ENERGY

The release of available potential energy in the tropo-
sphere has been the subject of many studies [42], [43],
[11], [35]. According to Jensen [8] the maximum re-
lease takes place at about the 500-mb. level. It is very
important to know how the energy, which is converted
from potential energy, is distributed in the atmosphere.
In connection with this problem, the mechanism for main-
taining the kinetic energy in the stratosphere has received
a great deal of attention recently. (See, for example,
Barnes [2], Oort [24], Reed et al. [32], Miyakoda [21].)
According to these authors, the release of eddy potential
energy is negative and the kinetic energy of the strato-
spheric motion is maintained against dissipation by action
from the troposphere. In this section we shall analyze the
budget of available potential energy and that of kinetic
energy in the model atmosphere in detail and compare
them with those in the actual atmosphere whenever it is
possible. It is hoped that the present analysis is useful
for forming a coherent picture of the energy balance of
the atmosphere.

A. ENERGY BALANCE FOR THE WHOLE ATMOSPHERE

Before becoming immersed in a detailed study of the
energetics of the atmosphere, we constructed an energy
diagram similar to the four-box diagram constructed by
Phillips [27] and Smagorinsky [37]. Figure 7Al shows
the comparison among the energy diagram for our result,?
that obtained by Smagorinsky and Phillips, and that
compiled by Qort for the actual atmosphere. According
to this comparison there is general qualitative agreement
between the energy flow of the model atmosphere and
that of the actual atmosphere. There are, however, the
following quantitative discrepancies.

(1) The generation of available potential energy, and
therefore the conversion of potential energy into kinetic
energy, in the model atmosphere is significantly larger
than that obtained by Oort [25] for the actual atmosphere.
This discrepancy results from the absence of poleward
transport of latent heat, of condensation, and of the ocean
heat transport. All these act to decrease the latitudinal
temperature gradient. Although the model of Phillips
does not incorporate these effects, his heating function is
deliberately modified to partially take these effects into

3 The available potential energy adopted for the construction of this energy diagram is
linearized and is defined by equation (4F1). This linearization is probably responsible
for the relatively poor balance between the net generation and the conversion of the avail-
able potential energy because the non-linearized version, which is defined by equation
(AII8), maintains a very good balance as table 3.2 shows.
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Fi1gure 7A1.—In the upper and middle parts

of the figure the energy diagram of the model
and that compiled by Oort [25] for the actual
atmosphere are shown. In the lower part
the energy diagram obtained by Smagorin-
sky {37] is compared with that obtained by
Phillips [27] (in parentheses in black bozxes).
P zand (P g are hemispheric means of zonal
and eddy available potential energy, K z
and g{ g are hemispheric means of zonal and
eddy kinetic energy, Q% denotes the change
of available potential energy by radiation
and convection, Jf{ denotes the destruction
of available potential energy by horizontal
subgrid-scale mixing, and F, gF, and ¢F
indicate the total dissipation, dissipation
by horizontal mixing, and that by vertical
mixing respectively. The unit of energy
transformation is 102 joule cm.~? mb.™!
day~! and that of energy itself is joule/em.?
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account. Accordingly, the magnitude of the generation Using the continuity equation, we obtain

of available potential energy of his model is somewhat >

smaller than in our model atmosphere. —V.vo= —wa—(V . (V"’)+a_13 (w¢)> (7B3)

(2) The ratios K z/ K z and P g/ P 7 are computed to be
much smaller than the observed values, although they
are somewhat larger in our results than in the earlier two-
level calculations (Smagorinsky [37]). One of the reasons
for this discrepancy may be the absence of surface asym-
metries as discussed earlier.

(3) The transfer of eddy kinetic energy into zonal
kinetic energy in our model atmosphere is larger than
that estimated by Oort {25] for the actual atmosphere,
though it is somewhat smaller than the energy transfer
obtained by either Phillips or Smagorinsky. This result
is consistent with the very strong jet stream which we
obtained in our computation. (See section 4B.)

B. TOTAL KINETIC ENERGY BUDGET

For the sake of simplicity of interpretation of results,
a pressure coordinate system is used instead of a o-coor-
dinate system. The equation for the rate of change of
kinetic energy in the pressure coordinate system is

0K

v (VE)— 2, (WK)—V-ve+V-F (TB1)*

where V is earth velocity, F is frictional force, and
K=1V? (7B2)
. 000

The equation for the rate of change of hemispheric mean
of Kis

TH
O R w2 Tl V" (1BY)
where UH denotes the hemispheric mean; « is the specific
volume of air, ¢ is geopotential height on an isobaric
surface.

In equation (7B1) we shall refer to —V.V¢ and V.F

as the source term and the sink term of kinetic energy

respectively. In equation (7B4) the term —53—)(T¢5H

and the term _biP (wK )H may be called the pressure inter-

action term and the transport term of total kinetic energy,
respectively, and the term —wa” will be referred to as the
conversion term of potential energy. Figure 7B1 displays
the vertical distribution of the contribution of these terms
to the rate of change of total kinetic energy. According
to this figure the level of the maximum release of potential
energy occurs at about 500 mb. As figure 7B2 shows the
energy thus converted is transferred upward to the level
of the jet stream and downward to the level of the surface

+This equation applies to isobaric surfaces uninterrupted by the earth’s surface.
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Ficure 7B1l.—Vertical distributions of the rate of change of kinetic energy on each isobaric surface due to various mechanisms.



754 MONTHLY WEATHER REVIEW" Vol. 93, No. 12
SUPPLY OF KINETIC ENERGY
-a3 " (Joute/cm2, DAY) —

0“?9. 8. =7, 6. -5. -4, 3. -2, -1. 0.0 1. 2. 3. 4. 5. 6. 7. 8. 9. 10.

IS B s B B € B B
.100
.200
.300

.500

.700

.800

. 900

|

1.000

.05 10 15
Soa, L yve' JouLe/cm2, M8, DAY)—

— § H -_—H
Freure 7B2.—Vertical distribution of —V.¥¢ , —w¢ , and —we on an isobaric surface.

boundary layer by the mechanism corresponding to the
pressure interaction term —wg?. As a result of these
energy transfers, the source term of kinetic energy
—V-vd;H is & maximum at these two levels. According
to figure 7B1 these sources of kinetic energy are almost
exactly compensated for by the sink of kinetic energy
V.F, ie., by dissipation. The effect of vertical trans-
port of kinetic energy is negligibly small. Recently,
Kung [12] computed the vertical distribution of the source
term of kinetic energy over the North American Continent
from observed wind data. It is encouraging that his re-
sults have a clear double maximum in the source term at
the level of the jet stream and in the boundary layer as we
predicted. According to Brunt [3] the dissipation of
kinetic energy in the free atmosphere is approximately
equal to that in the boundary layer. In the model

atmosphere, the ratio of the dissipation above the 811-
mb. level to that below the 811-mb. level is 1.60 to 1.00.

The equation for the change of the vertically integrated
kinetic energy is

A

K. 1 2

3t acos6od \’

A _— —
K cos 0)—V-v¢P -I—ﬁp (7B5)

where v is the meridional component of the earth wind

—P
velocity and ( ) and ( ) denote the mean operation with
respect to pressure and longitude, respectively. In the

—_—X\

s Instead of equation (7B5), the following equation on the Q-coordinate system is
adopted for the actual computation

A

1 2

ot a cos 0 09

A A
PoE° cos o)—(P.v-v¢+RTv-vP.;‘ +VF (7B8)
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Figure 7B3.——In the upper part of the figure the distribution of
the source term and sink term (dissipation) of total kinetic
energy are shown as functions of latitude. In the lower part of
the figure, the latitudinal distributions of northward flux of total
kinetic energy due to the meridional circulation (M.C.), due to
the large-scale eddies (EDDY), and due to both effects (TOTAL)
are shown.

upper and lower parts of figure 7B3 the latitudinal dis-
tribution of the source and the sink of kinetic energy are
shown respectively. According to this figure, the latitude
of maximum dissipation is about 45° N, and the latitudes
of the primary and secondary maxima of the source term
are about 32° N. and 62° N. As one may expect, the lati-
tudinal distribution of the northward transport of kinetic
energy, shown ia figure 7B3, is very similar to that of the
angular momentum shown in figure 6A1. Accordingly,
the kinetic energy is transferred from the source region
in the subtropics (or from high latitudes) into the sink
region in middle latitudes. This transport compensates
for the imbalance between the source and sinks of kinetic
energy. Saltzman, Gottuso, and Fleisher {34] computed
the latitudinal distribution of the northward transport of
kinetic energy by the large-scale eddies at the 500-mb.
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F1cuRE 7B4.—The latitude-height distribution of the source term
of kinetic energy is shown in the upper part of the figure. That
of the gink term (dissipation) is shown in the lower part of the
figure. Unit: 103 joule mb.~! day~!.

level of the actual atmosphere. Their latitude of maximum
poleward transport is approximately 40° N. and coincides
with that of the model atmosphere. However, the weak
southward transport, which appears in the model atmos-
phere around the latitudes of 50° to 70°, is missing in
their distribution. The magnitude of maximum pole-
ward transport is about 6X10'® joules day~' mb.™!
(annual mean) and coincides reasonably well with that of
the model atmosphere at 500 mb. in which it is approxi-
mately 8X10!% joules day~' mb.”' (See fig. 7B5.)

The latitude-height distribution of the sink of kinetic
energy (V-F) which is shown in the lower half of figure
7B4 is very similar to that of the eddy kinetic energy
shown by figure 4E2 except in the area near the earth’s
surface, where the dissipation in the boundary layer
predominates. It is interesting that the source term
has a negative value in the upper troposphere of the
middle latitudes. The kinetic energy is transported into
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Ficure 7B5.—The latitude-height distribution of the northward
transport of total kinetic energy due to large-scale eddies is shown
in the upper part of this figure (Unit: 1017 joule mb.-1 day~1) and
that of the vertical transport of total kinetic energy due to large-
scale eddies is shown in the lower part (Unit: 10-2? joule cm.—?
day™1).

this sink region from the source regions located on both
sides. For comparison, the distribution of the poleward
and vertical transports of total kinetic energy by the
large-scale eddies is shown in figure 7B5.

C. EDDY AND ZONAL KINETIC ENERGY BUDGET

The equations for the rate of change of the hemispheric
mean of eddy kinetic energy and of zonal kinetic energy
may be written as follows:

e
5t — op (WK —u'd" —55 (o'¢") + V' -F
+(Kz - Keh+(Kz - Kg), (7C1)
DEH__ GE)" == 0 (—)\—x)"" 7 ?x”'
> P @iz plee) +V
‘(Kz : KE>1_<KZ . KE>2 (702)
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where ( )’ denotes the deviation from zonal mean '(—))‘ and

Kp=3[(w')*+(v')’] (7C3)
=)+ ) 1 (7C4)
, —
(Kz-Kgh~ —u’_v’)‘ cos ¢ é a%(&x secd)—o @ g; (7Cs)
<KZ‘KE)2~ (u Ty ) (7Cs)

where u is the zonal component of the earth wind velocity.

We shall refer to —a’e’  and —w)\ax as the eddy con-
version term and the zonal conversion term, — V' .F"
and —VX-F)‘
dissipation, and —w’¢’ and —w d> as the eddy pressure
interaction and zonal pressure interaction term, re-
spectively. (K- Kg), represents the energy transfer
from zonal kinetic energy into the eddy kinetic energy
attributed to the vertical interaction term (Reynolds
stress by the large-scale eddies) and (K;-Kz) rep-
resents the remaining part of the transfer from K to Kjz.
In the upper part of figure 7C1, the vertical distributions
of these terms contributing to the change of eddy kinetic
energy are shown. As the upper part of figure 7C2 shows,
the net effects of the eddy conversion of potential energy
and the eddy pressure interaction term create double
maxima in the distribution of the source of eddy kinetic
energy at the level of the jet stream (200-mb. level) and
in the boundary layer. According to figure 7C1, the
upper tropospheric maximum in the source of eddy
kinetic energy is mainly compensated for by dissipation
through horizontal mixing and the maximum in the bound-
ary layer is mainly compensated for by dissipation through
vertical mixing. Although the magnitude of the eddy
pressure interaction term decreases remarkably with
increasing altitude at the level of the jet stream, it
supplies a significant amount of energy to the stratosphere
and constitutes a major source of kinetic energy there.
In the lower half of figure 7C1 are the vertical distri-
butions of the terms contributing to the change of zonal
kinetic energy. As we stated already, the maximum
transfer from eddy kinetic energy into zonal kinetic
energy takes place at about the 200-mb. level and consti-
tutes a major source of zonal kinetic energy. Part of
this zonal kinetic energy is dissipated at the same level
and part is transferred by the zonal pressure interaction
term into the surface boundary layer where dissipation
predominates. (See the lower half of fig. 7C2.) Since
the zonal pressure interaction term is estimated.as a small
difference between two larger quantities, the accuracy of
the computation of its contribution is rather low. It is
hoped, however, that the general qualitative features

as the eddy dlss1pat10n snd the zonal

of its contribution are correctly evaluated. Figure 7C3

shows the summary of the budget which we have described
so far.



December 1965

SOURCES & SINKS

J. Smagerinsky, S. Manabe, and J. L. Holloway, Jr.

INTERACTIONS

[Ke— BUDGET]

—

—

B s s s Y TR I T | L1 1 ]

|

S Y TN Y S T |

= 11-.10 -.09 -.08-.07-.06-.05-.04-.03-.02 -.01.00 .01 .02 .03

.04 .05
JOULES/CMZ MB, DAY

-03-.02-.0l .00 .01 .02 .03 .04 .05 .06 .07 .08 .09
JOULES/CM2Z MB, DAY

[Kz- BUDGET]

——

| 1 1 ] |e—d——t==T" | |

[ 1 1

—1-.700
—-. 800

—1-. 900

L1 11 & 1 — 4

= -.10 -.09 -.08-.07 -.06-.05 -.04-.03-.02-.01.00 .0l
JOULES/CMZ MB, DAY

.02 .03 .04 .05

02 .03 .04 .05 .06 .07 .08 .09
JOULE/MB, CMZ, DAY

-.03-.02-.0l .00 .0l

" F1gure 7C1.—The vertical distributions of the rate of change of eddy kinetic energy due to various terms on an isobaric surface are shown
in the upper part of the figure, and those of the rate of change of zonal kinetic energy are shown in the lower part.

Finally, we shall examine the latitude-height distribu-
tion of some of these terms. In the upper and lower parts
of figure 7C4, the latitude-height distribution of the eddy
conversion term and that of the eddy pressure interaction
term are shown, respectively. According to this figure,
the eddy conversion of potential energy to kinetic energy
has a maximum at about the 500-mb. level in middle
latitudes. In the stratosphere, it has a small negative
value except around 50° latitude where some very weak
positive conversion appears. Similar distributions of the
eddy conversion term were obtained by Jensen [8] and
Miyakoda [21]. In the tropical troposphere, there are re-
gions of extremely weak conversion of potential energy.
Further study is desirable to determine how significant
these negative regions are. It is reasonable that the eddy
interaction term —g’¢’ has a maximum value in the
upper troposphere of middle latitudes or just below the

region of maximum eddy kinetic energy where dissipation
may predominate.

D. TOTAL AVAILABLE POTENTIAL ENERGY BUDGET

The equation for the rate of change of the hemispheric
mean values of A, (see equation 4F1) in the pressure co-
ordinate system may be written as follows:

—H
0 ———H — =l
%T ——sp (wAT)”+wa”+g;T 57 +(CR)  (7D1)®
where ) )
¢=Gc+4rap=+qup (7D2)
r— T 2
(OR) =ad” {0—3) log, I:'y <§> ]} (7D3)

¢ This equation and equations (7E1) and (7E2) apply to isobarie surfaces uninterrupted
by the earth’s surface. The part of the change of Az due to.the change of v is neglected.
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( )" denotes the deviation from the hemispheric mean.
The first term on the right-hand side of equation (7D1)
corresponds to the effect of the redistribution of total
available potential energy by vertical motion. The third
term denotes the net generation of available potential
energy caused by the effect of radiation, convection, and
horizontal diffusion. (CR) is the extra term which arises
from the simplified definition of available potential energy.
In general, this term is very small and, therefore, it will be

-excluded from further discussion.

In the upper part of figure 7D2 are shown the vertical
distributions of the net generation of total available
potential energy by convection, radiation, and subgrid-
scale horizontal mixing. According to this figure, con-
vection generates the available potential energy and
radiation and subgrid-scale diffusion destroy it. Figure
7D1 shows that the net generation by these three processes
is mostly compensated by the conversion of total available

potential energy, i.e., by wa. The conversion term has
a maximum value at about the 500-mb. level which is
somewhat lower than the level of maximum net generation.
Vertical transport of A adjusts the imbalance between
them.

E. ZONAL AND EDDY AVAILABLE POTENTIAL ENERGY
BUDGET
The equations for the rate of change of the hemispheric
means of Az and Az (see equations 4F2 and 4F3) in a
pressure coordinate system may be written as follows:

AT LT )
—ZA4,-A;> +(CRZ) (TE1)
+ZA, - Az> +(CRE) (7E2)

where

[P [v 77 °( )

e CER NG N

oP

o]

(7TE3)

(CRZ)—w A" { 2 log. I:'y (g)z]} (7E4)
w5 (e[ T

The third terms on the right-hand sides of equations (7E1)
and (7E2) are the zonal and eddy generation of avail-

able potential energy, and < A, Agz > is the conversion

and
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Ficure 7D1.—The vertical distribution of the budget components
of total available potential energy, of zonal available potential
energy, and of eddy available potential energy on an isobaric
surface are shown in the upper, middle, and lower parts of the
figure, respectively.

RATE OF CHANGE (JOULE/DAY, MB)

Ficure 7D2.—The vertical distribution of the generation or de-
struction of available potential energy due to convection, radiation,
and horizontal subgrid-scale mixing. The distributions for the
total available potential energy, zonal available potential energy,
and eddy available potential energy are shown in the upper, middle,
and lower parts of the figure, respectively. Note the change of
horizontal scale on the eddy graph.
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from zonal to eddy available potential energy. (CRZ)
and (ORE) are terms arising from the assumption adopted
for the linearization of the definition of available potential
energy. Again, we shall disregard these terms in the
following discussion.

According to figure 7D1, the net generation of zonal
available potential energy has a maximum in the upper
troposphere. This generation is mostly compensated
for by the transformation of zonal available potential
energy into eddy available potential energy, which is
also at a maximum in the upper troposphere. Figure
7D2 shows that the major mechanism which generates
the zonal available potential energy is the heating caused
by vertical convective mixing (conduction from the
earth’s surface and moist convective adjustment).

The budget components of eddy available potential
energy are shown in figure 7D1. According to this
figure the energy supply from the zonal available po-
tential energy constitutes a major source of eddy avail-
able potential energy. On the other hand, major sinks
are the transformation into eddy kinetic energy and the
net destruction by radiation, convection, and horizontal
diffusion. Figure 7D2 shows that the convective adjust-
ment destroys some of the eddy available potential
energy near the earth’s surface. The vertical transport
of Ag (see equation 4F3) compensates for the height
difference between the level of maximum supply and
that of maximum loss.

Because the latitudinal temperature gradient is too
large in the upper troposphere of our model, the sharp
maximum of energy transfer between zonal available
potential energy and eddy available potential energy in
the upper troposphere may be exaggerated in our cal-
culation. The general qualitative features of the energy
budget described above, however, may not be too far
from reality. It would be desirable to carry out a similar
study of the vertical distribution of energy budget for
the real atmosphere.

F. ENERGY BALANCE OF THE STRATOSPHERE

In order to investigate the energetics of the strato-
sphere obtained from our model, we constructed energy dia-
grams for a stratospheric layer (P/P+=—0.034 t0 0.126, i.e.,
the second layer from the top). Figure 7F1 shows the two-
box energy diagram. The terms which are written outside
the domain enclosed by dashed lines represent the in-
teraction with other layers. Since the interaction between
the second layer and the lower layer is much larger than
that between the second layer and the top layer, we may
regard these terms outside the domain as the interaction
between this stratospheric layer and the lower layers of
the atmosphere. According to this figure, the energy
transfer from below is mainly accomplished by the

pressure interaction term —wg . This energy supply
counterbalances the loss of kinetic energy by the con-
version from kinetic energy to potential energy and by
dissipation. The available potential energy thus con-
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Ficure 7F1.—Two-box energy diagrams for the model stratosphere
(approximately the 34-126-mb. layer). Qg, generation of avail-
able potential energy due to radiation and convection from the
earth’s surface. wA, the effect of the vertical transport of avail-
able potential energy. wK, the effect of vertical transport of
kinetic energv. w¢, effect of the pressure interaction term. The
unit of energy transformation is 10~3 joule mb.~1 em.~2 day—! and
the unit of energy itself is joule em.~? mb.7!. For further expla-
nation refer to figure 7Al. Norg: Value of (P 7 should be .064

instead of .072,

verted from kinetic energy is destroyed by the subgrid-
scale thermal diffusion and by radiation. These results
are in qualitative agreement with the conclusion obtained
by Barnes [2], Miyakoda [21], and Oort [24] for the actual
atmosphere.

In order to compare our results with the energy diagran
obtained by Oort [24] for the actual atmosphere, a four
box energy diagram is shown in figure 7F2 together witl
the diagram of Qort [24]. According to this diagrem, th
eddy kinetic energy of the stratosphere is supplied by th
lower atmosphere through the eddy pressure interactio:
term. The eddy kinetic energy thus produced is trans
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Freure 7F2.—Four-box energy diagram for the stratosphere of the model atmosphere (approximately 34-126-mb. layer) and of the actual
atmosphere (30-100-mb. layer) as compiled by Oort [24] are shown in the left and right-hand sides of the figure, respectively. The
energy exchange with the other layers of the atmosphere is shown by extending the arrow outside the domain enclosed by the dashed

line.
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Note: value of () should be .056 instead of .064.

ferred into zonal kinetic energy and then into the zonal
available potential energy. The transfer of energy de-
scribed so far is in qualitative agreement with the results
of Oort [24] obtained for the actual atmosphere. Quanti-
tatively, the magnitude of the eddy pressure interaction
from the lower atmosphere and that of energy exchange
between zonal and eddy kinetic energy are much larger
for our model atmosphere than for the actual atmosphere.
There are other disagreements. According to this dia-
gram, small amounts of zonal available potential energy
are transferred into eddy available potential energy, in
qualitative disagreement with the results Oort [24] ob-
tained for the actual atmosphere. Also, the degree of
destruction of zonal available potential energy by radiation
is much smaller than that for the actual atmospbere.

These comparisons suggest that the energy cycle in the
model stratosphere is significantly different from, at least,
Oort’s results for the stratosphere despite some qualitative
similarity. In order to simulate the stratosphere more
realistically, the following improvements of the model are
being planned:

(1) lmprovement of vertical resolution of the model in
the neighborhood of the tropopause. This improvement
may enable us to represent the vertical variation of the
pressure interaction term more accurately.

R.S.=the mass integral of the Reynolds stress term <Kz Kz>, (see equation (7C6).).

The unit of energy transformation is
For further explanation, refer to figures 7A1 and 7F1.

(2) Incorporation of the effect of condensation. This
improvement may significantly alter the meridional tem-
perature gradient of the atmosphere and therefore change
the magnitude of the zonal kinetic energy in the strato-
sphere as well as in the troposphere.

(3) Incorporation of the seasonal variation of radiation.
Since the condition of the stratosphere varies drastically
from one season to another, it is essential to include this
effect for the successful simulation of the climatology of
the stratosphere.

8. CONCLUDING REMARKS

In this study, we achieved a reasonable degree of success
in simulating the vertical structure of the atmosphere by
adopting a model with a relatively high vertical resolu-
tion. The general thermal structure of stratosphere-
troposphere system is simulated. The pole-to-equator
difference in the height of the tropopause turned out to be
approximately 7 km., which is reasonably close to the
observed difference of 10 km. The latitude of the tropo-
spheric jet coincides with the observation. The general
features of the distributions of radiative flux and convec-
tive flux are very similar to what London obtained for the
actual atmosphere. Also, the characteristic features of
wave disturbance are successfully simulated. The wave
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number of these disturbances decreases very sharply with
increasing altitude around the level of the tropopause,
and very long waves predominate in the stratosphere.
The level of maximum eddy kinetic energy is around the
200-mb. level and coincides with the level of maximum
in the actual atmosphere. The vertical distribution of
the budget of kinetic energy is in qualitative agreement
with the recent results of analyses of the actual atmos-
phere. For example, the kinetic energy of our model
stratosphere is maintained by the supply of energy from
the troposphere through the pressure interaction term
in agreement with the results obtained by analysis of the
actual atmosphere.

On the other hand, there are many discrepancies
between our model atmosphere and the actual atmosphere.
Many of the discrepancies pointed out by Phillips [27]
and Smagorinsky [37] in their numerical experiments are
still present. For example, the ratio of eddy kinetic
energy to the zonal kinetic energy and that of eddy avail-
able potential energy to its zonal value are much smaller
for our model atmosphere than for the actual atmosphere.
Also, the latitudinal gradient of temperature of our model
in middle latitudes is much larger than the observed
gradient. Accordingly, the intensity of the jet stream
which we obtained from our model is much too strong.

In the stratosphere, the latitudinal increase of tempera-
ture with increasing latitude is insufficient. Thus, the
stratospheric westerlies of our model atmosphere turned
out to be much stronger than the observed annual mean.
The amount of energy supplied from the troposphere into
the stratosphere also seems to be much larger for the model
than for the actual atmosphere. The eddy kinetic energy
created by this energy supply is used to maintain the very
large zonal kinetic energy of our model stratosphere.
These features of the stratosphere obtained from our com-
putation are much closer to those of the winter strato-
sphere than to those of the annual mean stratosphere
despite the fact we adopted the annual mean insolation
for our computation,

One of the major factors which may be responsible
for these discrepencies is that the condensation process
in the atmosphere is missing in the model. For example,
the modification of the latitudinal distribution of heating
by condensation could alter significantly the temperature
gradient in middle latitudes and accordingly the intensity
of the zonal current. Recently, we have completed a
preliminary integration of the general circulation model
which includes a simple hydrologic c¢ycle. The compara-
tive result is discussed in a companion paper [18].

Also, the effects of the asymmetries of the lower bound-
ary such as mountains and land-sea distribution could
be important. Recently, Mintz {20] successfully simi-
lated the longitudinal as well as latitudinal distributions
of temperature and pressure at the earth’s surface by incor-
porating these effects. As we discussed already, they may
significantly increase the ratio of eddy to zonal kinetic
energy.
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Another factor of importance is the horizontal and
vertical resolution of the model. According to the pre-
liminary results of an integration of our model with
higher horizontal resolution (N=40), the magnitude of
the northward transport of total energy (or momentum)
due to the meridional circulation and that due to the
large-scale eddies are significantly different from the
results obtained from the present model (N=20). Re-
cently, Smagorinsky and staff members [38] performed
a series of forecast experiments with real initial data and
concluded that the increase of resolution greatly improves
their forecasts. Therefore, it seems mandatory to perform
experiments with greater resolution; otherwise, the quan-
titative comparison of our results with the features of
the actual atmosphere will be of limited value.

In this study, a great deal of effort is devoted to the
analysis of the budget of kinetic energy of our model
atmosphere. We attempted to show how the kinetic
energy of the jet stream, the large eddy kinetic energy
in the upper troposphere, and the kinetic energy of the
stratosphere are maintained against dissipation. Al-
though some of the results we obtained are in qualitative
agreement with analyses of observed data, further study
of the budget of kinetic energy of the actual atmosphere
is needed for the satisfactory verification of simulation.

Finally, it must be pointed out that part of the success
in simulating the atmosphere is due to the fact that we
adopted the climatological distribution of atmospheric
absorbers for the computation of radiative transfer. It
is a further goal of our study to perform the numerical
integration without assuming the climatological distri-
bution of water vapor, ozone, and clouds.

APPENDIX |.—FINITE DIFFERENCE EQUATIONS
A. SPACE DIFFERENCE

The finite difference representation of the non-linear
term, which satisfies some of the integral requirements of
inertia terms and avoids some of the possibilities of non-
linear instability (pointed out by Phillips [29]) was recently
proposed by Arakawa [1]. Basing it upon the same prin-
ciple, Lilly 7 proposed a general energy and momentum
conserving representation of the non-linear term which we
adopted for the present study.

In order to facilitate the display, we shall first define
the following sum and difference operators adopted by
Shuman and Vanderman [36] and Lilly [13].

(et (9]
P (et ()]

where ¢ is any function of the variable X. For example,

the notation ¢_>Q signifies that the value of ¢ at the adjacent
levels is averaged.

(AI1)

(AI2)

7 Personal communication.
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(MTQ) and (STQ) are torque due to mountains and sur-
face drag, respectively. 6, ¢, and (7xz),_, denote latitude,
the geopotential of the earth’s surface, and the surface
stress respectively. In the present computation (MTQ)
is zero.

C. AVAILABLE POTENTIAL ENERGY

According to Lorenz [15], the available potential energy
can be defined as follows
A=(E+D)—(E+D (AlI8)
where E and I denote potential and internal energies
respectively. The operator ~ denotes the quantities
which would be obtained after redistributing the atmos-
phere until the isentropic surfaces are horizontal. The
equation describing the change of available potential
energy is

B _—cra (ATT9)
where
(= f (LI Ee wadQ) dA— f ‘-”; 92%) dA  (ATIL0)
0= [( [} [1=(BY ] ot ot 22 @)
- “’—; agi* dA (AII11)

@ is the net generation of available potential energy by
radiative heating ¢r,p, by convection ¢ov, and by gyxp,
which is the equivalent heat source corresponding to the
effect of horizontal diffusion. Second terms on the right-
hand side of the equations (AIT10) and (AII11) are zero
in the present computation because of the lack of
mountains.

D. GROSS STATIC STABILITY
Modifying slightly the definition given by Lorenz, we

can define static stability of the atmosphere as follows

G=—(E+D+(E+D) (ATT12)

where = denotes the quantities of the idealized atmos-
phere whose potential temperature is constant everywhere
and whose mean potential temperature is equal to that of
the actual atmosphere.

The equation describing the change of gross static
stability of the atmosphere is

G _o_gg

Y (AI113)

where G'G is the net rate of destabilization of the gross
static stability of the atmosphere by ¢rap, gov, and §un,
and is represented by the following equation
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) fﬁ*xﬂdA

GG:f ﬁli 1_1+K(fP*dA)P~

° *dA (AIll9)

0

(dnapt-Gov o) % dQ |da— f %

Again, the second term on the right-hand side of the
equation is zero in the present calculation.

APPENDIX [1.—SUBGRID-SCALE MIXING
COEFFICIENT

The coefficient of diffusion Ky in the subgrid-scale
mixing used in the model is computed from the relation:

A 2
Ku=2K (ﬁ) D|

where the notation is that of section 2(B). The only
factor in this equation not exactly specified by the theory
is the Karman constant k;. We used a value of 0.4 in the
long-time integration reported on here. However, we
performed extensive test integrations using a simple two-
level stereographic model with four values of % around
0.4 to make sure we adopted a reasonable value for this
parameter. The simplified model was essentially the
same as used in the general circulation experiment
except for modifications to the surface drag and convective
adjustment made necessary because of the low resolution
in the vertical. A simple parametric heating function
was used instead of the explicit radiation computation
of the regular nine-level model.

The model was started from rest and an isothermal
state and run with &k =0.4 until 8 more-than-adequate
pole-to-equator temperature gradient had developed and
baroclinic waves were beginning to form. Then an arbi-
trary time step was chosen as an initial condition, and the
model was run 11 days beyond this point four times with
four different values of ky (0.2, 0.283, 0.4, and 0.566)
but with no other changes.

After 11 days an inspection of the maps of winds,
pressure, and temperature indicated that those computed
with ky=0.4 exhibited the best compromise between too
much ‘“noodling” in small-scale features and too little
development of baroclinic waves. Space does not permit
the printing of all the maps that contributed to this
decision, but figure A-IIT shows cross-sections of tempera-
ture and meridional wind at the top level (250 mb.) along
a great circle passing through the North Pole. Certainly
it is clear from these curves that k,=0.566 gives too much
smoothing and ky=0.2 not enough. However, whether
ky=0.4 is the optimum value is still in doubt, but this
value was chosen for the longtime integration because of
its historical precedent.
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Freure A-III.—Cross-sections of meridional wind and temperature at 250 mb. along a great circle passing through the North Pole computed

in a simple two-level baroclinic model solved on a stereographic projection.

difference in the model was the value of the Karman constant (k)

Four runs of 11 days each were made in which the only

used in the horizontal diffusion of momentum and heat. These four

values were 0.2 (short-dashed curves with stars), 0.283 (dash-dotted curves with triangles), 0.4 (solid curves with solid circles), and

0.566 (long-dashed curves with open circles).

ACKNOWLEDGMENTS

The research reported on here was such a large undertaking that
it could only have been accomplished by extraordinary teamwork
on the part of a great number of talented and conscientious workers.
It would be utterly impossible in a few words to acknowledge
properly the superlative assistance we have received during the
preparation of this paper.

We are especially indebted to Dr. Patrick H. Sterbenz, Dr.
Donald A. Quarles, Jr., Dr. Kurt Spielberg, and other members
of the Mathematics and Applications Department of the I.B.M.
Corporation for planning and writing the original machine-language
STRETCH computer program for the time integration.

The following present or former members of the Geophysical Fluid
Dynamics Laboratory staff contributed substantially to the success
of this project: Mr. Robert F. Strickler who provided very knowl-
edgeable assistance with the radiation codes and related phases of

the program; Mrs. W. M. Carlton and Mrs. E. A. Staley who gave
meticulous attention to details in the systems programing; Mrs.
C. J. Hiland and Mrs. E. C. Arnold who wrote the extensive diag-
nostic programs for analysis of our results; Dr. Kirk Bryan whose
many useful questions and suggestions influenced the course of our
research a great deal; Dr. Douglas Lilly who developed the modified
version of the energy-conserving system of equations suitable for our
model; Drs. Yoshio Kurihara and Kikuro Miyakoda who made
many useful suggestions regarding numerical techniques and
methods of analysis; Mr. J. M. Kennedy who programed small
models for test computations described in the Appendix; Mr. John
Young who assisted with the formulation of the energy integrals;
Mr. H. H. Engelbrecht and his computer operators who worked
around the clock expertly running our machine programs; Mrs.
Marylin Varnadore who made very accurate and fast hand calcula-
tions and data analysis; Mr. R. D. Graham who handled the in-
numerable administrative details which a project of this size



December 1965

encounters; and Mrs. J. A. Snyder and Mr. E. W. Rayfield who
assisted with the preparation of the manuseript and figures,
respectively.

Finally, we are indebted to Dr. Sidney Teweles of ESSA for
kindly supplying the results of barmonic analyses of the wind.

REFERENCES

1. A. Arakawa, ‘‘Computational Design for Long Term Numerical
Integrations of the Bquations of Atmospheric Motion,”
Paper presented at 44th Annual Meeting, American Geo-
physical Union, Washington, D.C., Apr. 1963.

2. A. A. Barnes, Jr., “Kinetic and Potential Energy Between 100
mb and 10 mb during the First Six Months of the IGY,”
Final Report, Contract No. AF 19(604)-5223, Planetary
Circulation Project, Dept. of Meteorology, Massachusetts
Institute of Technology, 1963, pp. 8-131.

3. D. Brunt, “Energy in the Earth’s Atmosphere,” Philosophical
Magazine, vol. 7, No. 1, 1926, pp. 523-532.

4. H. 8. Buch, “Hemispheric Wind Conditions During the Year
'1950,” Final Report, Part 2, Contract No. AH 19-122-153,
General Circulation Project, Dept. of Meteorology, Massa-
chusetts Institute of Technology, 1954, 126 pp.

. J. G, Charney and J. Pedlosky, ‘“On the Trapping of Unstable
Planetary Waves in the Atmosphere,” Journal of Geophysical
Research, vol. 68, No. 24, Dec. 15, 1963, pp. 6441~-6442,

6. P. A. Davis, “An Analysis of the Atmospheric Heat Budget,”
Journal of the Atmospheric Sciences, vol. 20, No. 1, Jan. 1963,
pp- 5-22.

7. H. G. Houghton, “On the Annual Heat Balance of the
Northern Hemisphere,” Journal of Meteorology, vol. 11,
No. 1, Jan. 1954, pp. 1-9.

8 C. E. Jensen, “Energy Transformation and Vertical Flux
Processes Over the Northern Hemisphere,” Journal of
Geophysical Research, vol. 66, No. 4, Apr. 1961, pp. 1145-1156.

9. J. S. Kennedy, ‘“Energy Generation Through Radiative Proc-
esses in the Lower Stratosphere,” Report No. 11, Contract
AT(30-1)2241, Dept. of Meteorology, Massachusetts In-
stitute of Technology, 1964, 116 pp.

10. A. Kochanski, “Cross Sections of the Mean Zonal Flow and
Temperature along 80°W,” Journal of Melearalogy, vol. 12,
No. 2, Apr. 1955, pp. 95-106.

11. A, F. Kreuger, J. 8. Winston, and D. A. Haines, ‘““Computation
of Atmospheric Energy and Tts Transformation for the North-
ern Hemisphere for a Recent Five-Year Period,”” Monthly
Weather Review, vol. 93, No. 4, Apr. 1965, pp. 227-238.

12, E. C. Kung, “A Preliminary Study of the Kinetic Energy Dis-
sipation in the Large-Scale Atmospherie Circulation,”’ (Paper
in preparation.)

13. D. K. Lilly, “On the Computational Stability of Numerical
Solutions of Time-Dependent Non-Linear Geophysical
Fluid Dynamical Problems,” Monthly Weather Review, vol. 93,
No. 1, Jan. 1965, pp. 11-26.

14. J. London, “A Study of the Atmospheric Heat Balance,”
Final Report on Contraet AF19(122)-165 (AFCRC-TR-57—
287), Dept. of Meteorology and Oceanography, New York
University, July 1957, 99 pp.

15. E. N, Lorenz, ‘“Available Potential Energy and the Maintenance
of the General Circulation,” Tellus, vol. 7, No. 2, May 1955,
pp. 157-167.

16. 8. Manabe and ¥. Méller, “On the Radiative Equilibrium and
Heat Balance of the Atmosphere,”” Monthly Weaiher Review,
vol. 89, No. 12, Dec. 1961, pp. 503-532.

17. 8. Manabe and R. F. Strickler, “On the Thermal Equilibrium
of the Atmosphere with Convective Adjustment,” Jowurnal of
the Atmospheric Seiences, vol. 21, No. 4, July 1964, pp. 361~
385.

792-517 O-—65——6

<

J. Smagorinsky, S. Manabe, and J. L. Holloway, Jr.

767

18. S. Manabe, J. Smagorinsky, and Robert F. Strickler, “Physical
Climatology of a General Circulation Model with a Hydrologic
Cyele,” Monthly Weather Review, vol. 93, No. 12, December
1965, pp. 769-798.

19. Y. Mintz and J. Lang, “A Model of the Mean Meridional
Circulation,” Final Repori, AF 19(122)-48, General Circula-
tion Project, University of California at Los Angeles, Paper
No. VI, 1955,

20. Y. Mintz, “Very Long-Term Global Integration of the Primitive
Equations of Atmospheric Motion,” WMQO Technical Note
No. 66, “WMO-IUGG Symposium on Research and Devel-
opment Aspects of Long Range Forecasting, Boulder, Colo.,
1964,” Geneva, 1965, pp. 141-167.

21. K. Miyakoda, “Some Characteristic Features of Winter Circu-
lation in the Troposphere and Lower Stratosphere,”” Tech-
nical Report No. 14 to National Seience Foundation (Grant
NSF-GP-471), Dept. of Geophysical Sciences, The University
of Chicago, Dec. 1963.

22. G. O. P. Obasi, “Poleward Flux of Atmospheric Angular
Momentum in the Southern Hemisphere,” Jouwrnal of the
Atmospheric Sciences, vol. 20, No. 6, Nov. 1963, pp. 516-528.

23. G. Ohring, “The Radiation Budget of the Stratosphere,”
Scienttfic Report No. 1, Contract AF19(604)-1738, Dept. of
Meteorology and Oceanography, New York University, June
1957, 42 pp.

24. A. H. Oort, “On the Energetics of the Mean and Eddy Circula-
tions in the Lower Stratosphere,” Tellus, vol. 16, No. 4,
1964, pp. 309-327.

25. A. H. Oort, *“On Estimates of the Atmospheric Energy Cycle,”
Monthly Weather Review, vol. 92, No. 11, Nov. 1964 pp.
483-493.

26. J. P. Peixoto, “Hemispheric Temperature Conditions During
the Year 1950, Scientific Report No. 4, Contract AF19(604)-
2242, Dept. of Meteorology, Massachusetts Institute of
Technology, 1960, 211 pp.

27. N. A. Phillips, “The General Circulation of the Atmosphere:
A Numerical Experiment,” Quarterly Journal of the Royal
Meteorological Society, vol. 82, 1956, pp. 123-164.

28. N. A. Phillips, “A Coordinate System Having Some Special
Advantages for Numerical Forecasting,” Journal of Meteor-
ology, vol. 14, No. 2, Apr. 1957, pp. 184185,

29. N. A. Phillips, “An Example of Non-Linear Computational
Instability,” The Atmosphere and the Sea in Motion, Rocke-
feller Institute Press in Association with Oxford University
Press, New York, 1959, pp. 501-504.

30. N. A. Phillips, “Numerical Integration of the Primitive Equa-
tions on the Hemisphere,”” Monthly Weather Review, vol. 87,
No. 9, Sept. 1959, pp. 109-120.

31. C. H. B. Priestley, “A Survey of the Stress Between the Ocean
and Atmosphere,’”’ Australian Journal of Scientific Research,
Ser. A, vol. 4, No. 3, Sept. 1951, pp. 315-328.

32. R.J. Reed, J. L. Wolfe, and H. Nishimoto, ‘A Spectral Analysis
of the Energetics of the Stratospheric Sudden Warming of
Early 1957,” Journal of the Atmospheric Sciences, vol. 20,
No. 4, July 1963, pp. 256-275.

33. C.-G. Rossby and R. B. Montgomery, “The Layer of Frictional
Influence in Wind and Ocean Currents,” Papers in Physical
Oceanography and Meteorology, vol. 3, No. 3, Massachusetts
Institute of Technology and Weods Hole Oceanographic
Institution, Apr. 1935, 101 pp.

34, B. Saltzman, R. M. Gottuso, and A. Fleisher, “The Meridional
Edady Transport of Kinetic Energy at 500 mb.,” Tellus, vol.
13, No. 2, May 1961, pp. 293-295.

35. B. Saltzman, “Spectral Statistics of the Wind at 500 mb.,”

Journal of the Atmospheric Sciences, vol. 19, No. 2, Mar. 1962,

pp. 195-206.

Shuman and L. W. Vanderman,

36. F. “Truncation Errors in



768

Numerical Weather Prediction,” Paper presented at 45th
Annual Meeting, American Geophysical Union, Washington,
D.C., Apr. 1961.

Smagorinsky, ‘General Circulation Experiments with the
Primitive Equations: I. The Basic Experiment,” Monthly
Weather Review, vol. 91, No. 3, Mar. 1963, pp. 99-164.
Smagorinsky and Staff Members, ‘“Prediction Experiments
with a General Circulation Model,” Proceedings of the
International Symposium on Dynamics of Large Scale
Processes in the Atmosphere, Moscow, USSR, June 23-30,
1965.

39. V. Starr and R. M. White, “Balance Requirements of General
Circulation,” Studies of the Atmospheric General Circulation,
Final Report, Part I, Contract AF19(122)-153, Dept. of
Meteorology, Massachusetts Institute of Technology, 1954,
pp. 186-242.

37. J.

38. J.

MONTHLY WEATHER REVIEW

Vol. 93, No. 12

40. V. P. Starr and J. M. Wallace, “Mechanics of Eddy Processes
in the Tropical Troposphere,” Paper sponsored by the Air
Force Cambridge Research Laboratory, under Contract
Nos. AF 19(604)-6108 and AF 19(628)-2409.

41, 8. Teweles, ‘“Spectral Aspects of the Stratospheric Circulation
During the IGY,” Report No. 8, Planetary Circulation
Project, Massachusetts Institute of Technology, 1963, 191 pp.

42, R. M. White and B. Saltzman, “On Conversion Between
Potential and Kinetic Energy in the Atmosphere,” Tellus,
vol. 8, No. 3, Aug. 1956, pp. 357-363.

43. A. Wiin-Nielsen, “Some New Observational Studies of Energy
and Energy Transformations in the Atmosphere,” WMO
Technical Note No. 66, “WMO-IUGG Symposium on Re-
search and Development Aspects of Long Range Forecasting,
Boulder, Colorado, 1964, Geneva, 1965, pp. 177-202.

[Recewed August 9, 1965; revised October 18, 1965)



