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ABSTRACT

An 18-vertical level primitive equation general circulation model was developed from previous
models of the
GeophysicalFluidDynamics
Laboratory in order to study t,he lower stratosphere indetail.Thealtituderange
covered was from the surface to 4 mb. (37.5 km.), the vertical resolution being optimized in the tropopause region
to permit a more accurate calculation
of the vertical transport terms. A polar stereographic projection waa used
and the model waa limited to a single hemisphere.
The model now resolves two distinctjet streams, one in the troposphere and the otherin the middle polar stratosphere. The wind systems produce a
%cell meridional structure in the troposphere, whichevolves into a 2-cell
structure in the stratosphere. However, the wind structure and associated features of the model in the troposphere
had a general equatorward shift compared with observation.
A considerable improvement was also obtained in some features of the temperature distribution, in particular
the local midlatitude temperature maximum in the lower stratosphere is well defined and shown to be dynamically
maintained. The low temperature and sharpness of the equatorial tropopause temperature distribution are closely
reproduced by the model, and these features are attributed to the action of the upwards branch of the direct meridional cell in the Tropics, aa is the basic cause of the difference in height of the tropopause a t low and high latitudes.
The energy balance of the lower stratosphere in the present model agrees better with observation than previous
models did, and confirms earlier workthat this region is maintained from the troposphere by a vertical fluxof energy.
A similar flux of energy is also required to maintain the middle stratosphere, even though this region generates
kinetic energy internally, and it is concluded that it is only marginally possible that this region may be baroclinically
unstable. It appears that forcing from below extends to higher altitudes in winter than previously suspected.
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General circulation models present a unique theoretical
tool for studying the large-scale behavior of the atmosphere,and,
since the firstmodel
was introduced by
Phillips [34], they have provided considerable insight into
of the
the processes responsible for themaintenance
observed state of the atmosphere. Following Phillips,
Smagorinsky [36] presented a detailed study based on his
application of the primitive equations to general circula487 tion models, and atthe
presenttime,comprehensive,
multilevel models have been developed by Smagorinsky,
489
489 Manabe, and Holloway [37]; Manabe, Smagorinsky, and
490 Strickler [19]; Mintz [22] and Leith [14]; Kasahara and
49 1 Washington [9]; and Kurihara and Holloway [13]. These
491 models were mainly concerned with meteorological aspects
492 of the general circulation,althoughtheirpotentialities
494
494 for use in simulating other roles of the atmosphere such
496 as transport studies havebeen illustrated by the inclusion
of the hydrologic cycle in the work of Manabe et al. [19].
498
501
501

1 Attached to QFDL under an Australian Poblfc B d c e Bcholarship. Now returned
to Weapons Reaearch Estsblishment. Bouth Australia.

471

478

MONTHLYWEATHERREVIEW

Most of the above mentioned general circulation models
were primarily designed to represent the behavior of the
troposphere. Following their success in this regard, and,
althoughmuchremainsto
bedone in simulating the
troposphere, it is a logical development, to extend the
models upwards in order to study the stratospherein more
detailthan was possible previously. Todate relatively
little effort has beenexpendedonmodeling
thestratosphere, the mostcomprehensive work being that of Smagorinskyet al. [37] andManabeet
al. [19]whose general
circulation models had the top two or three layers in the
lower st,rat,osphere. Althoughtjhey had rather coarse verticalresolution in thestratosphere,the
former part.ially
explained R long-standingquestion concerninghow the
1atitud;naltemperaturedistributionin
the lower stratosphere is maint'ained. The question posed was why does
a temperat,ure maximum in
the lolter stratosphere have
middlelatit,udesanda
minimum t'emperat,ure a t the
Equator? They were able to shon- that) t,he dynamics of
the atmosphere 1)layed a n irn1)ortrmtrole in this temperature structure and, in particular, that the suht,ropics were
cooled by large-scale eddies tmnsport'ing heat, countergmdient,, in agreement)with the observattionsof White [43].
Smagorinskp et al. also discussed the energy balance of
the stratosphere, and found that' t'he
model was in approximatse agreement with observation, part of the discrepancy
being attributed to poor resolution of the vertical transport, of geopotentialfrom the troposphere.Insufficient
responvert,ical resolution W L ~ also considered tobe
of thethermal
sible for theinadequatereproduction
structure aroundthetropopause.;\fanube
et. al. successfully sirnulat,ed the observed dryness of tfhe stratosphere
int,heir study, and t,I111sprovidedsomemuch-needed insight, into this controversial mnt~t'er. The
only other modeling st;udp of the stratosphere appears to be that! of Peng
[33], nl1oused 11 truncated spectral model, t'ogether with
the geost,rophic approximation, t o study specifically the
energy balance nnd t,he temperrtt,we gradient of the lower
st,rnt,osphere. He obtained
results
n-hich
corresponded
fairly well \vit,h the morecomplete
general circulation
studies, and the thermal st,ructure
of his model atmosphere
was act9ually incloser agreement ~vit.11theatmosphere.
This ma,?; have been due to the manner in which t,he static
stabi1it)y was specified in his model, or t80t,he other approximat,ions involved in his appronch.
The present' model IVRS planned with two objectives in
view. The first, of t,hese was to investigat,e the diffusion of
t,rncer material in t.he stratosphere, since thishasnever
been done previously 1vit.h a general circulation model.
As might be imagined,there is considerable interest in
understanding how the radioactive debris resulting from
nuclear tests in the at,mosphere is transportedand precipitated, a,nd also how the distribution of a minor constituent. suchas ozone is maintained, in view of it,s importance to t,he radiative properties of the atmosphere. The
second object'ive was to studythe energy balance and
heat' balance of the lower stratosphere in more detail
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than was possible previously, by using a model with better
resolution for the representation of the vertical energy
flux. The effect of the vertical resoluticn of the model was
somewhatunknown, and,apart from expecting an improvement in the stratosphere, it was not obvious whether
a similar improvement might be obtained in the troposphere. The question as to whatis the idea1 vertical resolution for a numerical study of the atmosphere is not easily
answered without doing empirical calculations.
The two objectives of this study were not quite compatible as regards their requirements for vertical resolution,and theultimate choice was a compromise,considerations of computationtimemaking it necessary to
keep thenumber of levels toaminimum.
The model
which eventually resulted was an 18-vertical level model
developedfrom the 9-levelmodel of Smagorinsky et al.
[37], mho will hereafter be referred to as S. The 9-level
modelcovered thealtituderange
0-31.6 km., and was
designed to resolve the atmosphericboundarylayer
in
some detail with the resolution coarsening a t the upper
levels, while the 18-level model extended from 0-37.5 km.
and had a fairly uniform resolution with respect to geometrical height, but no attempt was made to resolve the
Ekmanboundary layer. The altitude of thetop model
level was determined by the minimum pressure a t which
it was considered thattheradiation
calculation in the
model could be carried out accurately. The method by
which radiativetransfer
was computed in tfhe model
was essentially that described by Manabe and Strickler
POI.
The increase in the model's vertical resolution produced
rather remarkable improvements insome aspects of the
model's similarity t,o theatmosphere,and also revealed
somenew featurescompared with the previous 9-level
model. As a result it was decided to discuss the dynamical
part of this model in more detail than originally planned;
consequently Part I of thispaper is solely concerned
with meteorological aspects, while Part I1 (Huntand
Manabe [7]) will be concerned with thediffusion of tracers
in the atmosphere as represented by the model. However,
it is not the intention to give as detailed a discussion of
the results as was given by S for their 9-levelmodel.
The emphasis here mill be partially to contrast the present
resultswiththeirresults
in ordertoillustratethe
differences produced by
the
higher
vertical
resolution,
althoughtheheat
balance of thestratosphere will be
analyzed in some depth as this seems to be justified.
It should be pointed out that thereappearstobe
a.
flaw in the modelwhich to date has evadeddiscovery.
of minor
importance
in the 9-level
Severalfeatures
in thepresent
model have been greatlyaccentuated
model, presumably because of the increased vertical
resolution. The most damaging of these is the generation
of a small reverse cell in the tropical troposphere, and the
manner in which the model maintains its angular momentum balance, which is now differentfrom that of the
atmosphere.Despitethis
flaw it is thoughtthatthe
of general validity.
analysis and results to be presented are
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9. DESCRIPTION OF THEMODEL

constant with time, a corresponding mean value
of the
solar
radiation
input
being
used;
in
this
way
the
dayThe model used inthis experiment was essentially
night
contrast,
was
removed
from
the
model.
that described by S, apart from some minor changes
Horizontal diffusion was incorporatedexactlyas
in
resulting from the conversion of the 9 levels in thatmodel
the
previous
paper
but,
because
the
vertical
resolution
to the 18 levels required for the tracer study. Thesystem
of equations and their finite
difference formulation, and of the 18-level model did not resolve the boundary layer,
the details of the model will therefore not be repeated a different procedure had to be devised for the vertical
here, and only a brief, qualitative description emphasizing diffusion. Since the closest level totheearth'ssurface
was situated at aheight of 0.85 km. (see fig.1) it was
the modifications made will be given.
The model consisted of a hemispheric, polar stereo- assumed that itwas representative of the free atmosphere,
graphic projection with a nonconducting, free-slip "wall" and the wind velocity at the anemometer level (circa 6 m.)
at the Equator. Neither mountains nor land-sea contrast was extrapolated from the wind velocity of this level.
were, included,and RO explicit allowance was made for The anemometer velocity was taken tobe 0.6 of that
condensation of water vapor in the atmosphere, i.e., the of the free atmosphere and to lag it by 20°, these values
being based on the work of Rossby and Montgomery [35].
model was "dry." The moist
convective
adjustment
procedure described in the previous paper was, however, No allowance was made for the variation of these factors
incorporated in order to obtain a realistic static stability. with latitude.The anemometer velocity was then used
the upward flux of momentumandthe
Also the same radiative transfer scheme was used, except tocalculate
upward
flux
of
sensible heat at the earth's surface, using
for more recent data for the ozone and mater vapor disthe
same
expressions
as given previously by S. Because
tributions. The ozone profiles were based on the distriof the depth of the layer adjacent to the surface in the
butions published by Hering and Borden [6], which were
heat fluxes transobtained from measurementsover North America with 18-level model, the momentumand
ferred
from
the
earth's
surface
were
assumed
to be comchemi-luminescent sondes. Their seasonal distributions
pletely assimilated in this layer only. I n the 9-level model
were combined to give a mean value for the year,and
this approximate treatment was, of course, unnecessary.
the data so obtained were normalized to make them agree
The computationalspace mesh required for representing
with the total ozone amounts given by London [17], as
the finite difference analog of the governing equations
London's values mere based on a longer, worldwide series
corresponded toanN=20system,
i.e., there were 20
of measurements. I n the case of watervapor, only the
grid points between the Poleand theEquator, giving
stratospheric distribution was changed to make it, correapproximately 1,200 points per level. The
primitive
spond with the "dry" observations of Mastenbrook [21]
equations were used for the equations of motionanda
and Williamson and Houghton [44], a mass mixing ratio
normalized pressure &=PIP* (p*, surface pressure) was
of 3X 10-6 being assumed. Theradiative
calculations
chosen as the vertical coordinate. The levels of vertical
whichwas
were carried out for a meanzenithangle
finite differencing are defined bythe following analytic
:
function
t (rtd)

B
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FIGURE1.-The Q levels used in the model and their approximate
heights. The levels at which the model variables arepredicted
are indicated.

Definition of the vertical levels by asimple analytic
function prevents an irregular change of layer thickness
withaltitude,andthus
helps toreducethetruncation
error involved in the vertical derivatives.
The details of the Q coordinatesystem are given in
table 1 and figure 1. These values were arrived at by
computing Q at the half levels, obtaining AQk as the
difference between the half level values, andthen dedifference between Qk+u2 and %AQk.
fining Qk asthe
This procedure was used to ensure the conservation
properties of total energy for the finite difference scheme
(see Kurihara and Holloway [13]).
3. INITIAL
CONDITIONS
AND
TIME
INTEGRATION

The general circulation study reported by S had 8s its
initialcondition an isothermalatmosphere a t rest, and
theyfound that it requiredapproximately 200 days to
reach a state of thermal equilibrium. Since the results are
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TABLE
1.-Q levels used in the model
Level

U

Q

1

1/ae
8/36
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0.m

2
3
4
5
7
8
9
10
11
12
13
14
15
16

5/36
7/36
9/36
11/36
13/36
15/36
17/36
19/36
21/36
23/36
25/36
21/36
29/36
31/36

17

33/36

18

W36

6

Q at half level

0.0234

0.0361
0.0512
0.0694
0.0911
0.1171
0.1482

0.0130

0.0595
0.0793
0.1m
0.1313
0.1652

0. 1855
0.2301
0.21(36

,

0.6256

~

~

O

'

I

I

I

~

"

D

,

I

~

'

,

,

I

~

I

.

'

,

1

I

0

I

*

I

,

.

'

O

f

.

,

I

m

'

r

'

r

a

.

,

FIQURE
Z-Time variation of the hemispheric integral of kinetic
energy illustrating the instability produced by the initial conditions and its subsequent damping. (Units: 102 joule.)
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4. STATE OF QUASI-EQUILIBRIUM
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The results presented in this and subsequent
sections,
unless otherwise stated, were derived by analyzing data
over the last 100
a t 6-hr. intervals, and time averaging
analyzed for the period when t)he model is ina quasi- days of the experiment. Thedistributions of the basic
steady state, it is desirable to reduce the initial transient meteorological variables will be given here in order to
state to as short a time as possible. For this reason the provide an overall idea of how the model compared with
present study was not started from rest, but from the theactualatmosphere,
before discussing whatdynamic
time-averaged zonal-mean values of the zonal wind U , and radiative processes were involved in the maintenance
surface pressure p , , andtemperaturedistribution
T of the computed state.In comparing the model with
obtained by extrapolatingandinterpolating
thedata
observation it shouldbe recalled that, inreality,there
from the analysis period of the 9-level model of 5' to the is no annual mean atmosphere.In spite of the use of annual
18 levels of the present model. It was hoped tha,t the tran- mean insolation values the model appears in some ways
sients produced bythis
data manipulation would be to be representative of lateautumn andearlywinter
difdamped out rapidly, and that the model would reach its conditions in the atmosphere,althoughsomewhat
quasi-steady state much faster than in theprevious study. ferent results might be expected if the model had made a
Unfortunately this ideal was not quite achieved because seasonal march in order to reach this time of year.
As regards the observational side of the atmosphere,
the initial conditions based on the zonally averaged data,
together with the interpolation and extrapolation
used, apoint of some consequence is that land-sea contrast
of the model. and orography influence such properties of the atmosphere
produced an imbalance in the dynamic state
as the position of the jet stream and the
height of the
This resulted inthe excitation of aplanetaryinertiagravity wave of period approximately 11.5 hr. I n addition tropopause. When a zonal mean value of these terms is
to this inertia-gravity wave the initial conditionsproduced derived asmoothing out of the perturbations produced
by these effects occurs, and this could, for example, result
alarge,transient
rise inthe hemispheric meankinetic
energy of the model, as indicated infigure 2, which reached in a zonal mean maximum value which was less than the
a peak at 12 days. This transient rise corresponded to the maximum value of any individualmeridional cross section.
transition from the axi-symmetric flow regime to the wave I n the model thisparticular source of perturbations is
regime. The figure also shows the inertia-gravity wave missing, and there is a somewhat more uniform variation
and how it damped out over a period of about 55 days. of propertieswithlongitude, and this tends to produce
Despite the production of this disturbance it is thought zonal means which are more representative of extreme
that equilibrium was still attained faster than would have values. A furtherpoint
is that very few meaningful,
25 km.
been if an isothermal atmosphere at rest had been used zonally averaged results are available above about
as the initial condition.
in the atmosphere, and the observed results given here
The development of baroclinic waves was triggered in for the upper levels were therefore derived from a variety
the model after 5 days byapplying a random perturbation of rather heterogeneous sources, andtheymaynotbe
withintherange
fO.l°C. tothetemperature
field. very representative of the real atmospheric situation.
The model appearedtoreach
aquasi-steady stateat
4.1. ZONAL MEAN TEMPERATURE
about 85 days, a t which time the tracer distributions discussed in Part I1 [7] were initiated. Some development
In figure 3, a comparison is given of the latitude height
subsequently took place after this time, notably in the
distribution of the zonal mean temperatures for the obstratosphere, as the response time of the model was par- served winter and annual mean conditions, together with
ticularly slow for this region. The model was run for a total those computed by the 9- and 18-level models.
of 265 days,theexternal
The databelow 50 mb. were abstracted from theresults
forcing of the model via the
solar radiation inputbeing kept constant throughout this of Starr's group which are based on 5 yr. of observations.
period so that a state of quasi-equilibrium
maintained. At higher l
e
a
&results were takeazfrom Oort 1311, Batten
"

~

_

_

_

_

Syukuro Manabe and Barrie

August 1968

G.

481

Hunt

I
*
A

I

0117-

0 1480.186-

LATITUDE

OBSERVED
Nonuory)

lq
23C

i50

0.013-

2

2

d

0.023 -

0.023 -

'I

0.036 %

n 0.051-

0

I
0.1480.186 0.2"

LATITUDE

3
- m 'I

\

0.069 0091-

2

0
"
X

0.1170.148 0.186 0 . m0.284 -

LATITUDE

FIGURE
3.-The latitude-height distribution of the zonal mean temperature. In the upper half of the figure the temperatures computed
by the 18- and 9-level models are shown on the right and left respectively. In the lower half observed temperatures for annual mean
and January conditions are given for comparison, based largely on the results of Starr and collaborators. (Units: OK.)

[2], the Handbook of Geophysics [45], and Muench and
Borden [25]. Overall both models simulatethe atmospheric temperature st.ructure rather well, although there
are a. number of differences in the details, with t,he better
agreement being with the annual mean
values. The present
model does not resolve the polar inversion in the lolver
troposphere because of the poor vertical resolution in
the boundary layer. However, thePole to Equator surface
temperature difference of 42OC. is the same as that for
the previous model and is in good agreement with the
realannualaverage
value. Thelatitudinaltemperature
gradientinthe
uppertroposphere at middle latitudes
is slightlysmaller than previously, although it isstill
larger than in the
atmosphere,resultingin
too strong
a jet stream.
The mostoutstandingimprovementinthepresent
model is in the horizontaltemperaturegradientinthe

lower stratosphere, where a significant maximum is now
achieved in middle latitudes. From the Equator to the
maximum temperature a t 45" latitude there is a rise of
29°C. at level 7 (91 mb.), while the Equator to Pole rise
was 19°C. For the 9-level model these differences were
only 14" and 5°C. respectively, theimprovement being
attributed t o the more accurate calculationof the vertical
heat flux, because of the higher vertical resolution, rather
than to anyimprovement in the radiative calculations.
a
This particular latitudinal temperature gradient is not
feature of the 5-yr. annualmeanresults,andonly
a
monotonic temperature rise of 22°C. from the Equator to
the Pole is observed. The reason for this appears to be
connected with therather high equatorialtropopause
temperature obtained by Starr's group. Better agreement
is obtained for an individual longitude, and a comparison
of thelatitudinaltemperaturegradientin
the lower
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stratosphere is presented infigure 4 for the &level model
and for various times of the year based on Kochanski's
[I 11 data. The model results are fairly close to the annual
meant,emperatures,except
thatthe
model maximum
occurs about 1 5 O latitude too farsouth.The
observed
annual mean Equator to maximum and Equator to Pole
temperature differences are 27OC. and 22OC. respectively,
which are quite close to those of the model, and it is the
simulation of both these values which is of importance
rather than the exact correspondence of the temperature
distributions. It thereforeappears thatthe modelnow
simulates quite well one of t,he more difficult features of
the atmosphere.

230

y

OBSERVED. 89 mb.. BO" W

I

'JCOMPUTEO.
{PP,

LEVEL 7
.wt]

In thetop layerof the model (4 mb.) thePole to Equator
temperature rise is 28OC., which is close to the probable
annual mean difference of about 3OoC. The model temperatures do not agree very well with those in the middle
polar stratosphere in the winter,
but this is to beexpected,
because the model has insolation a t these latitudes unlike
the atmosphere a t thistime of year.Thisinsolationis
most important for the higher levels of the model, and
throughout the middle stratosphere the model is warmer
thanthe winteratmosphere.
I n figure 5 temperature profiles for selected latitudes
are compared with zonally averaged annual mean profiles
of Stan's group, and these illustrate the quitesatisfactory
agreement attained.The model tropicaltropopause is
somewhatcolder than observation, as mentioned previously, but apart from this both 3'theand 3 9 O latitudinal
profiles have similar lapse rates and temperature discontinuities as theatmosphere. I n the lower polar stratosphere
the model is about 10°C. colder than annual mean conditions, but the tropopause height is in good agreement
with observation. The temperature structure around the
tropopause is much more clearly resolved in the 18-level
model than the previous model.
4.9. MEAN FLOWFIELD
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In figure 6 the computed zonal mind for zonally averaged
conditionsiscomparedwith
the results for the 9-level
model,annual
for
and
mean conditions based on the
analyses of Starr's
group,
Oort
[31] and
Batten
[2]. In
addition
January
the
wind distribution given by Kochanski [Ill for 8 O O W . is included. It is apparent thata notable
improvement Over the previous
has been 9btained
in some features of the wind distribution, in particular
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observed annual mean temperature profiles of Starr and collaborators for three different latitudes are compared with
corresponding computed profiles.
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both jet streams are now clearly resolved. Nevertheless, jet streams are rather strong, they are not unrepresentathere is still room for considerable improvement in the tive of conditions which occur inthe atmospherefrom
present model, since compared with annual mean condi- time to time. The observed westerly intensities for
tions the model tropospheric jet stream a t 27O latitude Januaryare very similar to those of the model, and,
is too far south by about IOo, and is also too intense by a while the model jet streamsareboth
displaced to the
factor of two. In this respect it might be noted that in south, the tilt of the jet stream axis is close to that dethe Southern Hemisphere according to Obasi [29] the jet picted by Kochanski. The upper level jet stream, which
stream is closer to the Equator, a t about 3OoS., and this is similar to the polar night jet, is noticeably higher than
may reflect theshift of the thermal Equatorintothe
that observed at SOOW., but it is interesting to note
despite
model produced such a distinctjet,
Northern Hemisphere produced by the asymmetry of the thatthe
topography between the hemispheres. The upper level insolation being present a t high latitudes.
jet stream is also too strong and slightly too far north,
Even though the model appearsto agree better with
but the observational data are ratherlimited for a detailed winter conditions as far as the zonal velocities are concomparison. The tropical easterlies in the middle strato- cerned, an inspection of the 5-yr. data analyzed by Starr’s
sphere are better resolved than previously, although they group shows thatthe zonal mean maximum intensity
are not quite strong
enough andarenot
continuous to of the tropospheric jet for January averaged over this
the surface. The surface easterlies at high latitudes ex- period was 35 m./sec. Possibly this was somewhat low
tend too far south, and are worse than the 9-level model because of smoothing associated with longitudinal perturbations of the jet stream, but there is no doubt that the
in this respect.
As observed by S, annual mean conditions perhaps model produces a rather strong jet stream, and an effort
should not be compared with the model because of the to find out the cause of this is currently underway.
The zonally averaged meridional and vertical velocities
seasonal variation included in the atmosphere’s annual
mean distribution. The results of Kochanski [ll] have of the model are given in figure 7, togetherwith the
therefore been included to show that, although the model meridional velocities derived byMintz and Lang [23]

T

UTmJDE

6.-The latitude-height distribution of the zonal mean zonal wind. In the upper half of the figure winds computed by the 18- and
9-level models are shown on the right and left respectively. In the loner half observed annual mean winds (principally Starr and
collaborators) and also winds at 80°W. for January (Kochanski Ill]) are given for comparison. Shaded areas are regions of easterly
winds. (Unib: m./sec.)
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FIQURE8.-The latitude-heightdistributions of the zonal means
forthe 9-level model of thecomputedverticalcomponent
of
the wind (cm./sec.) and the corresponding meridional component
(m./sec.) are given in the upper and
lower parts of the figure
respectively. Shaded areas are regions of downwards or equatorwards flow.

and Teweles [40] basedon thebudget of the angular
momentum. I n figure 8 the corresponding velocities for
the 9-level model are also includedfor
comparison.
These figures reveal an unrealistic feature of the present
model which was not so apparent in the earlier studies,
(-1 m./sec.)
this being the existence of quitestrong
northerly winds a t about 10 km. at the Equator. These
winds were sufficiently intense to penetrate to the subtropics where they joined up with the northerly winds
which normally exist there.Thesenortherly
winds in
theupper
tropical troposphere arepart of a reverse
meridional cell which the model generates in this region
and,althoughpresent
previously, the highervertical
resolution of the current model mayhaveaccentuated
this feature with the result shown in figure 7. The reason
for the existence of this cell is unknown, but it is thought
to bein some way connected with the"wall" at the Equator
as it does not occur in another model developed a t this
Laboratoryin which the wall has been removed. The
FIGURE
7.-The upper part of the figure shows the latitudeheight
distribution of the meridional wind component (m./sec.) obtained higher resolution produced two regions of maximum
from t,he requirement of the angular momentum balance of the northerlies in midlatitudes inagreement with observation,
actualatmosphere. In the middle and lower parts are shown one in the lower, the other in the middle stratosphere
respectively the computed meridionalcomponent (m./sec.) and
the correspondingverticalcomponent
of the wind (cm./sec.)..
Shaded areas are regions of downwards or equatorwards flow.

3 For convenience the top three layem of the model will normally be referred to BS
the middle stratosphere, the remaining region above the tropopause being the lower
stratosphere.
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TABLE2.-Approximateintensity

of meridionalcirculation(units:
10'2 gm./sec.)
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Palmen and
Vuorela [32]

Moist
9-level

"
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Annual Annual
Annual
Wfnter
mean
mean mean

0
Y
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UTITUDE

FIGURE
9.-Thestream

function illustrating the meridionalcell
structure of the model atmosphere. (Units: sec.-l)

with both having about the right intensity. The
polewards
tilt of these winds with height is also obtained. The region
of strongsoutherly winds intheupper
tropical troposphere is also in agreement with observation, and appears
to be of about the correct intensity.
The vertical velocities are fairly similar to those obtained
previously except more detail is apparent in the upper
levels, and rather more damage has been caused by the
reverse cell inthe Tropics. The maximum zonal mean
vertical velocity of 1 cm./sec. was obtained in the upper
troposphere at the Equator, a value which is thought to
be somewhat larger than thatoccurring in theatmosphere.
It can be seen that the Tropics was a region of general
upwards motion at all levels, while the subtropics received
the associated downwards motions.
Although an approximate idea of the cellular structure
of the model atmosphere can be obtainedfrom the velocity
distributions, a much improved picture is given by the
stream function shown in figure 9. This figure was derived
by using the model velocities given in figure 7 to define
therelativevorticity,
and then solving the Poisson
equation for the vorticity to obtain the stream function.
Some smoothing of the velocities was inevitable in this
procedure so that thereverse cell in theTropics is probably
underestimated. The 3-cell structure usually associated
with the troposphere is clearly shown, as is the transition
which results from the
to 2 cells inthestratosphere
squeezing out of the high latitude direct cell. Although
the indirect cell is rather small inthe troposphere it
predominates in the stratosphere, and a feature of interest
is that most of the polewards transport associated with
this cell a t higher levels is confined to a rather thin layer
inthe lower stratosphere. The tropopauseappears
to
have little effect on the direct cell in the Tropics, and
while its maximum transport isconfined to thetroposphere,
the cell clearly penetrates to high levels. The combination
of both stratospheric cells to give downward motion in
the subtropics should also be noted. Miyakoda [24] has
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also deduced a 3-cell troposphericanda
2-cell stratosphericsystem based on an observational study of the
atmosphere. He found thatthe
high latitudestratospheric indirect cellwas
maintained bytheadjacent
tropospheric direct cell, however his more recent studies
(personal communication) have resulted in asimilar
structure to that given in figure 9, except that the zero
line in the stratosphere was at about 55" lat. The cellular
structure in the stratosphere
is of considerable importance
in the transportof tracers, and this aspectwill be discussed
in more detail in Part I1 [7].
I n table 2 the intensities of the directandindirect
cells of the troposphere are compared withobservation
andwithprevious models, and it can be seen that the
present model agrees fairly well with the results of Mintz
and Lang [23] for winter conditions.
5. ANGULAR MOMENTUM BALANCE

OF THE

ATMOSPHERE
In this section it is not intended to discuss how the
angular
momentum
balance
of the a t m o s p h e r e is
maintainedas the 18-level model haslittletoaddin
this regard. The purpose here is to point out the damage
caused by the reverse cell in the Tropics, which severely
affected the angular momentum transport in
the model.
Now it is known from the observational studies of Starr
and White [38] and confirmed by the 9-level model of S,
that the eddies in theatmosphere are primarilyresponsible
fortransportingangularmomentumfrom
the Tropics
polewards. This transport is maximum at a height of about
12 km. and is polewards a t least to about 60" lat., north
of which weak, but not negligible, equatorwards transport
appears toexist. In the case of the present model, as shown
in figure 10, there is extensive equatorwards transport in
the upper troposphere a t all latitudes with a maximum
a t about 40°, and this is now as large as the northward
eddy flux which usually maintains the jet stream. The
influence of the reverse cell in the Tropics is seen by the
extension of the equatorwards transport into this region,
which severely reduces the normal polewards flux in the
troposphere. As a result the tropospheric jet stream in the
model tended to bepushed equatorwards, thereby accounting for its location at 27' lat. In the middle stratosphere
of the model there is a local maximum in the polewards
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latitude-height distribution of the computed
northwardflux
of angularmomentum
by large-scale eddies.
Shaded areas are regions of equatorwards flow. (Units: loz7gm.
cm.2 sec.-2 atm.")

FIGURE
11.-The latitude-height distribution of the rate of change
of angular momentum produced by the large-scale eddies.

transport of the angularmomentum bythe large-scale
eddies which did not exist in the 9-level model, and this
served to maintain the angular momentum
of the highlevel jet stream.
In figure 11 the convergence of the angular momentum
flux by thelarge-scale eddies is given. This was found to be
in closer agreement with the results for the 9-level model
than was the case for the corresponding eddy fluxes.
Compared with the 9-level model the intensityof the divergent poleward region has increased by a factor of five and
there has also been a general weakening of the convergent
areas. The divergence duetothe
meridional circulation
was almost equal and opposite to that shown in figure 11
for the eddies except in the lower troposphere where the
vertical mixing of momentumpredominates, so that a
steady state had been reached in the momentum balance.
Despite the unconventional manner which
in
the angular
momentum of the jet stream was maintained, its major
consequence appears tobe only a general southwards
trend of the featuresin the troposphere. The basic meteorological fields given in the previous section are all thought
to be representative of atmospheric conditions, and it is
not considered that any of the results presented here or
in Part I1 would be noticeably changed if a more normal
angularmomentumbalancehad
existed. Thisbalance
does, however, indicate the need for careful analysis of
theresults of a general circulation experiment, as it is
quite possible to get the right resultfor the wrong reason.
Note, although the distortion of the angular momentum
balance has been attributedtothe
reverse cell inthe
Tropics, it is not entirely clear that it is the only cause
of thistrouble.
Therathercrude
formulation of the
boundary layer is another possible cause, as this influenced
t,he extent of the verticalmomentum mixing fromthe
surface. In this respect the 9-level model was superior;
however, it dso had a reverse cell. Hence, the possibility
exists that some other mechanism in the model may be

causing the trouble, and at the present time further investigations are underway.

..

.___
~

-

-

Shadedareasareregionswhere
the angular momentum is decreasing. (Units: 107 cm.2 sec.-2)

6. HEATBALANCE

OF THEATMOSPHERE

A complete description of theheat
balance of the
atmosphere will not be attempted here as many of the
aspectsinvolved,particularlyfor
the troposphere,have
been adequately discussed previously by S. Accordingly
attention will be primarily confined to the stratosphere,
but in order that the results presented may be viewed in
the correct perspective, the following general background
is provided.
The ultimatesource of energy for the atmosphere issolar
radiation, which heats both theatmosphere and the earth's
surface by absorption. The absorption in the atmosphere
varies quite markedlywithaltitude,
following thelatitudinal variation of the incoming radiation and thevertical
distribution of cloud, watervapor,carbon
dioxide, and
ozone. For an atmosphere in radiative equilibrium, where
the temperatures are obtained as a balance between the
long wave and short wave radiations, a rather unrealistic
situation results. I n general the atmospheric temperatures
are somewhat low, and high lapse rates are obtained in
the layers adjacent to the surface; in addition there is a
largelatitudinaltemperaturegradient
because of the
smaller insolation a t highlatitudes.Theselapserates
produce dry or moist convective instability,withthe
result that the surface temperatures arereduced while the
troposphere is warmed. Because of the higher surface
temperatures in theTropics, moist convective activity is of
greatest importance there and extendsto the height of the
tropopause, but athigher latitudes less energy is available
tosupport large-scale convectiveactivityandthere
is
a steady reduction in the importance of this mechanism as
one progresses polewards (see figure 5.D.2 of S and figure
12cl of Manabe et al. [19]). Thus the marked latitudinal
temperature gradient in the troposphere produced by the
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solar radiation
remains
even foran
atmosphere
in
heat
radiative-convective equilibrium, and it is this
imbalance which is the fundamental cause of the general
circulation. Since thistemperaturegradient
also corresponds to a pressuregradient,
an accelerating force
exists andthisgenerates
large-scale dynamical motions
by which the general circulation attempts to remove the
imbalance by transporting latent, as well as sensible, heat
from low to high latitudes. At all latitudes the long wave
radiation is generally opposing this heating of the atmosphere, as it is trying to return the atmosphereto the lower
temperatures associated withtheradiative
equilibrium
state. Hence as a result, a quasi-steady state is obtained
in which the various heating terms balance one another.
The situation a t higher levels inthe atmosphere is
somewhat different, as convection ceases tobe of importance, while forcing bythe troposphere is afactor
which has to be allowed for, and this is one of the aspects
which w
l
i be discussed subsequently.
6.1. LATITUDE-HEIGHTDISTRIBUTION

O F H E A TB A L A N C E

C O M P O N E N TS

I n figure 12, the radiation fields with which the general
circulation interactsareshownfor
zonally averaged
conditions. The solarand
long wave radiation fields
were obtained by inserting the 100-day meanlatitudeheight temperature distribution into a radiative
scheme
as used in the model, whereas the net radiation field was
taken as the 100-day mean of the radiative temperature
tendencygenerated by the model. Theseresultsarein
general agreement with the work of London [16] for the
actual atmosphere, and with other computations
of the
heat balance of the atmospheresuch as those carried
out by Ohring [30] and Manabe and Moller [HI, amongst
others. The solarradiationheatinghasalatitudinal
gradient a t all altitudes except inthe vicinity of the
tropopause, the minimumheating rates being at high
latitudes following the variation of the insolation, another
WAVE RADIATION
1 ["c/day).-,,
minimum occurring around the tropopause where both
the ozone and water vapor concentrations become rather
small. In the middle stratosphere there is a rather high
heating rate at all latitudes. The long wave cooling rates
in general tend to follow a pattern very similar to the
solar heatingrates,except
that theirmagnitudesare
larger in the troposphere, especially inthe Tropics. A
point of interest in the present results is the region of
long wave heating which occurs in the vicinity of the
tropical tropopause, a feature not obtained in the $"vel
model and which will be discussed later. Heat balance
computations by Kennedy[lo] using observed atmosphericproperties also indicateasimilar
small heating
due to long wave radiation. The total heating rate given
in figure 12 reveals that,apart from a region of the
tropical stratosphere, thereis a net cooling at all locations.
This is a well-known result, but it is important since it
reveals that practically the whole of the atmosphere is
heated indirectly by convection from the surface followed
FIQURE12.-The latitude-height distribution of thecalculated
by large-scale transport of this convective heat. I n the
rate of temperature change due to the net radiation, the solar
actual atmosphere it is moist convection and theresulting
radiation, and the long wave radiation are shown in the upper,
heat of condensation which are principally responsible for
middle, and lower parts of the figure, respectively.
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compensatingthis cooling, the present model, however,
does not incorporatethesemechanisms
explicitly, but
they were replaced by the simple process of convective
adjustment. The region of maximum cooling is the
troposphere, which indicates that it is there thatthe
atmosphere is furthest from radiative equilibrium. On
the otherhand the middle stratosphere(aboveabout
30 mb.) is fairly close to radiative equilibrium, since the
total cooling rate is very small' compared with the solar
and long wave rates.
I n figure 13 observed (Starr and co-workers) and cdculated large-scale eddy fluxes of sensible heat are compared. The horizont,al eddy fluxes agree particularly well
with the annual mean transports,
even though they are
slightly too farsouth,
following the generaltrend
of
this model. Unlike the 9-level model two regions of maxUTITUOE
imum flux are obtained at midlatitudes, one in the troposphere, the
other
in
the
middle stratosphere. In
agreement with the observations of Starr and Wallace [39]
the model has a weak horizontal countergradient flux in
the tropicaltroposphere. However, the area of equatorof the tropical
wards flow intheimmediatevicinity
tropopause, which isnot shown by the observationsin
figure 13, is downgradient transfer supplying heat to this
very cold region. Up toabout level 4 (p/p*=0.036) in
thestratosphere at midlatitudes the horizontal flux is
also countergradient, although it is only strongly countergradient in levels 6 and 7,a result first obtained by White
[43] for the actual atmosphere and by 5' and Peng [33] for
0284model atmospheres. I n the model very weak counter034'
gradientheat fluxalso exists in the lower stratosphere
for the
a t high latitudes, and this is probably indicated
observed resultsin
figure 13 by the extremely weak
equatorwards flow inthis region. The largenorthward
UTITUDE
eddyheat flux in the middle stratosphere predicted by
the model is considerably greater thanthat given by
Wallace [42] based on a rather limited observationalregion.
Wallace's data are not included in figure 13 as they seem
to be too small at all altitudes; in the region where they
overlap the 5 yr. of data of Starr's group they are about
a factor of two smaller while, at 10 mb. they are four times
smaller than the model results. Part of this discrepancy
might be due to Wallace having only computed transient
eddies. Qualitatively, however, the agreement with the
model is excellent, as Wallace computes
very
small
fluxes south of 30" lat. and a distinct maximum at about
50" at a height of 10 mb., the highest level he considered.
No vertical eddy heat fluxes are included for comparison
with the computed values in figure 13 since only fluxes
derived using adiabaticvertical velocities areavailable,
and these are not considered to be very accurate. NeverUTITUDE
theless the results of Jensen [8] obtained in this manner
for a rather limited region are in reasonable agreement
FIGURE13.-The latitude-heightdistribution of the northward
with the computed values. The dominant, feature of the
flux of heatbyIarge-scaleeddies
(unib: lO*l ergs atm.-l sec.-l)
middle
vertical fluxes is theupwardstransportinthe
for observed and computed conditions are given in the upper and
middle parts of the figure respectively. The observed flux due to
latitudes,
troposphere (pfp*=O.516) at extratropical
Starr and co-workers contains the contributions of both standing
which helps to supply heat to the cold upper troposphere.
and transient eddies. In thelower part of the figure the computed
This vertical eddy flux is actually countergradient since
vertical heat flux on the isobaric surface due to eddies is shown.
a region of warmer poit is transferringheattowards
Shaded areasare
regions of upwards or equatorwardsflow.
tential temperature, even though it has a lower sensible
(Units: 10' ergs cm.-* sec.")
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FIGURE15.-Comparison
of computed and observed tropical
temperature profiles. The radiative-convectiveequilibriumprofiles show the temperature distributions which are obtained when
the influence of the large-scale dynamics is omitted.

are discussed in Part 11. The temperaturetendencies
will be analyzed in more detail in a later section.
6.2. VARIATION

OF THE VERTICALTEMPERATURE

PROFILE

WITHLATITUDE

LATITUDE

FIGURE14.-The latitude-height distributions of the rate of change
of temperature due to the meridional circulation and the largescale eddies are shown in the upper and lower parts of the figure
respectively.Shadedareas
are regionswherecooling
is taking
place. (Units: "C./day.)

temperature. Thetotal eddy flux is such thatheat is
transferredupwardsand
polewards inthe troposphere
bythe baroclinically unstable waves, as predicted by
Charney [3] andKuo 1121. In the lower stratosphere
the waves are generated by the action of the troposphere
is transporteddownwardsand
polewards in
andheat
the model, agreement
in
with
the observation of
Newel1 [27].
Finally figure 14 shows the rate of temperatare change
produced by the heat fluxes associated with the mean
meridional cells andthe large-scale eddies. Unlike the
troposphere, it appears that in the model stratosphere,
particularly at theupper levels, the eddies and meridional
cells produce virtually
compensatory
changes. This
appears to be a characteristic feature of the motions in
the stratosphere, and will be seen again when the tracers

Having disposed of the description of the basic heat
balance components, one is interested to investigate how
they interact to produce the observed variation of temperature in the atmosphere. This raises a number of
fundamental questions such as: 'why has the equatorial
vertical temperature profile so sharp a minimum at the
tropopause? Why does the shape of the vertical temperature profile change with latitude? Why does the height
of the tropopausevarywithlatitude,
and what is the
An
reason for the existence of the tropopausegap?
attempt will be made to answer some of these questions
in this section.
6.2.1. Tropics.-In
figure 15 the zonal mean model
temperature at 3" lat. is compared with the annual mean
temperature profile for Canton Island 3"S., an individual
station rather than a zonal mean being used for reasons
discussed previously. The agreement between the computed and observed profiles could hardly beimproved and
is a very encouraging feature. Also shown in the figure are
two equatorial temperature profiles which were calculated
independently of the model for radiative-convective
equilibrium conditions (see Manabe and Strickler 1201).
One profile was calculated for a typical tropical distribution of ozone, while theother was obtainedusing the
ozone concentrations at 45"N. According to this comparison the lower ozone concentrations of the Tropics
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reduced thetemperature of the tropopause region and
tended toaccentuatethe
sharpness of the tropopause,
but were not sufficient to simulatequantitativelythe
sharpness of theactual tropical tropopause. The most
interesting feature of this figure however is the difference
between the equatorial radiative-convective temperature
profile and that given by the model, since this illustrates
t,he very important changes produced by theincorporation
of the large-scale dynamics. Throughout the atmosphere
a cooling has occurred because the Tropics export heat
towards higher latitudes, as mentioned previously. The
largest cooling was in the vicinity of the tropopause where
the temperature fell by 3OoK., resulting in a sharpening
of the temperature profile and a rise in the tropopause
height of about 5 km.
A breakdown of the various quantities involved in the
maintenance of the model temperature profile is given in
figure 16. This shows that over most of the troposphere
the heating is almost entirely due to convection from the
surface, and, since this produces temperatures which are
larger than those obtained for radiative equilibrium, the
radiation is working very hard to cool the troposphere,
despite the temperatures having already been reduced by
the dynamics below those for radiative-convective equilibrium. The radiative cooling reaches a maximum a t
about 10 km., as cooling to space is most effective there.
This tends to result in unstable lapse rates, which accentuate the small-scale convective actlvlty and produce a
concurrent maximum in the convective heating. Figure 16
also reveals unequivocably that it is the mean meridional
circulation which is responsible for the sharpness of the
temperature profile in the Tropics, since this is virtually
the only large-scale dynamical effect operativeinthis
region. The meridional circulation achieves this by the
adiabatic cooling associated with the upwardsmotion
which the model has at all altitudes in the Tropics, the
variation of the cooling rate with altitude following from
the corresponding variation of the upwards velocity shown
in figure 7. Near the tropopause and in the lower stratosphere the upwards velocity decreases as the static stability increases, and, although this reduces the dynamical
cooling rate,thelargest
reduction inthetemperatures
shown in figure 15 occurs in this region. This is because
the heating rate decreases faster, and not only is the solar
heating extremely weak there, but the convective heating
disappears owing to the stable stratification. As a direct
consequence the only way the adiabatic cooling can be
compensated for is by the long wave radiation providing
a net heating in the vicinity of the tropopause, and this
is the reason for the veryrapid change of sign of the
radiation term there in figure 16. Obviously the radiative
components are very finely balanced at this location, but
the contribution to the radiative heating by long wave
absorption by carbon dioxide is in fact greater than that
by absorption of solar radiation by all three absorbers.
In order for this long wave heating to exist it is necessary
to have a sharp temperature minimum,
as under these
circumstances the region near the minimum receives more
emission from theadjacentwarmerlayersthan
it can
emit because of its low blackbodytemperature.
This
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FIGURE16.-The vertical distribution of the various heat balance
components in the Tropics. S givesthe rate of temperature
changedue to absorption of solar radiation by water vapor,
carbondioxide, and ozone. LH20, LC02, and LO3 givethe individual contributions to the rate of temperaturechange due
to long wave radiation of water vapor, carbon dioxide, and ozone
respectively.

explains the limitation of the long wave heating in figure
12c to the vicinity of the tropical tropopause. At higher
of solar radiation
levels in thestratosphereabsorption
by ozone provides an increasingly important heating contribution because of the increasing ultraviolet radiation,
while the long wave component of carbon dioxide returns
to its cooling role. A net radiative heatingis still required,
though, in orderto compensate for the meridional cooling,
and this accounts for such heating shown in the tropical
stratosphere in figure 12a. At higher latitudesthedynamics produce a net heating in thestratosphere, and the
moreusualsituation
of a net radiative cooling exists
there. The results inPart I1 reveal that theozone distribution in the Tropics is influenced by the vertical motion
associated with the direct cell, and the meridional circulation therefore also helps to promotethetemperature
inversion via this influence.
6.2.2. Higher latitwles.-Considering now conditions a t
higher latitudes, one is interested to contrast the distribution of the heat balance components with that existing
in the Tropics, and this hasbeen done in figure 17 for two
latitudes representative of two other types of temperature
profiles in the atmosphere.Dealing first with 75' lat.,
figure 5 indicates that comparedwith the Tropics the
troposphere is considerably colder, but an extensive isothermal height range exists inthe lower stratosphere
whichis warmer thanthe
tropicaltropopause
region.
Because of the low surfacetemperature a t the higher
latitudes, convection is negligible and the principal source
of heat for the troposphere is transport by the large-scale
eddies; hence, the roles of convection andlargescale
eddies have been reversed between the Tropics and the
higher latitudes. Similar to the behavior of the convection in the Tropics thecontribution of the large-scale
eddies falls off practically to zero at the tropopause, but
unlike the convection it becomes quite large again a t
higher levels. The reason for this minimum may be connected with the fact that the
lower stratosphere polewards
of about 4.5' tends to be quasi-isothermal, &s can be seen
approximately from figure 3. Because of this, the eddy
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FIGURE
17.-The

vertical diatribution of the various heat balance components a t three different latitudes. (Units: "C./day.)

heat flux is quite small, even though the "eddy activity," figures 5 and 17. A rather hybrid state exists there comas judged by the distribution of the eddy kinetic energy pared to the other latitudes, both as regards the temperagiven in figure 23, is fairly similar to that of the tropo- ture profile and its maintenance, but most of the details
sphere. However, the troposphere has a distinct latitudinal concerning how the formerarises should be comprehensible
temperature gradient which permits the eddies to trans- from the previous discussion. Comparedwithhigher
port heat polewards;similarly at higher levels inthe
latitudesthe
large-scale eddies arevery important in
stratosphere the eddy heat flux increases again because thevicinity of thetropopause. They supply sufficient
of the existence of a largely solar maintained temperature heat to counteract the meridional cooling in the upper
gradient.
troposphereandarelargely
responsible for thediffuse
The creation of the isothermal height range in thelower quasi-isothermal structure which exists in the region of
stratosphere a t higher latitudes can partly be attributed the gap. This meridional cooling is produced by the upto the corresponding ozone distribution. Figure 15 indi- wards branch of the indirect cell at those latitudes (see
cates that even the distribution for 45" lat. can produce fig. 9).
6.2.4. Tropopause height mri&tion.-Finally,
mention
such a region for radiative-convective equilibrium condishould
be
made
of
the
reason
for
the
variation
of the
tions. The effect of the large-scale dynamics on this
of the
tropopause
height
with
latitude,
and
the
existence
basic temperature profile is to raise the temperature of
associated
tropopause
gap.
Connected
with
these
questions
the isothermal region, as revealed by the radiative cooling
is the basic problem of why a tropopause exists at all in
in figure 17 at 75" lat. without greatly distortingthe shape.
the atmosphere. The latter problem cannot be adequately
Onemighthave
expected the temperature to increase answered here, but to a large extent, especially at extraquite rapidly with height
at the upper levels where the tropicallatitudes,thetropopauseheightisinherentin
heating by the large-scale eddies is large; the reason why the vertical distribution of the absorbers. Both ozone and
this does not happen is discussed in the following section. water vapor arewell known to have sharpchanges in their
One of theimportant factors in maintaining the tem- verticaldistributions at the tropopause,and it can be
peratureinthe
lower stratosphereandthisisthe
long shown (see Manabe et al. [19] for water vapor and Part I1
wave radiative flux received from the middle stratosphere [7] for ozone) that this is a natural consequence of the
of the atmosphere.
dynamic
and
thermal
structure
andparticularly the troposphere. Manabe and Strickler
Actually,
since
the
ozone
and
water
vapor concentrations
[20] haveshown that provided the tropospherehasa
in
determining
this
structure,
the problem
are
important
will resultin
realistictemperaturestructurethenthis
is
more
complex
than
that
considered
in
these
experiments,
an isothermal region being obtained in the lower stratoas they made use of fixed climatological distributions of
sphere. This therefore indicates that the heating by the
these gases for the model radiative calculations. Although
large-scale eddies in the troposphere is indirectly of great the use of climatological data representsa rather unconsequence to the temperature in thelower stratosphere. satisfactory state of affairs, the model results do indi6.2.3. Tropopawre gap-The situation in the
region of cate the essential underlying unity which exists between
the tropopause gap remains to be considered, and con- the gasconcentrations
andthe basic structure of the
ditions there are indicated by the curves for 39" lat. in atmosphere.
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However, accepting the observed distributions of ozone
and water vapor, it is possible to understand the basic
reason for the variation of the height of the tropopause
with latitude. I n order to clarify the discussion it is useful
to consider first the conditions which would exist without
any
dynamic
effects present. For this purpose the
radiative-convective equilibrium calculationsmade
by
Manabe and Strickler (201 for July, in which the temperatures in the lowest 5 km. of the troposphere were set to
the observed values,makea good starting point. They
obtainedanearlyisothermaltropopause
region at all
latitudes with a temperature of about 210"K., the height
of the tropopause varying uniformly from 10 km. at the
Pole to about 14 km. at the Equator. I n fact if the observed ozone distribution in the Tropics was not modified
by the relatively strong upwards motions there compared
with other latitudes, one mighthaveobtainedaneven
more uniform tropopa.use height. The results of Manabe
and Strickler clearly indicate that the tropopause break
must be dynamicallyproduced,and
the basic function
of the dynamics must be to raise the tropopause in the
Tropics, while leaving thesituation
at extratropical
latitudes essentially unchanged. The previous discussion
concerning how the tropical temperature profile is maintained should leave no doubt that the dynamics involved
are principally those associated with the direct cell in the
Tropics. Figure 15 shows that the cooling produced by
this cell raises the((radiative tropopause height" to a
value in close agreement. withobservation,
while the
warming associated with the downwards branch of this
cell would t)end to depress the height of the tropopause
around 30" lat. At higher latitudestheheatingbythe
horizontal eddies tends to depress the tropopause height
slight>ly.Thus from considerations of radiation and of the
direct c,ell in the Tropics the basic features of the variation
of the tropopause height can be accounted for. Although
these two terms seem to be the dominant ones involved,
the above discussion is somewhat superficial since the
adiabatic cooling by the direct cell onlyextends to 15"
lat. at the height of the tropopause in the model, whereas
33". The
the high level tropopauseextends
toabout
additional cooling comes from the horizontal component
of the large-scale eddies which is transferring heat countergradienttowards higher latitudesinthis
region as described previously.
6.3. TEMPERATUREDISTRIBUTION

IN THESTRATOSPHERE

When meteorological observations of the stratosphere
became available a puzzling feature which emerged was
the variation of the latitudinal temperature distribution
a t approximately the height of the tropical troposphere.
As shoun in figure 4 it was found that in winterthe highest
temperature was at midlatitudes, while in summer it was
at the Pole. I n accordance with the temperature structure
in the troposphere one might have
expected the highest
temperature to be a t the Equator, and for there to be a
monotonic temperature decrease from the Equator to the
Pole. This therefore poses the question as to how such a
temperaturegradient is maintained,andwhatarethe
relative roles of radiation and dynamics in this process.
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This question will be discussed before considering the
temperature structure at high levels in the stratosphere.
The first attempts to explain this phenomenon were
restricted toradiativeconsiderations
only. Among the
various proposals advanced was a rather ingenious one by
Dobson et al. [4] who suggested that the latitudinal maximum resulted from absorption of long wave radiation by
the 9.6-micron band of ozone, because, while the surface
temperature decreased withlatitude,the
ozone amount
in the lower stratosphere increased, so that the greatest
absorption of outgoing terrestrialradiation would probably occur at higher latitudes. On the other hand Goody
[5] advanced an alternative explanation which accounted
for the observed variations in terms of a balance between
cooling by water vapor and warming by carbon dioxide
dueto long wave radiationin the lower stratosphere.
Thesehypothesesrequired
thatthe lower stratosphere
should be in radiative equilibrium, whereas calculations by
Ohring [30] showed that it was not. A clear idea of the
role of radiation was finally obtained from the detailed
study of Manabeand Moller [18]who investigated the
contributions of the various gases in the heat balance of
the lower stratosphere, and found that they also did not
meet the specified requirements. This completely disposed
of radiation as a possible explanation and left dynamical
effects as the only likely source. An indication of the role
of the dynamics had in any case been obtained earlier in
the work of White [43], who found that countergradient
heat transport by eddies was taking place in this part of
the atmosphere.
Two previous attempts have been made to explain this
problem using numerical models. S, asnoted
before,
obtainedresults which were qualitatively in agreement
with observation but concluded that their model needed
further refinement to achieve better simulation. Peng
[33], using a relatively simple, quasi-geostrophic, truncated
harmonic model in which the static stability was fixed,
which thus removed the need for an explicit radiation
calculation,obtainedatemperaturegradientvery
close
tothat
of the atmosphere.However,
because of the
nature of his basic assumptions concerning thestatic
stability, a considerable part of the structureof the atmosphere was builtintothe
model, andthissomewhat
limits the interest in his results.
The present model with its higher vertical resolution
provides the refinement needed in the previous model,
andalatitudinaltemperaturegradient
of the correct
magnitudeis now obtained as indicated in figure 4.
A discussion of all the terms involved in the heatbalance
inthe lower stratospherecantherefore
be given, and
figure 18 presents thelatitudinaldistributions of these
terms for level 7 (91 mb.) of the model. After considering
the radiative terms first, it appears that the net radiative
heatingand thetemperaturedistributionarepartially
out of phase, since heating is occurring only in the low
temperature region in the Tropics, while there is cooling
a t high latitudes, and, in particular, in middle latitudes
where the temperature maximum is located. This indicates
that not only is radiation not responsible for the observed
temperaturedistribution, but that it is endeavoring to
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latitudes, thus maintaining this region a t a temperature
above that for radiativeequilibrium (see also fig. 14).
.5 - K=7
LARGE-SCALE MERIDIONAL
The maximum temperatures in the model were a t 45O
lat. so that the southern part of the high temperature
-* . 4 U
zone was also heated bythe downward branch of the
e .3u
- :2indirect cell. Polewards of thetemperaturemaximum
z
the heating effect of the large-scale eddies decreases and
2 .l"
the temperature in this region is lower. Dynamic processes
n
02
must be important throughout the year
in maintaining
5
-.1a
thetemperaturedistribution
in the lower stratosphere,
3
c -.2as Manabeand Moller [18] have shown thatradiative
e -.3
equilibrium temperatures are never in agreementwith
-.4
observation.
t.5
Reference to figure 3 shows that at higher levels in the
RATE OF RADIATIVETEMPERATURECHANGE
F
.4stratosphere
the
midlatitude
temperature
maximum
U
e
gradually
disappears
and
is
replaced by a monotonic
.o
.3latitudinal gradient with the highest temperatures at the
z .2U
I
is similar tothe
Equator.Thistemperaturestructure
:
.ln
radiativeresults
of ManabeandStricklerforannual
t;z 0 B
mean conditions, and indicates that in the middle strato2 -.1c
sphere theradiationpredominates
over the dynamics.
8 -.2Figure 19 illustrates the variation with height of the
c
,4 -.3various heating components, and this appears to contra-.dl
I
I
I
I
I
I
I
I
I dicttheabovestatement
since the relativeimportance
90
80
70
60
50
40
30
20
10
0
Latitude
of the radiation decreases with altitude.Thisapparent
FIGURE18.-The variation with latitude
in the lower stratosphere paradox can be explained by comparing theradiative
of the various heat balance components. For further explanation heating and cooling rates in figure 12 with the net radiative
refer to the caption of figure 16.
heating rate for the higher levels. The latter is only a
small residual of the extremely large individual radiative
rates,
and these completely overshadow thedynamical
destroy the existing gradient. The lower part of figure 18
shows the contributions of the various gases and is very effects and t.hus control the basic temperaturedistriare
therefore reduced to prosimilar to the results of Manabe and Moller. The use of bution. The dynamics
ducing
perturbations
about
this
mean state. The gradual
annual mean conditions in the model gives a maximum
transition
from
dynamic
to
radiative
control
in the
solar heating rate inmiddle latitudes, principally because
stratosphere
reflects
the
increasing
importance
of
ozone
of the variation of the ozone distribution with latitude.
heating
at
higher
levels
due
to
the
absorption
of
solar
As required by thehypothesis of Dobson et al. [4], heating
radiation.
This
is
principally
opposed
by
long
wave
by ozone due to the absorption of long wave radiation
also occurs, but the maximum heating rate is a t about 25' cooling of carbon dioxide.
Returning to figure 19 it can be seen that there is a
rather than at
high latitudes,indicating thatthelatinoticeable
increase with altitude in the magnitude of the
of
the
ozone
concentration
is
insufficient
tudinal increase
dynamical
terms
in the heat balance, and in level 1 they
No
tocounteractthe
fall inthe surfacetemperature.
are
surprisingly
large.
Basically the same dynamic procsupport at all is foundfor Goody's hypothesis, since
to
be
operating
at all altitudes, although there
esses
appear
north of 25' bothcarbon dioxide andwatervaporare
is a general northward movement in the upperlevels which
cooling the lower stratosphere.
When the dynamics are included there is no difficulty reflects the tilt of the horizontal eddy heat fluxes and the
in accounting for the heat supplyfor middle and high increase in importance of the indirect meridional circulatitudes. Figure 18 shows that the heat generated by the lation. An important feature of this figure is that at extraradiation in the Tropicsis removed by the meridional cir- tropical latitudesthere is an approximatecancellation
culation, which is slmultaneouslysupplying heat to the between the meridional and eddy effects, so that it is largely
subtropics. This does not mean that a direct exchange oc- the difference of these terms rather than their sum which
curs between the Tropics and subtropics, as the dominant opposes the radiation. I n the Tropics the eddies are virtumotions involved are vertical rather than horizontal. The ally zero since the latitudinal temperature gradient there
warming in the subtropics is mainly adiabatic, because of is very small. The dynamics do, however, produce some
the downwards motion associated with the direct cell, and modification to the temperature distribution, as shown by
figure 19 which is working to increase
this cell is driven by the troposphere, not by the region the radiation term in
of radiative warming in the tropical stratosphere, which the Pole to Equator temperature difference in the upper
essentially balances the local meridional cooling. The sub- levels. There is also afundamental difference between
tropics are not appreciably warmed by this heat supply the function of the dynamics in the middle and lower
stratosphere, since in theformer the dynamics are working
as the large-scale eddies, which are also forced by the
troposphere, transporttheheat
to middle and high to destroy thelatitudinal Cemperature gradient. As a
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FIQURE
19.-The variation with latitude of the various heat balance components at dif€erent heights in the stratosphere.

than has been available previously concerning these questions, in practice it proves possible only to discuss the
balance of the contributing featuresinvolved in any given
situation. The model does not explainwhy the given
featuresare balanced as they are,although it does go
7. MAINTENANCE OF THE
WINTER
STRATOSPHERE
some way towards defining the problem more specifically.
The energy budget and transformations involved in the Clearly simulation of a phenomenon does not necessarily
maintenance of the tropospherehave been described in imply understanding.
detail by S; hence the present discussion will be mainly
7.1. WINDDISTRIBUTIONIN
THE STRATOSPHERE
limited to the stratosphere, which they were not able to
I n figure 6 the zonal wind distribution of the model
dealwithadequately
because of theirlimitedvertical
has
been given, and, confining ourattentiontothe
resolution in that region.
it appears that thereare two aspects of
stratosphere,
There are some features of the stratosphere which will
not be considered here because the model does not pro- interest. These are the welldefined westerly jet stream
videadequateinformation
for a meaningful discussion. fit high latitudes and the region of rather weak easterlies
One of the most interesting of these is the 2-cell structure at low latitudes. Considering the latter first, a question
of the stratosphere. Why this should exist and why it is arises: why do east winds exist a t these latitudes when
different from the 3-cell structure of the troposphere is the mean meridional flow is polewards, which from
not clear, but presumably these are fundament,al features considerations of the requirement to conserve absolute
associated with the baroclinic nature of the atmosphere. angular momentum should produce west winds? Figure
20 shows that the absolute angularmomentuminthis
Another, notunrelated, problem which also cannotbe
Why do region is being reduced by divergence of the largescale
answered concerns thesummerstratosphere.
eddies, hence it is these eddies which are directlyreeasterly winds occur at thistimeinthestratosphere?
How these winds are maintained and what cellular struc- sponsible for the production of the easterlies. This dituretheyinvolvearequestions
of some importance. vergence is compensated for by the advection of absolute
Further, more specific questions will beraisedsubsequently, angular momentum by the weak meridional circulation
but in most cases it is not possible to produce an adequate inthe tropical stratosphere, and also by subgrid scale
answer. Although the model provides more information
horizontal diffusion. Since thelatter is essentially the

result of this the lower stratosphere destroys zonal availablepotential
energy, while the middle stratosphere
creates it; inthe parlance of Newel1 these regions are
respectively refrigerators and heat engines.
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FIQURE
20.-The variation with latitude of the rate of change with
time of the absolute angular momentum in the top level of the
model. (Units: 10 5 cm.2 sec. -2)

resultant of the large-scale motions, the easterlies exist
because the meridional convergence is slightly less than
the eddy divergence. Why this is so is unknown.
The resulting balance between the meridional circulation
andthe eddies is presumably rather delicate,and the
biennial oscillation of the wind f. om east to west in this
region may be related to fluctuatlms in the relative intensity of these mechanisms. This might then relate the
UTITUDE
cause of the oscillation to the troposphere, since the meridional circulation is driven from below. See also the dis- FIGURE
2l.-The latitude-heightdistributions
of theeddy
concussion by Wallace [42].
version of potential energy into kinetic energy and the creation
After considering the high latitude jet stream in the
of kinetic energy by the eddypressure interaction term areshown
in the upper and lower parts of the figure. (Units: lo6 ergs
middlestratosphere
shown in figure 6, anumber
of
cm.-z sec.-l atm.")
questions can be posed. The most important of these is
why does the atmosphere have ajet stream inthis region?
eddy kinetic energy
the region
of the
jet,
Also, why does it occur at 63" lat. rather than say,
a although
-toterm
is much
the high-level
smaller. The
the -uta'
latitude closer to the tropospheric jet? How is the angular
momentum of the jet maintained when it is in a region conversion term of available potential energy does, however, increase inthe upper levels near thejet,and
a
where the meridional winds areequatorwards?Finally,
similar increase in the eddy pressure interaction term can
how is the energy of this jet maintained, and what are
the relative roles of local production and transport in the be observed in figure 21b. As shown in figure 22 this is
the result of the convergence of the energy flux ~ ' 4 which
'
budget of kinetic energy?
In the case of the energy balance of the high level jet originates from the troposphere, as there is a slow, but
the stratosphere. The
the discussion will be mainly limited to the eddy com- steady, decrease inthisfluxin
is given in figure
distribution
of
eddy
kinetic
energy
ponents, because of the difficulty of computing the terms
23
and,
in
agreement
with
the
eddy
pressure
interaction
involved in the generation of zonal kinetic energy on a
term, has a broad maximum in
the region of the upper
local basis. I n figure 21 the latitude-height distributions
level jet.
of both the conversion term of eddy available potential
The downward branches of the stratospheric meridional
pressure interactionterm,
energy - 7 7 , andtheeddy
cells would be expected to produce zonal kinetic energy
-a(=)/&p,
are given. These two quantities constitute around 40' lat.by means of the zonal pressureinterthe generationterm of eddykinetic energy, - V ' . V ~ ' . action term -a(; ?)/*. Since the jet is a t 63' lat., in the
The figure shows that both of these terms are supplying model horizontal transport of kineticenergy from the
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FIGURE
22.-The

latitude-height distribution of the vertical flux
of geopotential height
due to the large-scale eddies.
Shadedareasareregions
of downwardsflux. (Units: ergs cm.”
Bet.")

-v

FIGURE23.-The

latitude-height distribution of the eddy kinetic
energy in the model. (Units: joule/gm.)

culty of computing some of the energy exchange terms in
figure 24 the boxes in general do not balance. Results for
source region might be expectred, although this term was the whole atmosphere are not included since they are less
notcomputed in thisstudy.This
would thenindicat’e
realistic than those of S in one particular aspect. In the
that the high-level jet is not maintained locally, but re- present model the Kz to K E term incorrectly transferred
quires energy from both lower levels and lower latitudes. energy from the zonal to the eddy flow, thus requiring Kz
The above discussion still leaves the reason for the itself to be maintained solely by the conversion term of
formationandlocation
of thejet unanswered, andthe
available potential energy. The breakdown of the Kz to
situation regarding the angular momentum balance is also K2 term revealed that this was mainly caused bythe
unsatisfactory.However, it is clear from figure 20 that vertical transport of momentum; the horizontal transport
it is the large-scale eddies which supplytheangular
actuallytransferred energy inthe correct direction. As
momentum to the jet, and that themeridional circulation noted previously, the angular momentum balance in the
is actuallyremovingangularmomentum
from thejet,
troposphere was maintained in an unusual way in this
because the mean meridional flow is equatorwards in this model. Hence the discrepancies in both the angular moregion. The meridional circulationand
the large-scale
mentumandthe
kinetic energy conversion appear to
eddies obviously constitute a highly interactive and comhave a common source.
pensatory systemin the stratosphere regards
as
the angular
Considering the lower stratospherefirst, one can see
momentum balance, and this is a feature noted previously
that
the magnitudes of the energy terms for the 18-level
for the heat balance in figure 19 and it will also be seen
model show a noticeable improvement over those of the
11. Thusinthe
again inthetracertransportsinPart
present model thdre is no inconsistency between the tracer 9-level model in comparison with the results of Oort.
and temperature distributions and the angular momentum However, there are some discrepancies as Kz and both
balance, such as was present in previous models involving the conversion terms of potential energy are rather large,
mean meridional motions in the stratosphere.
the former being mainly caused by the tropospheric jet
7.9. ENERGY BALANCE OF THE MIDDLE AND LOWER being too strong. The magnitudes of the generation terms
STRATOSPHERE
of available potential energy agree better with those of
Energy box diagrams of the conventionalform were Oort than previously, but the sign of the eddy generation
constructedfor the middle stratosphere, defined as the
term is still reversed. I n addition the Kz to K B term is
the lower also reversed for reasons given above. As is well known
f i s t model layers 1 to 3, 0-23.4 mb.,and
stratosphere defined as layers 4 to 8, 36-117 mb. The the direction of the KB to PB conversion is different in
choice of the lower level of the middle stratesphere was the lower stratospherefrom that of regions oneither
governed bythelayer
where the -a’*‘ term changed
side, and this indicates forcing of the atmosphere is
sign. I n deriving theinteractions of exterior layerson
these regions the energy convergences were calculated as taking place, which led Newel1 to describe this region as
a mean value for the whole region based on the difference a “refrigerator.” The kinetic energy converted to available
between the fluxes entering and leaving that region. The potential energy helps to maintainthelatteragainst
results are displayed in figure 24, togetherwith
box radiative and dissipative losses, as the destruction of PZ
diagrams for the %level model andtheactual
lower by radiation is one of the principal sinks of energy in the
stratosphere as given by Oort [31]. Because of the d a - lower stratosphere. Thus, in order to maintain this region
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FIGURE
24.-Fourbox
energy diagrams of the stratosphere. The upper part of the figure gives the results for the middle stratosphere
(levels 1-3, 0-23.4 mb.) and the lower stratosphere (levels 4-8,36-117 mb.) of the present model. In the lower part the corresponding results are given for the lower stratosphere (34-126 mb.) of the 9-level model and for the actual atmosphere (30-100 mb.). The
energy exchange with the other layersof the atmosphere is shown by the arrows extending outside t,he domain enclosed
by the dashed
joule)
line. R.S. in the 9-level model gives the mass integral of the Reynold3 stress term. The unit of enxgy transformation is
cm.-z mb." day", and the unit of energy is joule ern.+ mb.+

it is necessary t,o supply energy from other regions, and
the models indicate that this energy is obtained from
lower levels by means of the pressure interaction term
-a((L:+)/ap; unlike the 9-level model both the eddy and
meridional components of this term force the lower
stratosphere in the present model. The supply of energy
from lower levels is obviously of fundamental importance
to the structure of the lower stratosphere, and figure 21b
indicates that the exchange occurs primarily in the subtropics. Note, unlike the middle stratosphere, the vertical

transport of kinetic energy represents a significant sink
of energy in the lower stratosphere.
I n the middle stratosphere (0-23.4 mb.) the energy
balance is maintained rather different>ly,and the energy
cyde is the same as that of the troposphere. The vertical
advection of both available potential energy and kinetic
energy is of minor importance for this region, and the
energy is supplied by two mechanisms. As expected from
the similarity tothe troposphere,one of these is the
generation of Pz by solar radiation and the other, and
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more important, is again the creation of K E by the eddy
pressure interaction term which transfers energy from the
lower levels. The corresponding mean meridional term is
destroying Kz in this region, and a rather large KE to
Kzexchange is required to balance the deficit. Because of
the similarity of the middle stratosphere of the model
to that of the winter atmosphere it is hoped that the
energy balance given here is basically correct, which
would indicate that the forcing. by the eddy term
is a
characteristic feature of this region.
The principal differences between the two stratospheric
regions are that the direction of the energyexchanges
involving the generation of Pz by solarradiation,the
conversion of Pz to PE and of PE to KE, and the supply
of energy by GG reverse as one passes from the lower to
the middle stratosphere. The most important similarities
are the Kz to Pz conversion, the maintenance of KE by
the w 4' term, and the destruction of PE by the radiative
processes associated with the large-scale eddies.
Newell I281 concluded that in winter no source of
energy other than solar radiationwas apparently required
for the middle stratosphere, whereas in summer an inflow
of energy was necessary. Newell only gave values for the
three zonal terms shown inparenthesesin
figure 24 so
that a rather limited comparison is possible. This shows
that the model has about twice the magnitude for the P,
and K, values, but about the same rate of generation of
P , by radiation ; hence the atmosphere should be able to
regenerate its energy much faster than the model. This
however, does not prove that this atmospheric region does
not import energy form other regions, since the P, generated is mainly converted to P, which suffers a large radiative loss and hence the net inflow of radiative energy is
considerably lowered.
A comparison of the generation termsof PEin the middle
and lower stratosphere in figure 24 indicates thatthe
efficiency of the radiative damping of PE, and therefore
of temperature fluctuations, increases withaltitude. A
damping factor, Dl can be defined as
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DE--% G E
PI?
where
-H

QEE~T'~'/C~
and
"

~,=jiy(~')2;
G E is the generation term of the eddy available potential
energy PE. (
) denotes the deviation from
the
zonal mean, (
) denotes
the
hemispheric average.
T and are the temperature and rate
of heating respectively. 7 is defined on page 743 of S. c, is the specific heat
of air.
After using the above equations, D becomes

FIQURE
25.-The variation with altitude of the efficiency of damping of the temperature fluctuation by radiative and subgrid scale
diffusive processes.

normalized heatingfluctuation

($Id*).

For the

Newtonian damping of the form

the damping factor D=a according to this equation. I n
figure 25 the vertical distributions of D for both radiation
and subgrid scale horizontal diffusion are given, and the
figure shows that the radiation damping in the stratosphere
becomes of increasing importance a t the higher levels,
because of the approach to Newtoniancooling by COZ.On
the other hand, the damping
by the subgrid scale horizontal diffusion remains virtually constant,which explains
the charge in the relative importance of this term and the
radiative damping in the destruction
of P, in figure 24.
7.3. S O M E C O M M E N T S ON THE BAROCLlNlC NATURE O F THE

STRATOSPHERE

Most investigations of baroclinicity in the atmosphere
havebeen confined to the troposphere,withrelatively
littleefforthaving
beendevotedtothestratosphere.
Murray [ZS] studied the baroclinic instability of an idealized atmosphere having a stratosphere, but he was primarily interested in the breakdownof the polar night jet.
An0 ther effort in this field has been made by Lindzen [151
Thisindicates
that D is the covariance between the
who incorporated radiationas well &s ozone photochemistry
normalized temperature fluctuation
and the in his problem. He found that foradiabaticconditions

(yt/qmH)

.
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a t either 30 km. or 52.5 km. the flow was unstable when
the vertical wind shear exceeded some critical value,
whereas when radiation and photochemistry were incorporated the flow was unstable for all nonzero shears. For
simplicity baroclinic calculations usually represent highly
idealized conditions in the atmosphere, and it is therefore
of interest to relate the muchmore comprehensive results
of the general circulation experimentsto these calculations
to see if they provide any further enlightenment on the
behavior of the atmosphere.
The discussion here will be limited to the fmt three
layers of the model since for this region the flowon a
hemisphericbasis was potential energy releasing, --07;;’>0,
and this is one of the requirements of baroclinicity. The
present model does not include the photochemistry and
advection of ozone incorporated by Lindzen in this study,
and the radiative calculations are therefore based on fixed
climatological ozone concentrations. As shown previously
the model does, of course, have radiative damping. UnfortunatelyLindzenfound
that the advection of ozone
at 30 km. was importantin his stability analysis, the
major term being the verticalderivative of the ozone
mixing ratio. The ozonesonde observations of Hering and
Borden [6] indicate that above 25 km. a uniform mixing
ratio can usually be expected, whereas Lindzen based his
calculations on photochemical ozone amounts, which
would account for the large vertical derivative he appears
to havecomputed. If this is the case, then the photochemistry of ozone is probably of minor importance as a
source of instabilityinthe
middle stratosphere, which
would presumably modify Lindzen’s stability curve somewhat. Thus it is thought that the omission of this mechanism from the general circulation model should not affect
the stability characteristics of the upper levels. However,
a more comprehensive investigation of this problem incorporating both photochemistry and radiation is desirable, in which the oversimplifications, particularly of the
verticalstructure, involved in Lindzen’s approach, are
removed in order to assess realistically this problem.
To provide some backgrounda brief description w
li
now be given of the development of the flow pattern in
the middle stratosphere. As mentioned previously the
model was started from conditions of zonal symmetry,
and a random temperature perturbation
was applied a t
each point after 5 days to trigger baroclinic instability.
Although this produced the desired effect in the troposphere, very little response appeared in the top few levels,
even though a well-defined vertical and horizontal wind
shear existed in the vicinity of the upper level jet. The
hemispheric variation of some of the meteorological terms
of interest a t 80 days in level 1 is shown in figure 26a,
and this reveals that both temperature and geopotential
height fields were fairly symmetrical at this time, while
the polewards eddy flux of heat would be expected to be
rather weak. Subsequently the development appeared t o
proceed somewhat faster, and the flow fields at 140 days
given in figure 26b show the amplification of the westerly
wave, and differ considerably from those in figure 268. Of
particular interest is the elongation of the “polar vortex,”
and the noticeable increase in the polewards flux of heat
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FIGURE26.-Thehemispheric

variation of temperature (thick
isolines), meridional velocity, and geopotential height (thin
isolines) for the top level of the model at two different times
illustrating the changesproduced by the forcing from below.
S areas are regions of northwards velocity. (Units: temperature,
O K . ; geopotential height, 100 m.)

by the eddies which the figure indicates can be expected
at this time. This situation is very reminiscent of conditionsin
theactualstratosphereduringtheabnormal
warming phenomenon of January 1957 described by
Teweles [41]. The onset of the amplification of the wave
in the top level was quite dramatic, and was first noticed
in the time variation of the hemispheric integral of the
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dissipation for that layer. Figure27 shows that around 114
days a noticeable change must have occurred in the flow
because of the rapid increase in the dissipation.A second,
r:
even larger growth in the dissipation occurred
at about
138 days and was followed by a sudden decline to more
normal values. The lower levels also experienced the same
phenomenon but to a much lesser degree, and they also
seem to have been affected a t a slightly earlier time.
If the effects shown in figure 27 are attributable to a
sudden onset of baroclinic instability, then it would be
expected thatthe -o'a' term for these levels would
show a corresponding increase in order to maintain the
kinetic energy against the rise in dissipation, as
well as t o
,.~-.L_.i
! ! ! I 14
I la U
1 1 I9 6 mI noI mI znl i xaj rnj l
a
IS
a IW lto tm IIW
tm IW
supply energy for the development
of the flow pattern.
lm! MIS
Although figure 28 reveals there was some increase in the FIGURE27.-The time variation of the hemisphericintegral of
dissipation for the top three levels of the model. (Units: 10"
release of potential energy during this period, the correerg cm.-* mb." sec.-l)
spondingchangeintheeddypressureinteractionterm
leaves no doubt that it is the supply of energy from the
lower levels that is responsiblefor the observedperturbations. The growth in this
energy supply occurred
at the sametime as the dissipationincreased on both
occasions, and for the top level about 6 times as much
energycamefrom
below as was created in situ. This
suggests that the increase in the conversion term a t these
times was caused by the changes produced in the flow
patterns by forcingfrom below, rather than beingexamples of genuine baroclinic development.On a latitudinal
basis most of supply of energy from below was confined
between 45' and 70' lat., and this indicates
that eddy
kinetic energy was being given to the upper level jet, a
result which might have been predicted from figure 21b.
The consequent increase in the eddy kinetic energy in
the top threelevels of the model is illustrated in figure29,
and it is clear that it is closely related to the upwards
1
flux of energy in figure 28. Part of this eddy kinetic energy
28.-The time variation of the eddy conversion of potential
was converted to zonal kinetic energy by the horizontal FIGURE
energy and the eddy pressure intxaction term for the top three
wind components. However, the energy flux from below
levels of the model. Values are based on 10-day time averages.
issignificantlylarger
than this conversion. The reason
(Units: 10" erg cm." mb." sec.-I)
for the sudden increase in the energy transfer from below
is unknown, but it might be indicative of the kind of
interaction which takes place in the middle stratosphere
prior to a stratospheric warming (see for example Miyakoda [24]). I n this regard it is interesting to note that
subsequent to the decline of the second impulse, the flow
field in level 1 gradually returned to a more zonally symmetric state similar tothat giveninfigure
26a. The
possibility therefore exists that thefirst successful numerical simulation of a stratospheric abnormal warming may
have occurred in the present model, albeit accidentally.
Because of the importance of the eddy pressure interaction component in the long-term maintenance
of the
8
I l l l l l I l l l l l l l l l l l l I
winterstratosphere, as indicatedin figure 24, andthe
n 8 r n m m ~ n u l ~ n m m a m n m m w
HSYn
relative smallness of the eddy conversion term, it appears
FIQURE 29.-The time variation of the hemispheric mean value of
that genuine baroclinic instability shonld not be expected
the eddy kinetic energy for the top three levels of the model.
In fact if the resultsof Lindzen
in the middle stratosphere.
(Units: 1oJ ergs/-.)
[15] are valid a t 30 km., then for a typical winter
wind
shear of 1.5-2.0m./sec.-'
km.", which exists a t this would be obtained, If allowance is also made for the
altitude in the polar regions according to Batten 113, a seasonal variation it wouldseem that this growth rate
growth rate of the order of 100 days for unstable waves is too slow to beeffective. However, it does agreeapproxi-
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During the period of the integration of the model, the
rapid elongation of flow pattern took place in the mid4-mb. level
dlestratosphereparticularlyaroundthe
8. CONCLUDING REMARKS
due mainly to the convergence of energy flux from below.
The significant differences in the results of the present The temperature pattern. of the wave reminds us of the
model comparedwith
the 9-level model, which were distribution which appearsduring the period of typical
produced bythe
doubling of the vertical resolution, abnormal warming.
The 2-cell meridional structure of the stratosphere was
particularly the remarkable improvement in the thermal
structure of the stratosphere, would seem well worth the of fundamentalimportanceinmaintainingthethermal
approximate doubling of the computation time involved. and dynamic properties of this region.
The present model in its representation of the atmosAlthough the results of the model are somewhat marred
in some aspects comparedwith
by the equatorwards shift of the atmospheric structure, it pherehasdeteriorated
is hoped that this would only affect the results presented the 9-level model. Thus thetropospheric jet is toofar south
I1 [7] quantitatively and not qualitatively. and too intense,anda considerable part of the angular
here and in Part
The intensityof the direct meridional cell in the Tropics is momentum of this jet is supplied from the high-latitude
the
probably stronger thanthat in the atmosphere, and, while regions, incontrast with boththeatmosphereand
this may result in somewhat lower temperatures in the previous model. In addition the west winds in the tropical
model than the atmosphere a t the equatorial tropopause, troposphere have intensified, as have the equatorial meit seems unlikely that this would alterthe conclusions ridional winds in the upper troposphere, neither of these
that thelow temperatures and sharpnessof the tropopause features being observed in the actual atmosphere.
Finally, since the atmosphere differs from the model
there, and also the height of the tropopause a t low
latitudes, are determined by the upwards motions associ- in havingdiurnaland
seasonal changes, transport of
ated with this cell. The present model should also clarify latentheat, mountains, land-sea contrast,tonamebut
considerably the relative roles of radiation and dynamics a few of the differences, there is obviously much room for
inmaintainingthemidlatitudetemperature
maximum, improvement. In view of these omissions it is necessary to
a t higher accept the results of model calculations with some caution,
as well asthe relativelywarmtemperature
to some as it is always possible that the right results may have
latitudes in the lower stratosphere.Contrary
been obtained for the wrong reasons. More physically
proposals that these regions are radiatively maintained,
realistic models currentlyunderdevelopment
at this
it was shown that radiation is actually trying to destroy
them. The required heat is actually supplied by adiabatic Laboratory should be able to clarify the importance of
warming associated with the downward branches of the the omissions from the present model some time in the
meridional cells, and subsequent countergradient transport future.
by the horizontal eddies. The significant Equator to Pole
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