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ABSTRACT

The circulation of the atmosphere of Venus is simulated by
means of two-dimensional numerical models. Two extreme cases are
considered: first, rotation is neglected and the subsolar point is
assumed to be fixed; second (and probably more realistically), the
solar heating is averaged over a Venus solar day and rotation is
included. TFor each case a Boussinesq model, in which density vari-
ations are neglected except when coupled with gravity, and a quasi-
Boussinesq model, which includes a basic stratification of density
and a semi-grey treatment of radiation, are developed. The results
obtained with the Boussinesq models are similar to those obtained
by Goody and Robinson and by Stone. However, when the stratification
of density is included and most of the solar radiation is absorbed
near the top, the large-scale circulation is confined to the upper
layers of the atmosphere and cannot maintain an adiabatic stratifi-
cation in the interior. The thermal equilibrium in the interior is
radiative-diffusive. When solar radiation is allowed to penetrate

the atmosphere, so that at the equator 6% of the incoming solar

radiation reaches the surface, then the combination of a more deeply



driven circulation and a partial greenhouse effect is able to main-
tain an adiabatic stratificationm,

The effect of symmetrical solar heating is to produce di-
rect Hadley cells in each hemisphere with small reverse cells near
the poles. Poleward angular momentum transport in the upper atmo-
sphere produces a shear in the zonal motion with a maximum retrograde
velocity of the order of 10 m/sec at the top of the atmosphere.

The numerical integrations were performed using non-uniform
grids to allow adequate resolution of the boundary layers. A study
of the truncation errors introduced by the use of non-uniform grids
is included, and it is shown that the use of stretched coordinates
has several advantages for flows with boundary layers.

A proposal for a simple three-dimensional model, capable in
principle of explaining the observed rapid zonal velocities at cloud

level as well as the deep circulation, is presented.

Thesis Supervisor: Jule G. Charney
Title: Sloan Professor of Meteorology
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CHAPTER 1

Introduction

The atmospheres of our planet Earth and our neighboring
planets Venus and Mars seem to have been designed with an experimen-
tal purpose in mind. While they are all subject to approximately the
same driving, i.e., the incident minus the reflected solar radiation
differs by less than a factor of 2, other parameters important to met-

eorologists are quite different (Table 1.1).

Venus Earth Mars
Main constituent CO2 N2 002
Solar constant X

(1-albedo)

(erg cm2sec™!) 6.3 x 103 9.0 x 10° 5.1 x 10°
Specific gravity
(cm sec™?) 850 980 376
Rotation period
(sec) 2 x 107 7 x 105 7 x 10°
Inclination of
Equator to ecliptic
plane (degrees) 0 23 25
Surface pressure
(atm) ~ 100 1 6 x 10-3

Table 1.1: Some physical data of the planets Venus, Earth, and Mars.

For example: (a) the inclination of the Equator with res-
pect to the plane of the ecliptic is near zero in Venus, which means
that very little seasonal variation is observed, and is about 25° for

both Mars and the Earth, with correspondiﬁgly strong seasonal variations
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of insolation; (b) the total mass of the atmosphere measured by the
surface pressure, which together with the length of a solar day gives
a measure of the importance of diurnal effects, also varies dramati-
cally: it is about one hundred atmospheres for Venus, one atmosphere
for the Earth and one hundredth of an atmosphere for Mars; (c) the
rate of rotation of the planet is rapid for Mars and the Earth, which
have a rotation period of about one earth day in the positive direc-
tion, and is very small for Venus, which has a rotation period of
about 243 earth days and (with the marginal exception of Uranus
whose equator is inclined 98° with respect to the plane of the eclip-
tic) . is the only planet known to rotate in a retrograde direction.
It can be expected that the general circulation of the at-
mospheres of Mars and Venus will be found to be widely and interest-
ingly different from the Earth's general circulation. This paper 1is
an attempt to study the general circulation of the atmosphere of Venus.
The recent history of the investigation of the atmosphere
of Venus contains some surprising discoveries. The emission temper-
ature of the top of the cloud deck which covers most of the atmosphere
is about 230°K, but at the beginning of the 1960's microwave emission
temperatures indicated the existence of surface temperatures of at
least 600°K (Roberts, 1963; Barath, 1964; and others). There were
three theories offered to try to explain this high temperature. Opik
(1961) proposed an "aeolospheric'" model of the atmosphere of Venus
between the planet's surface and the top of the clouds in which strong
winds driven by the differential heating at the top were responsible
both for grinding and raising dust from the surface, making the at-

mosphere opaque to radiation, and for the heating of the surface
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layers due to frictional dissipation of kinetic energy.

In the more popular "greenhouse'" model proposed by Sagan
(1962) and others, most of the solar radiation is assumed to pene-
trate through the atmosphere to the planet's surface, but the atmo-
sphere is very opaque in the infrared region, so that emission into
space takes place in the colder regions near the top of the cloud lay-
ers. The main objection to this model is not the large opacity re-
quired in the long wave region, but the relative transparency in the
short wave region necessary to heat up the lower layers of the
atmosphere.

The first dynamical model offered to explain the high sur-
face temperatures was that of Goody and Robinson (1966). They used
a two-dimensional Boussinesq model on a flat surface with the sub-
solar and antisolar points represented by vertical planes. The at-
mosphere was considered to be completely opaque, so that radiation
was absorbed and emitted at the top of the atmosphere (the top of
the cloud deck). 1In the interior, radiative and turbulent transfer
were parameterized as a diffusion process.

Using scale and boundary layer analysis, they developed
a model for the circulation of the atmosphere of Venus with slow
rising motion in most of the atmosphere and a narrow region of sink-
ing motion, which they called mixing region, at the antisolar point.
There was a thin horizontal upper boundary layer with strong horizon-
tal motion towards the antisolar point, and a slow return motion
towards the subsolar point in the interior (Figure 1.1). The narrow-
ness of the region with downward motion could explain why most of

Venus' disk seems to be covered by clouds, if these are of a condensation
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type. Goody and Robinson's analysis suggested that the large scale
atmospheric motions were able to keep the lapse rate nearly adia-
batic throughout the atmosphere. In this way the high temperatures
at the surface could be explained even if the solar radiation were
absorbed near the top of the atmosphere.

Stone (1968) deveIOped a similar two-dimensional Boussinesq
model on a flat surface with an improved scaling of the mixing region
at the antisolar point. He did not deal with the problem of the main-
tenance of the adiabatic lapse rate in the interior. The main dif-
ference between Stone's and Goody and Robinson's results was the width
of the mixing region. Goody and Robinson's scale analyéis gave a
width of 3 km while Stone's gave a width of 150 km. Furthermore,
Stone pointed out the magnitude of the vertical velocity would decay
slowly away from the mixing region so that downward motion would not
be confined to the mixing region.

Both Goody and Robinson and Stone concluded that the Ross-
by number would be large due to the small rotation rate of the planet
so that the effects of rotation would be minor.

Hess (1968) performed a numerical computation with a simi-
lar nonrotating, two-dimensional model in Cartesian geometry. He
used pressure as the vertical coordinate so that the Boussinesq approx-
imation was not made. The initial conditions were a state of no mo-
tion and a small static stability. A circulation was froduced by
the uneven heating at the top. Although after the equivalent of
160 earth days the model had not converged, the results were similar
to Goody and Robinson's except that the motion was confined to the

top third of the atmosphere, probably due to the increase of density
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with depth. The width of the mixing region was much larger than in
Goody and Robinson's or Stone's analyses, probably because the grid
that Hess used was too coarse to resolve the boundary layers. The

negligible value of the winds near the surface made Opik's "aeolo-

spheric" model improbable (Figure 1.2).

In 1961 Boyer and Camichel published the results of their
ultraviolet photographs of Venus. They found cloud patterns shaped
like a horizontal Y which seemed to move in a zonal direction with a
speed corresponding to a rotational period of about four days, as
well as a tendency for certain cloud patterns to recur every four or
five days. A rotation period of four days implies zonal velocities
of the order of 100 m/s, i.e., about 50 times larger than the speed
of rotation of the planet itself at the Equator. For a while it was
generally felt that the "four-day rotation'" was probably an observa-
tional error. More recent observations, reviewed by Smith (1967)
and by Schubert and Young (1970) support the evidence for the existence
of a retrograde rotation of the Venus atmosphere with a period of
four to five days.

There have been a series of papers suggesting that the cause
of these high velocities is the apparent rotation of the Sun during
a Venusian solar day, implying that the Reynolds stresses that arise
from the vertical circulation driven by a periodically—mo§ing thermal
forcing are able to sustain a mean horizontal flow. Fultz (1959) and
Stern (1959) did moving flame experiments on a stationary annulus
and found that a weak motion developed in a direction opposite to the
motion of the flame. Schubert and Whitehead (1969) performed ; simi-

lar experiment with a flame rotating under an annulus filled with
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liquid mercury and found that the liquid rotated in an opposite dir-
ection with a speed about four times larger than the speed of the
flame. They were the first to suggest that the rotation of the clouds
of Venus was due to this mechanism.

Theoretical studies to explain the occurrence of a mean
flow due to periodical thermal forcing were carried out by Stern (1959),
Davey (1967), Schubert (1969), Schubert and Young (1970) and Malkus
(1970). Schubert and Young showed that this effect is likely to play
a significant role only in the dynamics of the atmosphere of Venus,
mainly because of the favorably low overhead speed of the Sun, which
is about 3 m/s. Malkus found zonal velocities of the right order of
magnitude, even at a vanishingly small forcing speed, for a wide range
of physical parameters, particularly the Prandtl number. Gierasch
(1970) showed that the radiative time constants are of the correct
magnitude to cause a strong zonal flow by the mechanism suggested by
Schubert and Whitehead.

More'recently Schubert, Young and Hinch (1970) have disputed
Malkus' results. According to them the average motion of a fluid
driven by a moving thermal source is either prograde (in the same
direction of the thermal wave) or retrograde depending on the magni-
tude of the Prandtl number v/x . The downward diffusion of the
thermal wave produces a tilt of the convection cells that tends to
produce prograde motion, and viscous diffusion from the lower rigid
surface tilts the convection cells in the opposite sense tending to
produce retrograde motion. Only if the heat is well diffused O/« )
can retrograde motion occur. They conclude that the four-day retro-

grade circulation is a proof that the thermal balance at the cloud
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top level is mainly radiative, with a correspondingly high radiative

thermal diffusivity, since a turbulent diffusion would tend to have V/i~I,

Thompson (1970), like Malkus, suggested that while the
zonal flow could be started by the Schubert=Whitehead mechanism,
the interaction of a shearing flow with the tilted cells via the
Reynolds stresses could intensify the shear and produce an upper
zonal flow of the required magnitude. In both Thompson's and
Malkus' models the moving Sun mechanism only provides the initial
zonal flow. The final flow is much larger and is pgoduced by what

is essentially a finite-amplitude instability mechanism.

We should also mention a qualitative discussion by Mintz
(1961) who concluded from the visible cloud observations of Dollfus,
and from the zonal structure observed in the ultraviolet cloud pic-
tures, that there might be a lower level circulation in the atmo-
sphere of Venus with convection cells driven by the day-night heating
contrast, together with a rapid zonal circulation aloft. Considering
the large thermal inertia of the lower atmosphere of Venus (Chapters
IV and V), his conjecture of a deep diurnal circulation is questionable.

Review papers on the circulation of Venus have been written
by Goody (1969) and Hunten and Goody (1969).

The present thesis is an attempt to study the general cir-
culation of the atmosphere of Venus from a dynamical point of view.
The complexity of the processes that must be considered and the ob-
vious importance of nonlinear effects that one deduces from simple
analytical models and from the strong cloud motions, make imperative
the use of numerical models. Although the observational data of the

atmosphere is very scarce, we know enough to develop some simple
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models. Until good "meteorological' observations become available,
which will not happen in the near future, the results of analytical
and numerical models are the best one can hope for to obtain some
insight into what happens in the atmosphere of Venus.

The observational data that we now have available include:

(a) Astronomical data, which by this time are well estab-
lished: Venus' gravity, mass, rotation period, length of year and
solar day, albedo, solar constant, inclination of the equator with
respect to the ecliptic plane.

(b) Atmospheric data: the Soviet spacecraft probes Venera
4, Venera 5 and Venera 6 penetrated the atmosphere of Venus on Octo-
ber 18, 1967, May 16 and May 17, 1969 respectively, but they ceased
sending information before they reached the surface. On October 19,
1967, the American spacecraft Mariner 5 flew by the planet at less
than one planetary radius. On December 15, 1970 the Soviet space-
craft Venera 7 was able to land softly on the surface of Venus and
transmit information throughout the descent from an altitude of
about 60 km to the surface.

From the observations made by these vehicles we now have
some data on the atmospheric structure of Venus (Avduevsky et al,
1970; Avduevsky et al, 1970; see Figures 1.3 and 1.4). We also
have the cloud observations mentioned before and the thermal maps
made by Murray, Wildey and Westphal (1963).

Based on these data, a series of numerical models was de-
veloped. Two extreme cases were considered: first the case in which
rotation is neglected and the subsolar point is fixed, and then the

case in which rotation is included and diurnal effects are neglected,
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as if the heating were to come from a "toroidal sun'". For each of
these cases we used the Boussinesq approximation which neglects the
variations of density except when theyprocduce buoyancy forces, and the
quasi-Boussinesq approximation,which implies mean density and temper-
ature stratifications close to the adiabatic. All these models have
been developed for flow on a sphere.

The main conclusions of this investigation are the following:

(a) The results of the Boussinesq numerical models agree
qualitatively with the analyses by Goody and Robinson, except that
downward motion occurs over almost half the surface of the planet.
However, when a quasi-Boussinesq model is used with a near-adiabatic
stratification, the circulation remains confined to the top of the
atmosphere (as in Hess' model) and therefore is incapable of main-
taining an adiabatic stratification in the interior. It is concluded
that some penetration of the solar radiation in the atmosphere is
necessary, both because it drives a deeper circulation and for the
greenhouse effect.

(b) The planetary rotation, even though very slow, is not
negligible. In the interior the relative velocities are very small so
that the Rossby number is small. Near the top, even though the Rossby
number is large, the relative zonal velocities generated because of
the planetary rotation are important.

(c) A basic retrograde zonal shear is produced by the solar
heating when diurnal effects are neglected. This shear may be com-
bined with Thompson's mechanism to produce strong zonal shear near the
cloud top level. The mechanism of Schubert and Whitehead requires

a strong viscous effect from the ground; it is felt that the strong
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density stratification (which is absent in their model) makes this
mechanism less probable.

In the course of this investigation a numerical method of
dealing with boundary layers was developed using variable grid inter-
vals defined through a stretched coordinate. It was shown that the

truncation errors are of second order in the stretched coordinate,

both for the first and second finite difference derivatives, and that
the particular choice of the stfetched coordinate made in this paper
has very distinct advantages.

The organization of the thesis is as follows:

In Chapter 2 we discuss the characteristics and results of
a Boussinesq model without rotation, similar to the models of Goody
and Robinson and of Stone. A quasi-Boussinesq model without rotation
is described in Chapter 3. This allows an estimation of the nature
of the Boussinesq approximation for a deep atmosphere. In Chapter 4
a Boussinesq model with rotation and axi-symmetric heating is de-
scribed. A quasi-Boussinesq model with rotation and symmetric heating
is presented in Chapter 5. With this model the effects of varying
the value of the horizontal and vertical coefficients of eddy viscosity
and diffusivity, and of the solar optical depth, are tested. The
properties of a simple model of radiative equilibrium in a grey atmo-
sphere are also presented here. Both Chapters 2 and 5 contain some
discussion of conservative finite-difference convective models. A
summary and discussion of the results, and a proposal for future work
is given in Chapter 6. Appendix A contains a description of a simple
three-dimensional, quasi-Boussinesq model, and Appendix B a detailed

discussion of the truncation errors in the method of stretched
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coordinates and a comparison of the results in a test case using both
that of
the method proposed here and , Sundquist and Veronis (1970) .
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CHAPTER 2

Non-rotating Boussinesq Model of the Atmosphere of Venus

2.1 Introduction

In this chapter we describe a non-rotating Boussinesq model
of the atmosphere of Venus which is similar to the analytical models
of Goody and Robinson and of Stone. The main difference is that we
have used the full spherical equations, and that the numerical model
gives a complete solution both at the boundaries and in the interior.

We consider that the point of maximum insolation (subsolar
point) is fixed so that both the rotation of Venus and its revolution
around the Sun are neglected. In this way there is symmetry about
the subsolar-antisolar axis, and no zonal motion arises.

The results obtained with this model, as well as those ob-
tained by Goody and Robinson, by Stone and by Hess, are interesting
from a theoretical point of view but cannot be applied directly to
the visible circulation of the atmosphere of Venus, which is undoubtedly
greatly influenced by rotation. The observations of high zonal vel-
ocities (Smith, 1967) as well as the zonal symmetry in the temperature
field shown by measurements at the cloud top level (Murray, Wildey
and Westphal, 1963) suggest that the rotation of the planet, however
small, plays a very significant role. Furthermore, the large thermal
inertia of the deep atmosphere would not allow a deep circulation to
follow the Sun.

We make use in this model of the Boussinesq approximation
in which variations of density are neglected except when they produce
buoyancy forces. Ogura and Phillips (196?) show that this approxi-

mation is justified if the dynamic processes are confined to a depth
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smaller than the scale height RT/g. Since the height of the clouds in
the Venus atmosphere is several scale heights, the use of the Bous-
sinesq approximation is not really justified. On the other hand, it
may give some insight into the balance of forces, and since it has
been used by several authors, we present the results obtained with it
in order to compare them in the next chapter with those obtained
with the more realistic quasi-Boussinesq approximation.

One must be aware that in the Boussinesq approximation, the
temperature T and the potential temperature © are related by the

equation

T- 6-T3% (2.1.1)

and therefore that there is no dynamical difference between them except
in the heat flux boundary condition. This is the only place where it
makes a difference whether we assume that the heat transfer.is brought
about by turbulent diffusion, which tends to equalize poteﬂtiai femp—
erature, or by radiation with the opaque approximation, which tends to
equalize temperatures. In this respect the model presented here is
more comparable to Stone's than to Goody and Robinson's model because
the heat transfer is parameterized as a turbulent diffusion process,
even at the boundaries.

In the numerical model we have used density (which can be
interbreted as potential density) instead of temperature. They are

related by

§P/ % = - 8T/Ts (2.1.2)
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To was taken as 230°, i.e., the mean temperature at the cloud
top level, where the driving of the atmospheric model takes place.
FL however was interpreted as the mean density of the atmosphere,
so that the large inertial mass of the atmosphere of Venus is repre-
sented by a relatively large value of ‘L .

The characteristics and boundéry conditions of the model
are described in sections 2.2 and 2.3. To be able to resolve the boun-
dary layers using a reasonably small number of grid points we used
"stretched coordinates', which are described in section 2.4. In sec-
tion 2.5 we discuss a conservative finite difference scheme that can
be used with non-regular grids. The finite difference equations that
were actually used are given in 2.6 and the computational procedure
in 2.7. The numerical values that were used in the model are given

in section 2.8, and the results are described and discussed in 2.9.

2.2 Basic description of the model

A numerical model of the atmosphere of Venus was developed
for spherical coordinates with the following approximations:

(a) Boussinesq.

(b) Hydrostatic. This is based on the small aspect ratio
H/a where H is the height of the cloud layer top (60 km) and a is the
radius of Venus (6060 km). It is only in the mixing region that this
approximation may not be very accurate.

(c) No rotation.

(d) The subsolar point remains fixed.

(e) The atmosphere is very opaque so that short and long

wave radiation is absorbed and emitted only at the top of the cloud
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layer. The heat flux is parameterized as a turbulent diffusion process.
(f) Constant horizontal and vertical coefficients of eddy
viscosity and diffusivity, Unit Prandtl number.

The Boussinesq equations in spherical coordinates are:

v _ _ (v nrima)a (ru'w)? - ﬁ'.
at ~ o Ama P
b [cm )y o 2w] o (2.2.1)
Qz. am o Ry af| + v 22!

the meridional component of the equation of motion,

0. _ i _ P (2.2.2)
o T ¢

the hydrostatic equation,

0- _(wama)s _ W, (2.2.3)
G AMu

the continuity equation, and

_ (?N’M“)d _ (?;W)E K (’ﬁ.g /ﬁmd)d + K

[ (2.2.4)
. Y 2
a ume o Al o
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ot ~
the thermal equation. In the above equations a is the radius of Venus,
& 1is the colatitude measured from the antisolar point, {1, 1is the
"~
surface pressure, P is the potential density departure divided by
the mean density Po , and f is given by »fto/(gm y X, and X, 6 are
the horizontal and vertical coefficients of eddy diffusivity, and v,

and YL are the corresponding coefficients of eddy viscosity. The

other symbols have their usual meanings. (Note: the lu& component
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of the horizontal viscosity term in the horizontal momentum equation
should have been dropped because of the small aspect ratio H/a, but
the term is so small that it made no difference.)

From (2.2.1) and (2.2.2) we can eliminate the pressure and
obtain a forecast equation for . . This equation contains nonlinear
terms generated by the convergence of the meridians which can produce
a weak numerical instability. It is preferable to work with the vor-
tex strength which, for an inviscid, homogeneous fluid, is individually
conserved over the whole sphere.

Consider a vortex tube (Figure 2.2.1). By Helmholtz' circu-
lation theorem the vorticity times the cross section of the tube is
constant if the fluid is homogeneous and inviscid. The cross section
is given by Q Sd %} (we can neglect the variations of the radial
distance due to the small aspect ratio). From the Boussinesq approx-
imation the volume of the tube TI oF 84 5z is constant, so

that the cross section is inversely proportional to the sine of the

colatitude. Therefore the vortex strength 17 is

vy, ~ W=

. Yt . M (2.2.5)
A & Avnd,

because of the small aspect ratio, H/a.
From equations (2.2.1), (2.2.2), (2.2.3) and (2.2.5) we

obtain

g?—- > - (w‘?m“)* -(W'?)t + -3-}.“_.
2 & am

Q. A d

Vo (( ’ﬂw}nu\g N‘/V\d)u - 2w ) (2.2.6)
T [ Amd ﬁ\; “] +% D

§.



Figure 2.2.1:

AS

Vortex tube.
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We define a mass stream function q’ :

") AN« - sz + %_ "Ht + _&f‘_ + CU'EO( ‘& ~ q)l'z» (2.2.7)
[~

so that

woama - ¥y (2.2.8)

wam« - _ Y (2.2.9)

a

Equations (2.2.4) and (2.2.6) to (2.2.9) are the ones used

in the model. To complete the problem we need the boundary conditionms.

2.3 Boundary conditions

We assume a no-stress rigid top at the cloud top level and
a non-slip rigid bottom at the surface. From the geometry of the model
the horizontal velocity is zero at the subsolar and antisolar points.
We have then the following boundary conditions for the mass stream

function:

q": w;; = O Ont t = “ (a)
Y- ¥ -0 at z:0 (b) (2.3.1)
LP:_ 0 q,t «az0 and «=TT (c)

We assume that all the absorption and emission of radiation

takes place at the top. The short wave radiative flux is
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1~

A o

(0] f
LF, ) L 0\&,&

Sw -

i~

-(1-R) S, wra if %L«

where S% is the Venusian solar constant and A the planetary albedo

taken as constant.

If we assume that the temperature departures from the mean
value at the top are small, i.e., §T/To K | , We can approximate

the long wave radiation as

tE _oT, (1 +48T/T)

w -

where 'r; is the mean emission temperature at the top. From the
overall balance between incoming shortwave and outgoing long wave

radiation we have

GT;‘ - (\'R\ so
4

At the fixed height of the cloud top we have

Sp . P . _$T
?, To

so. that the heat flux F is given by

Foox 5 Cth =-% 5% C‘[\To %
From the previous relationships we get as upper boundary

~
condition for 9 :
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3 ~
A (R R oexy_;g]
Xy CFPO 4ot .Fo‘, g: (o &l
Ot z:zH
(2.3.2a)
At the bottom we assume that the heat flux is negligible:
R0 ot 20 (2.3.2b)

2.4 Stretched coordinates

From the previous studies by Stommel (1962), Goody and Robin-
son, and Stone, we expect the appearance of horizontal boundary layers
at the top and possibly at the bottom of the atmosphere, and a verti-
cal boundary layer at the antisolar point.

In these narrow regions we need a fine grid (at least two
or three points within the boundary layers) to be able to resolve them
but in the interior much less resolution is necessary. The solution
of the problem with a regularly spaced grid that is fine enough to
resolve the boundary layer was not possible because it would have con-
sumed too much computer time. But if we use a coarse grid that doesn't
resolve the boundary layers, for example as Hess (1968) did, large
truncation errors will arise and we can expect that, even in the in-
terior, the numerical solution will be quite different from the exact
solution.

Barcilon and Veronis (1965) and Sommerville (1966) obtained"
numerical solutions for simple models of a fluid driven by differential

heating at a horizontal boundary. They were obliged to weaken the
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intensity of the driving until the boundary layers were wide enough
to be resolved by a regular grid with a reasonable number of points.
This procedure would not be satisfactory in our problem because it
would not correspond to realistic values of the parameters.

Another possibility is to use an irregular net with smaller
spacing in the boundary layer regions. Some computations have been
performed in which the grid size was divided by two in the region of
interest. This method however has two disadvantages: first, it is
necessary to interpolate values of the variables or their derivatives
at intermediate points, and weak numerical instabilities may arise in
the boundary between the small and large grids; second, this method
does not permit really small grid sizes without greatly increasing
the number of intermediate interpolations.

In our numerical model we have avoided these problems by
varying the gris size continuously. This is done by defining a func-
tion E:;g(ﬁ which maps the physical space x into a "stretched"
space § , where we use a regularly spaced grid.

In Appendix B we show that this procedure, together with the

use of a finite difference equivalent of

oF _ dF nof (2.4.1)

gt _ 4§ 9 \dﬁ 0t (2.4.2)
9t ~ dx OE Lax 3%

gives the following approximations for the first and second derivatives
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—

d¥);

o (A_:ZE)1 (%)i + < as'* 3)/&”]
e %91[(%)5 . <(ds) (&{) "1 i_s»]

3

SREE TP ! ’
¥2A§ (L) = {“ % \%l%)/ &)

- O(AS) (2.4.3)

and similarly

fon -R & -fia

B (Eho o 01 sevgn/m)]
g B

(Aas) [(d3> (M) («ig) %6‘“)/(%)
eI - EE 8

+© (A g\)B

(2.4.4)
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Therefore the truncation errors due to the non-uniformity
of the grid sizes are of second order with respect to the stretched

variable '3 . TFurthermore we show that the choice

x. ¥° (2.4.5)

for a problem with a boundary layer at x = 0 has three distinct
advantages:

(a) The extra truncation error introduced by the use of
a non-uniform grid is independent of x (except for the variations of
f itself).

(b) The density of points near x = 0 grows with the square
of the total number of grid points.

(¢) The resolution at the worst point is equal to one half
of the resolution obtained with a regular grid if the same number of
points is used.

In our model we expect a vertical boundary layer in the re-
gion of the antisolar point, i.e., where the colatitude o 1is zero.

We therefore define a new horizontal "stretched'" coordinate (Figure

2.4.1):

y:Ja Ag . (2.4.6)
o 2«3
In the vertical we expect boundary layers at the top, where
the driving takes place, and probably at the bottom also, due to the

presence of the solid surface. We must choose a coordinate which

is stretched at the top and bottom and quasi-linear in the interior.



Figure 2.4.1: Distribution of grid points

in the horizontal direction obtained through

the use of the stretched coordinate y = J;;

Y
&
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In particular, we take a coordinate whose derivative is proportional

to ___l______ , i.e., (Figure 2.4.2)
2 (#-2)

A- 2 anc tMF_ T (2.4.7)
T -z " de T}

vhere S=T % (l-‘/u) .

This coordinate seems to be very well suited to numerical
problems with boundary layers at both boundaries of a region, as in
the Rayleigh problem, the turbulent flow in a channel, etc.

It should be noted that when stretched variables are intro-
duced, the geometric factor %}_ needs to be computed at each grid

x
point only once, so that very little extra computer time is involved.
When the computational stability criteria are applied, the smallest
grid size in physical space has to be used in general.

In this model we used 20 grid intervals in both the hori-
zontal and vertical directions, i.e.,

Ag = ﬁ ) AP 1
20 20

Even with this sparse grid the first interior point was at

only 47 km from the antisolar point and 340 m from top and bottom.

The equations corresponding to (2.2.4) and (2.2.6) to (2.2.9)

in the new coordinates are:

~ ~ ~ ¥ am& R
CLig _(9“"‘3’““)3 _(wf), + Ko (?} 3 )3 + Xe (?A 5}» ,
8t~ Zayaima WS oF My pimat H* S

(2.4.8)
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Figure 2.4.2: Distribution of grid points

in the vertical direction obtained through

the use of the stretched coordinate s = 2 arc tan / 2

) H-2
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9 .- (qwsindy_ (wn) g Py
o Yoy Aime HS 20 Ama

. \ﬁ[(("’)m*)z %L"‘)«A_m _ Waa “]+»>, '(17:)

o 49 aim aimta WSysms| HES{S
| (2.4.9)
L /A R (2.4.10)
Hts S A l?
v Y (2.4.11)
RS aumd
wo- Q‘*)g (2.4.12)
a%aﬁnu

The boundary conditions corresponding to (2.3.1) and (2.3.2) are

Y. 0 at a: | (2)
V-0 at A:<0 (b)
Y-0 at 4= 0 V¥ (c) (2.4.13)
\gA -0 at a- | (d)

Yoo 0 at 5.0 (e)
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ﬂ: E__r_:_H_g (1-45)+{ 0 if Oégl“ﬁzz at Azl

ol L
Kv “aa ity <9 20 (2.4.14a)
Pr-o0 atsrz 0 (2.4.14b)

2.5 Conservative finite-difference formulation of the non-linear terms

of the hydrodynamic equations in a nonregular grid

Lilly (1965) and Bryan (1966) have proposed a finite-dif-
ference scheme for the advective terms which can be used with nonregular
grids and which conserves the average value and the mean square value
of the quantity being advected (except for time truncation errors) .

As was shown by Arakawa (1966), the conservation of these integral
properties eliminates non-linear instability.

Bryan's scheme is as follows. Consider the equation

e - - v, Va (2.5.1)
ot

If the continuity equation is

V.w=0 (2.5.2)

then (2.5.1) can be written in a "flux" form:
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Qe - _v. («v) (2.5.3)

ot

The finite differences scheme corresponding to (2.5.2) and

(2.5.3) are

V.. B,. -0 (2.5.4)
ki k)=

K-
. . » X
; f%:, __ 2 \/“J FHLJ o + (2.5.5)

where the volume R is divided invsubvolumes G each of which is
bounded by k% plane interfaces of area QL. and average normal
velocity YL. , 0% is the average value of @& in the subvolume
. and dk the average of & 1in the adjacent subvolume rk
If the normal velocities vanish on the boundaries of R

the following finite-difference integrals are conserved except for

truncation errors in time:

J
I . Z_ T (2.5.6)

Corer
"
o2
o

—
.l\,‘u
2

»
U
Q..
1]
[~y ]
o

(2.5.7)

The following remarks may be made about Bryan's algorithm:
(a) It can be used in any quasi-incompressible model, i.e.,

whenever the continuity equation doesn't contain time derivatives.
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For example, in the quasi-Boussinesq approximation, the continuity

equation is

V.0.v) -0, (2.5.8)

where 9«.-_ & (7:)

Then the equations corresponding to (2.5.3) to (2.5.7) are

v (% aV) (2.5.9)

K.
Z_ Vi ﬂ*é ﬂk. _o | (2.5.10)

k=t d
K
2 o g‘_ N NEHER 2.5.11)
J
T . JZI—rA R o (2.5.12)
J 2
I- dZ: s ?‘3 %, (2.5.13)

where P is the average of ? on the interface ﬂ . and T
a lé a k‘\ )
T are conserved except for time truncation errors.

(b) The staggered scheme can be simplified to

K:
d

R _ > Vg Ay (2.5.14)
r -

- v T

K:
since the term r ’9_% Zi ij H!z that has been dropped is identically
b 2% ke 00R
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zero by (2.5.4). This simpler scheme will have the same conserva-
tion properties as (2.5.5) with some saving of computer time.

Another scheme which by (2.5.4) will also give the same
results as Bryan's scheme is

K.
rQd; _ Zli(\_/)& Hy: (xk_o(-)] (2.5.15)
- v

This shows that Bryan's "flux scheme" is really equivalent
to an average of the finite-difference advection at the boundaries.
In this way, when there is a flow towards a region with strong gra-
dient of & we expect large truncation errors in the finite differ-
ence approximation of the advective terms.

These two schemes were found independently by Piacsek and
Williams (1970). They point out that in the numerical models which
use the primitive momentum equations the divergence is not strictly
zero due to limited accuracy in the solution of the associated Pois-—
son equation for the pressure. Even in this case, the simplified
scheme (2.5.14) will conserve the integral I;_ (but not :[I )
preventing nonlinear instability.

(¢) The method can be generalized to the compressible

case:

- V,(@ \y) (2.5.16)

20

Q
2y
(!

@_Eg(_ - V,(?o(\)/) (2.5.17)
ot
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Then the finite-difference scheme

g (%9 = - Zi \/*3' H}." £+ (2.5.18)

J k=i 2
K;
Z- V. B Q + 9
o) _ _ | . -
P(B) == & %% (BB @30

will conserve the quantities

J
M. >2_ | 93 (2.5.20)
A

3
T . 2_r ?Z.o(- (2.5.21)

d
2
I . 2 r.Pd- o (2.5.22)

except for time truncation errors.
In this case the simplification corresponding to (2.5.14)
cannot be made. This scheme is similar to the one used by Lilly (1965)

for the shallow water equations.

2.6 Finite~difference equations

We use a staggered mesh so that in each grid rectangle the
variables with the same subindex (i,j) are placed as in Figure 2.6.1.
This placement has several advantages: it allows the use of conser-

~

vative finite-differences for the density P , decreases the trunca-

tion error, effectively dividing by two the distance over which many
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of the derivatives are computed, and finally it is the placement of
variables which allows the simplest computation of the boundary con-
ditions.

The complete grid is shown in Figure 2.6.2. The left and
right vertical boundaries correspond to the antisolar and subsolar
points respectively. The lower and upper horizontal boundaries cor-
resﬁond to the surface of the planet and top of the cloud level
respectively.

Whenever it was necessary to fulfil a boundary condition
on the normal derivative of a function, an extra value was placed
at half a mesh length outside the boundaries.

The corfesponding grid in the physical coordinates «& and

Z is shown in Figure 2.6.3, corresponding to IM = 20, JM = 20.

I used the simplest spatially-centered finite-difference
scheme for the nonlinear terms written in a flux form, which conserved
the mean density, the mean squared density and the mean vorticity,
but not the mean squared vorticity (see section 2.5). The lack of
conservation of the mean-squared vorticity was accompanied by a
nonlinear numerical instability that ruined the computations after

hori zontal
7.5 x 10° secs. This instability was overcome when thecoefficient
of eddy viscosity was increased from ¥, = lOlogmz/sec to the per-
haps unrealistically large value Y. = 1011em?/sec.

The "leap-frog" method (centered differences in time) was
used except that the viscosity and conductivity terms were evaluated
at the time t‘ZXt , so that, with respect to these terms, the time

differencing was forward. In this way one avoids the unconditional

instability which occurs when centered time differences are used with
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Typical cell with the placement of the variables

C'OUJ +0P

level

and functions with the same subindices i,j. SINi = sin(txi).
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Figure 2.6.2:

coordinates y,s.
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Complete grid as it appears in the stretched

There are IM intervals in the horizontal
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direction and JM intervals in the vértical direction. ‘V and

17 are defined at the X points.
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Figure 2.6.3: Position of the grid points in the physical coordinates.

Here, as in the following diagrams, the abscissa represents the colati-

tude « (degrees) and the ordinate height z (km).
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diffusion. The leap-frog method is the most accurate of the second
order time methods (Orszag, 1970), but it has the disadvantage that
a numerical instability arises because the solutions at even and odd
time steps tend to uncouple. This problem was easily avoided by
averaging two successive solutions after forecasting 20 double time
steps.

In the following finite-difference equations which were
used in the model, the superindex n indicates the value of a variable
at time t-maAt ; when it is omitted it is assumed to be n. (See
Figure (2.6.1) for the position in a grid cell of the variables with

subindices (i,j) and for the definition of SIN; )

~mrl ~m=l

~ -~ { ~ ~
9‘_'3 - 9‘0 + 2t {‘ ﬂ"en; (?c',‘+ ?""’i) SIN: - (U‘;,,‘)- (?;A'+Pc-l)‘) SlN’c-,
4 [Sg o Yo SiNg

Wcé(ﬁcf + E’:‘,Q - Wejm (ac;'f 9»’()'-'5

2A0H O
Y
’VM~I ~m. ~ i
.(.E.IL[ ( tﬂl - >S'N /Yl (P"l - L-«L)S'N‘U‘/\/tf
ot 40y* YeSIN,
ANt As AR =) s mt le
+ |_n.,__lﬁ { 9:4‘ ‘P.-~ _ ?| ‘l"
H* A‘sa s!

J‘l

i

where

&z 2,..., My

(2.6.1)
d'; :{) - IM+)
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J J‘ﬂ J
W\\Qf'e t= 2) ] M
J':_Q)...) JIM (2.6.2)
nH o may w¥
. - N met
tP‘J" L'U‘J - ﬂ (‘Vr_/" - ny_J. sw‘f’ SJfAQ‘ Bt (2.6.3)
S, G: !
J d where ;=2),,,)'I_MJ. .§=21"'J M
M\ M)
'17;'-"“ - q)t‘{ - lp"r' where izz,.,TM; 5;2/...) IM+ (2.6.4)
- Bk %'S\J'
‘) <
M -~
o W, .

wfj - o - q’);-(‘j . W‘Lﬂre S IM-H) J; 2',..) M

1UA3 « Y. SIN, (2.6.5)

Due to the hydrostatic approximation the equations (2.6.3) are un-

coupled in i (the index corresponding to the colatitude & ).
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Equation (2.6.3) can be written as the matrix equation

QY- MH

where the elements of Q do not depend on i (colatitude) or on n (time);
Y has the elements \P»J and H has the elements '7»" . Q needs
to be inverted only once. This was done in the model using a Guas-

sian elimination method. Equation (2.6.3) was thus replaced by

M+)

PT.a'M H (2.6.6)

which permits a rapid and accurate evaluation of the mass stream func-
tion at the new time t-—(m*lﬂﬂ: from the predicted values of
the vorticity.

The boundary conditions in finite-differences are

m¥ m+\
q/n = qj‘: aMH = O “or i=2,., TH (2.6.7a)
ni Nt
\Pij = WIH«H‘)' =0 ‘For J'; ’LI.../ M (2.6.7b)
M+ M+ ;
= = C o= ey M .6.
'7IJ n?:tm;‘]‘ =0 e ) 2.7 (2.6.7¢)
- M) .
’753,,“ - © For i 2,.,TM
~ M N ey - (2.6.74d)
P“ - Pc; £or = 2)_711\14-\
~ N
ﬂ':mn - ( |~ 2m ) + m (H- 4 C(} for ¢: 2., THH (2.6.7e)
B [+2mm | +2m

wﬁerc m™m 2 O-T;,) A'A“ SJ'HN
K, Gy P,
C. - {o i ota t /4
() of ML, T
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The non-slip boundary condition at the bottom was imposed
by the following procedure, which is similar to the one used by
Pearson (1965) and by Williams (1967). We express q, at the first
two interior points using a Taylor expansion about the lower boundary

q}il: q)‘;l +(%;)£\ Z‘ kL%))n %'z * L/%UZI Z:g v O(AZ)q

q’n ¥, + @{.)u z, /ﬂi) ?_z + (’Qﬁf) ,Z; L O(AZ)q

pnd t+
2" ol P N
But at the lower boundary q& and ?% /9220, We next elim-
Chied
inate %> from these equations and obtain
T

(@ﬁf—‘) 222 Yo o 22 Yu .0 (A?S
AT ST

Then from (2.2.7) the boundary condition for 77 at the bottom of

the atmosphere becomes

my\ n+l
'7::“ S22 @, 22 W, } ‘ (2.6.7€)
2(2-2) 21 (2,-2) SIN.®
‘or (A 2}..,) IM

2.7 1Initial conditions and computational procedure

‘ The initial condition is taken as a state of no motion
(v =w = 0) and constant potential density (ﬁ: o).
After that at each time step the field values are advanced
as follows:

(a) The new interior values of the vorticity and density
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fields corresponding to time lf?- (’“*d At are obtained using for-

mulas (2.6.1) and (2.6.2).

(b) The new stream function is obtained from the vorticity

field by (2.6.6).

(c) The new boundary values of the vorticity and density

fields are deduced from (2.6.7).

(d) The new velocity fields are obtained from the stream

function field from (2.6.5) and (2.6.5).

The diffusivity computational stability criterion

At ¢ L ‘

Wl e v 2
T
c"m"'\.m Al'ﬂ\in

imposes the rather small value of 200 sec for the time step, because
of the large value of the horizontal coefficient of eddy viscosity
and the small spacing at the boundaries.

The differential heating by the sun was allowed to build

up a circulation for 133 x 10%secs (about 154 earth days).

2.8 Numerical values of the physical parameters

The numerical values that follow are those used by Goody
and Robinson (1966) with the following exceptions: H was taken as
60 km instead of 40 km as being closer to the actual height of the top
of the clouds, the surface pressure was taken into account to obtain

the value of ?

o , and the horizontal coefficients of eddy viscosity

and conductivity were taken as 10llcm?/sec instead of 101 %0em? /sec
to prevent a numerical instability which developed at the antisolar

point for smaller values. We have
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2.9 Results

Figure 2.9.1 shows the meridional mass stream function.
Although the velocity vector is parallel to the isolines, the speed
is proportional to the gradient of the mass stream function divided
by the sine of the colatitude, i.e., much stronger near the anti-
solar and subsolar points. There is a single strongly asymmetric
Hadley cell with its center near 75° from the antisolar point and
slightly below the central level. The existence and strength of the
boundary layers is more apparent in the following figures:

Figure 2.9.2 is a cross section of the vortex strength
0): _ﬁ;t, . It shows that there is very little shear in the interior.

adnd

Large values of the vertical shear of the horizontal velocity are
confined to the top and bottom boundary layers, the latter due to
the non-slip condition at the rigid bottom.

Figures 2.9.3 and 2.9.4 show the horizontal and vertical
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components of the velocity.

In the upper boundary layer, the typical meridional velocity
is about 10 m/s with a maximum of 18 m/s; in the interior, the merid-
ional velocities are of the order of 2 m/s and vary slowly. Although
the flow towards the antisolar point is very strong in the narrow
boundary layer at the top, it is not confined to it. Essentially
it is the upper half of the atmosphere that moves towards the anti-
solar point, and the return flow towards the subsolar point occurs
in the lower half of the atmosphere.

The vertical boundary layer at the antisolar point (or
"mixing region'" as Goody and Robinson called it) is characterized
by a strong and concentrated downward flow with a maximum velocity
of 60 cm/sec. In the interior the vertical velocity is of the order
of 1 cm/sec. The width of the "mixing region" is about 15° latitude,
or 1500 km.

It is interesting to note that, as Stone showed in his
scale analysis, there is downward motion in large parts of the inter-
ior. Probably the spherical geometry also contributes to the exten-
sion of the dowvnward motion far from the antisolar point. Sinking
motion in the interior occurs up to 75° from the antisolar point
and even more at the top. This is an important point because one
of the most attractive features of Goody and Robinson's results was
that downward motion was confined to a very narrow mixing region at
the antisolar point; this would explain the almost complete cloud
coverage of Venus' sky if the clouds were of condensational origin.
However our numerical results are different in this respect, showing

upward motion confined mainly to the illuminated hemisphere,



n
Figure 2.9.5 shows the relative density departure §. ?L-F%
&

It is clear that the interior is almost completely adiabatic, or more

precisely, neutrally stable. The departures of density from the mean
value are very small, less than 0.1%, and this agrees well with the
adiabatic interior obtained by Goody and Robinson. However this
result may be due to the fact that in our model, as in Stone's, radi-
ation is not included, and therefore there is nothing to counteract
the tendency for turbulent diffusion to bring about an adiabatic
lapse-rate. Our Boussinesq model thus has a built-in tendency to
produce an adiabatic lapse-rate and therefore high surface temper-
atures. It is unrealistic in this respect. The strong density
gradients are confined to the top boundary layer with a thickness
of about 1 km. The density difference between the antisolar and sub-
solar points is about 107 corresponding to a temperature difference
of about 23°. This is rather large compared to the few degrees ob-
served temperatu%e difference between the equator and the poles, and
almost no difference along longitude between the illuminated and
the dark hemispheres. However these temperatures are measured at
the cloud top level, and if the clouds are formed by condensation their
tops may correspond roughly to an isothermal surface. There is a
small region near the antisolar point with a gravitationally unstable
stratification.

Tables 2.9.1 and 2.9.2 show the numerical balance of the
terms in vorticity and density equations at different points in
the boundaries and interior. The position of the points is indicated
in Figure 2.6.3: A is in the mixing region; B and C in the upper

boundary layer; D is within the sinking region below the mixing region;
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E is a typical interior point; F is an interior point near the sub-
solar point; F, H, and G show the effect of the lower boundary.

Equations (2.2.6) and (2.2.4) are reproduced here for clarity.

~

Ff_z_ Aimf*)as - (W/\))% + 9 27

&Mo\ a. Rimk D4,

(Time wer) (Wor. Rdu. ) (Vert. RAV-) (Drivin f)

((n?Md).Md\( - M _ 'Zw.\z] £V, ”)22-

antd 4:{"1& Aum o
(HOR. Visc.) (Vert V:‘sc)
2f _ _ (Praimads _ (w ?) o (Punima) o
p = - Urndle - (W9), oz (e, P,
(Time Der) ( tor. Rdv.) (Vert Rdv)  (Hor. Dift) (Vert. Dift)

In Tables 2.9.1 and 2.9.2 the principal balancing terms
are underlined. In some interior points there is not a complete
balance so that the numerical value of the local time derivative
term is of the same order as the advective terms, especially in the
density equation. Near the bottom, away from the antisolar point,
the balance of forces is advective-vertically diffusive, and since
the velocities are very small and the vertical coefficient of diffu-
sion not large the relaxation times both for advection and diffusion
are large and the system has not reached equilibrium. Nevertheless
the density gradients are so small that the numerical value of the

density only undergoes very small changes.



POINT A B c D E F G H 1

Hor. Adv. -23706. - 42.86 115.64 138.81  -0.58 0.24  -4632.1 54.87 1.88
Vert. Adv. 25368. 42,15 - 35.12  =356.70 1.50  -1.18 141.3 2.72  -2.30
Hor. Visc. 15924, 24.72 33.29 - 82.62 2.04 0.89 - 765.9  =74.99  2.02
Vert. Visc. 684. 282.92 310.75 - 0.04 0.00 0.00 4346.9 20,32 -1.09
Driving -13880.  -306.86  -424.56  -123.12  -2.98 0.06 - 4.3 - 1.47  -0.79
Time Der. 4390. 0.06 0.00  =-423.67  -0.02  -0.01 - 913.4 1.45  -0.28

Table 2.9.1: Balance of terms in the vorticity equation at 9 points in units of 10-105ec~2. Underlined

are the terms that are numerically larger. See Figure 2.9.6 for the position of the points A through I.

€9



POINT A B c D E F G H I

Hor. Adv. 15324.3  -198.1 163.6  -139.1 2.40  -0.63  -131.6 0.213 0.434
Vert. Adv. -6127.6 48.0 196.5 213.4  -2.91 1.10 133.4  -0.072  -0.431
Hor. Diff. -9394.3 - 20.6 41.3 - 74.0 0.90  -0.02 - 2.2 -0.295 0.262
Vert. Diff. 197.8 171.1  -401.0 0.0 -0.00 -0.02 0.9 0.573 0.087
Time Der. 0.3 0.4 0.4 0.4 0.38 0.43 0.4 0.419 0.352

Table 2.9.2: Balance of terms in the density equation at 9 points in units of 10~1%gec™!. The terms

that are numerically larger are underlined. See Figure 2.9.6 for the position of the points A through I.

%9
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The results show that the nonlinear advective terms are
important everywhere. There is a good agreement in the overall
balance of terms between the results of our numerical model and the
scale analyses of Goody and Robinson and of Stone. In the mixing
region (point A) the balance in the vorticity equation is between
the advective terms, the horizontal viscosity (due to the large hori-
zontal gradients), the vertical viscosity (due to the proximity of
the upper boundary) and the driving. Similarly the balance in the
energy equation is between the advective terms and the horizontal
and vertical eddy diffusivity terms.

In the upper boundary layer, away from the antisolar point
(points B and C), as in Goody and Robinson's and in Stone's results,
the horizontal viscosity (or diffusivity) ceases to be important and
the balance is between advection and vertical diffusivity in the
energy equation and between advection, vertical viscosity and the
driving term in the vorticity equation.

Point D is directly below the mixing region., As could be
expected, the horizontal viscosity is still important and the ver-
tical viscosity term is negligible. At this point the time deriva-
tive of the vorticity is as large as the other terms, but it still
represents a very small variation of the actual value of the vor-
ticity over several days.

. In the interior point E, as in Goody and Robinson's analysis,
there is a balance bet&een the driving and the advective terms. In
our results, however, the horizontal viscosity and diffusivity terms
are not negligible because of the excessively large values of V¥

H

and k“ . The situation is similar at point F, under the subsolar
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point, except that the horizontal gradient of the demnsity is smaller
so that the driving term is very small.

Points G, H, and I are very close to the lower boundary.
Point G, near the antisolar point, is in the region where most of
the dissipation of the vorticity occurs. In the vorticity equation
there is a balance between horizontal advection of vorticity and ver-
tical viscosity. As was pointed out before, in the bottom, away
from the antisolar point (points H and I) the balance in the energy
equation is advective-diffusive with very slow velocities.

In Table 2.9.3 we compare the orders of magnitude of the
velocity components, the density departures, and the width of the
boundary layers in our numerical model with those in Stone's scale
analysis. The subindex "mr'" represents the value of the magnitude
at the mixing region, and '"bl" at the upper boundary layer. We have
replaced Stone's expression «G , where &« 1is the expansion coef-
ficient and G the magnitude of the boundary condition on T; , by

(] - Fo /(“VCI‘ A T:) , the magnitude of the flux boundary condition
applied to P% , Wwhere Fo: G'T"q . We include also the results
obtained by Goody and Robinson, although the comparison is more dif-
ficult because of their use of radiative diffusive boundary conditioms,
whereas ours are diffusive only, and because we use a larger value
of s: corresponding to the mean density of the atmosphere. 1In
the m%xing region the agreement with Stone's results is good except
for the vertical velocity which is much larger in our results. This
is probably due to the convergence of the meridians in the spherical

geometry. It is probably also this effect that makes the downward

jet penetrate most of the interior of the atmosphere. In the upper
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MAGNITUDE STONE'S ANALYSIS NUMERICAL GOODY AND
' MODEL ROBINSON
Yy
z .l‘_"_“_> = 430 m N5 km 800 m
3\
K
ymr (___!___) = 1350 km ~ 1500 km 3 km
K, § (P
Yu
Y4 (P
W (XV [ : = 0.23 & N 20 cm/sec 1000 <
mr X sec sec
"
1"
Vor (K,‘ %9 [9, ) = 7.4 m/s ~ 10 m/sec 34 m/sec
ah
o0 Xu Kv LTz = 1.5%x102 v 2 x 1072 1.7 x 107!
a L? Ve
z Kv =1 km ~ 1 km 1.2 km
g [r]
§ [P] N3
Ky 1 cm cm
Vi ( E‘ s nv 1 em/sec 0.12 sec
'/6
Vi (3 [ﬁ) Ky L-) = 0.43 E%E v 5 m/sec 34 m/sec
e
22 5
Pog (Kv L [PI] ) = 3.7x1072 v o6 ox 1072 1.7 x 1071

Table 2.9.3: Comparison of the width and velocity magnitudes at the
upper boundary layer and the mixing region obtained by Stone, by Goody

and Robinson, and by using the numerical Boussinesq model.
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boundary layer there is a discrepancy in the scale of the velocity
components which are ten times larger in our results. But in this

region Stone's analysis is not completely valid because he assumes

ﬁ; K« X which is not true even with K, = 1010cm?/sec.
L ¥y

As was anticipated in section 2.5 the truncation errors
due to the "flux form" of the finite-difference equations are most
apparent in the region below the subsolar point where the errors associ-
ated with flow towards a zone with strong gradients produce irregu-
larities in the density and vorticity patterns. This is apparent
in the density field (Figure 2.9.5) where we find small positive
density values imbedded in a region of large negative values, and
especially in the vorticity field (Figure 2.9.2) where we find
a similar but stronger effect. It is also the cause of the kink
in the upper right of the mass stream function field (Figure 2.9.1),
and the small countercurrent in the upper right of the horizontal
velocity field (Figure 2.9.3).

The time taken by the integration to converge was the
equivalent of about 100 earth days and was probably given by the ad-
vective time ’Z, ~ L/‘Vm{ 'VH/WM ”'DLthere L is the distance be-
tween the antisolar and subsolar points (20,000 km), H the height of
the atmosphere (60 km) and W, and Wt the interior horizontal
and vertical velocity scales (~ 2 m/s and ~1 cm/s respectively).
However, near the bottom the velocities are smaller and the larger
diffusive relaxation time HﬂQA% ~lOgMo is probably required be-
fore the system converges. But the rotation period of Venus is 243
earth days and the length of a solar day is only 117 earth days so

that it is clearly impossible to obtain a.realistic result with a



model in which rotation is neglected.
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CHAPTER 3

Non-rotating Quasi-Boussinesq Model of the Atmosphere of Venus

3.1 Introduction

The atmosphere of Venus is much deeper than the Earth's at-
mosphere: the cloud top level is located at about 60 km from the
solid surface; the ratio of the density at the surface level to the
density at the cloud top level is of the order of 100, the temperature
ratio is of the order of 3 and the pressure ratio about 400. A
Boussinesq model neglects density variations except when coupled with
gravity, so that the basic density stratification is not taken into
account, even for a compressible fluid (Spiegel and Veronis, 1959;
Ogura and Phillips, 1962). The Boussinesq approximation applied to
a compressible fluid can be strictly justified only if the vertical
dimension is smaller than any scale height, which is not the case in
Venus' atmosphere. For this relatively deep atmosphere, a better
approximation is the use of local mean values of temperature, pres-
sure and density which vary with height, rather than constant mean
values.

The observations made by the space probes Venera 4 to Venera
7 (Avduevsky et al.,1970; Avduevsky et al., 1971) showed that the
stratification of the atmosphere of Venus is nearly adiabatic. This
allows us to use the "anelastic'" or "quasi-Boussinesq' model (Ogura
and Phillips, 1962; Charney and Ogura, 1960). In this approximation,
the distribution of pressure and density is assumed to be always
close to the distribution of pressure and density in an adiabatically

stratified atmosphere. Here it is the variations of potential temperature
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that are neglected except when coupled with gravity. The quasi-
Boussinesq approximation, as well as the Boussinesq approximation,
eliminates the sound waves from the original hydrodynamic equations.
In this chapter we describe a quasi-Boussinesq numerical
model for the atmosphere of Venus, in which rotation is neglected
and which includes a simple, semi-grey treatment of radiation.
Section 3.2 contains the basic equations of the model;
the modeling of radiation is described in section 3.3; the boundary
conditions are stated in section 3.4; sections 3.5 through 3.8 de-
scribe the numerical algorithms; and the results are given and dis-

cussed in section 3.9.

3.2 Quasi-Boussinesq model: hydrodynamic equations

A numerical model of the atmosphere of Venus with spherical
geometry, which takes into account the basic density stratification,
was developed with the following approximations:

(a) quasi-Boussinesq

(b) hydrostatic

(c) no rotation

(d) the subsolar point is fixed

(e) '"semi-grey" approximation, i.e., the atmosphere has
two different constant absorption coefficients for short and long
wave radiation.

. (£) constant horizontal and vertical coefficients of eddy
viscosity and diffusivity. Prandtl number equal to unity.

Following Ogura and Phillips (1962) we define a non-dimen-

sional vertical coordinate
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5- /D (3.2.1)

where I): Qﬁj%ﬁ is the adiabatic height of the atmosphere,

is the temperature at the surface level. The potential temperature

is defined by

6. T (_{t_) (3.2.2)

where ,% is the surface pressure and K- Q/Q:P .

It is convenient to define a new variable to replace the

pressure:

m= (1 m}m (3.2.3)

We expand all variables as
f
. TG +T (r,y,5,t) (3.2.4)

where T[[, is the value of T in an adiabatic stratification and
TT/ , the departure from the adiabatic value, is assumed to be
small everywhere.
Assuming that the mean stratification is approximately

that of an adiabatic atmosphere, we have
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O - To
Me. 1-5
Ta. T, (1-3) (3.2.5)

As in the Boussinesq model, we assume a slippery rigid top

at a height H, which is assumed to be near the cloud top level, at

which

SH _ W/D | (3.2.6)

Then the quasi-Boussinesq hydrodynamic equations in spher-

ical coordinates are as follows: the meridional component of the

equation of motion is

R _ (o™ pima)g _ (W P.), _ Cp 6a QT

TE T T aaimd Oa o o
P (Waaimo Yo n.rzx £V, T, (3.2.7)
Q} Mo{ anmed

We have dropped the term Q-MQ from the expression in square brackets
for the horizontal eddy viscosity because of the smallness of the

aspect ratio. In the Boussinesq model (chapter 2) this term came out
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to be numerically less than 1% of the other two terms or their sum.

The hydrostatic equation is

!
0- - Cpba ‘QLY_’J‘_% _Q__; (3.2.8)
ot Q.

the continuity equation is

0 - - (raimd) s _ (W %), (3.2.9)

o Amd Qo

and the first law of thermodynamics for a perfect gas may be written

’39':~(«r9h}v~«h UL L AN N L X, 6; L Qv (3.2.10)

+
ot oA & P o aim CpFaTa

where ?v is the radiative energy absorbed per unit volume and per

unit time.

The small aspect ratio allows us to define the vorticity

as [V , neglecting the term _ W . As before, it is conven-

¢ a
ient to employ the vortex strength instead of the vorticity for its
conservation properties: if the atmosphere were isentropic and
inviscid, then by Bjerknes or Kelvin's theorem, the circulation of
an infinitesimal ring of fluid symmetric around the subsolar-anti-

solar axis would be individually conserved. Applying Stokes' theorem,

we have

where JG‘ is the cross-section of the ring. Since the mass of

the ring is also conserved,
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2& LMo Am & do = chb&¥0ﬁ*t

Thus, in an isentropic inviscid atmosphere, the vortex strength

_ Wz (3.2.11)
7 Geina
is individually conserved.

As before, the use of the variable (7 instead of the vor-
ticity avoids a non-linear numerical instability near the subsolar
and antisolar points that appears because of the sudden convergence
of the meridians.

From equations (3.2.7) to (3.2.9) we obtain an equation for

the vortex strength /v

/
Qo _ (’WV)AM\O\)A C(wmfa): 9 L

o i & Ca o 9a amarGa P4
Ve ((f"] AA.M“‘)A/&(M"O“ \D,/ [0 (?cx (3.2.12)
ot Aol ¢, 92tt

We define the mass stream function q} by

W\ /7p& e (3.2.13)
%,
Then

vamd Po = Ve (3.2.14)
wamd P - _Ns ' (3.2.15)
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Equations (3.2,10), (3.2.12) to (3.2.15), the boundary
conditions, and the formulation of the radiative heating ?v define
the model.

We note that an alternative method of integration could
have been used instead of the "vorticity method" used here. In the
"pressure method" equation (3.2.7) is used directly to forecast v,
instead of the vorticity equation, and TT’ is obtained by the fol-
lowing procedure:

From equation (3.2.9) and the boundary condition of no

meridional velocity at the subsolar and antisolar points, we obtain

#
S o dz -0 ) (3.2.16)

(]

i.e., the mean meridional transport of mass (as well as its time
— L b
=
derivative) is zero. We define g =L S?qdlt and TT@) ,’.;_, gn'?&dk
®s Pkt o
Then multiplying equation (3.2.7) by f; , integrating it from bot-
tom to top, and using equation (3.2.16) we obtain an equation for

",
from which %3 can be determined except for a constant. From

equation (3.2.8) we obtain

4 T
() — rr'(o( ) _ g K g 0'6,2Dde. dn (3.2.17)
9QT)H o ; Be

=
Eliminating T\GQ from the previous two equations,
19 (&,l+) can be determined except for a c¢onstant. Then from

equation (3.2.8)

e, = (4, d( AR G219
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This procedure has the advantage that it is not necessary
to solve an elliptic equation equivalent to (3.2.13) at each step,
and the disadvantage that the vertical velocity, computed by inte-
gration of the continuity equation (3.2.9), may not be exactly zero
at a horizontal rigid boundary due to truncation errors, and this

might cause numerical instability problems.

3.3 Radiative transfer

We assume that the atmosphere is semi-grey, so that it has
constant absorption coefficients different for solar and thermal
radiation. In what follows the subindices "T" and "S" refer to ther-
mal and solar radiation respectively, a star indicates the value of
a variable at the surface level and a subindex H its value at the
cloud top level.

(a) Long wave radiative transfer

The upward energy flux by thermal radiation is given by

(Gierasch and Goody, 1970)

*

oy (P T

.CT

_ S Tc-Tq(Jc) e” ({“tr)r‘cu’ (3.3.1)

where 0  is the Stefan-Boltzmann constant, r = 1.66 is a diffusivity
factor that compensates for the neglect of the angular dependence of

the radiation field, and Z._r is the thermal optical depth given by

g b dn | (3.3.2)
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We assume that /&1_ , the volume absorption coefficient,

is given by

C, Pu 4 ot zeh
A _ (3.3.3)
T = _ "
0 ‘4 z > )
that is, there is no absorption above the top of the atmospheric
model and below this level the volume absorption coefficient is

proportional to the mean density.

Then

S“ Y= ‘ ‘>
t. (CRD (1-8)" a5l g, (WS-, (3.3.4
S

where 2%; is the total optical depth of an adiabatic atmosphere if
H = D. The optical depth between two points in the vertical is pro-
portional to the pressure difference.

We now separate the radiation of thermal energy into two
parts: one due to the mean adiabatic stratification, which needs
to be computed only once, and the other due to the small departures
of the temperature from its mean adiabatic value, which should be
computed along with the other variables as the time integration

goes on.

The temperature is

[

T:. Ta,‘t"T,: (WQ*T\"> (egfel) f;J_Tro.Qg +W«.9’+W’al (3.3.5)

In the radiation computations we approximated
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(3.3.6)

which is not totally consistent with the quasi-Boussinesq approxima-

tion (3.3.5) (Ogura and Phillips, 1962), but which allows a great

simplification of the computations. In section 3.9 we give an "a

posteriori" justification for this approximation.

Then, since 9/<<9«

L
0'1- >~ g laﬂ (l 1 41
To
From (3.3.4)
K
—T; - (éﬁ:;t_glﬂi)
o t;;
/i
where Z - C. Ti‘q <
Ty - lo H

\ ~ ¢ Ba' Ma" (H lig’) (3.3.7)
Oa

(3.3.8)

The "adiabatic" component of the thermal radiative flux is

computed as
¥

i fer).o T f

S 4

(O [+
) (4

(E+CT.. qu— i (t--tT) - dA

z

1-4

< _ - C*—‘C)
e (t zr)rdk ;e r(& rg (3.3.9)

The thermal flux corresponding to the nonadiabatic temperature com-

ponent is
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s *K - (b-2)
?FT,(CT) - L{G‘Qa { (cr (Ei—czr.‘) (9/(_(:) . bz*r-d;f‘

Tr b r(t-z e _r &-z)
_y (t+trv> o'(t)e e Ak .0 ‘e (e j (3.3.10)
U g

We assume that the atmosphere of Venus has a large optical
depth (Gierasch and Goody, 1970), so that the exponentials in (3.3.10)
will go to zero very fast, and only layers that are very near to
the level . will give a significant contribution to (3.3.10).

We can then evaluate the integrals with sufficient accuracy if we

make the linear expansion:

\L(t) ~ Q.(ZJ N (y-zr) olf_ , (3.3.11)

dz.
where Q(-};) - ((7+er“)‘“< (9/('6)

We can neglect the last term of (3.3.10) except near the ground. The

integrals

: Cr - - Cr
i.zrga’) e_‘-(‘:—cr)r& _ S‘ 'P({') . (f [ )‘—(,(k ~

c

*

*
x §&) | gr )k { Ter M d;} d‘?@r) gc(rb—z,)e"r ey

T,

) S r{t._cr) er[t-—tr),-i t ~ F(c&[ gbz-"“rdu _oj erurdul

o

oo -rk ° u é_?_,
+ﬁ_(5).[§“'3 Fdu - g‘*‘er r@} = % 3 (3.3.12)
A"CT ) ~On
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At the interior points we compute the upwards flux depar-

ture from the mean "adiabatic" value by means of the explicit formula

3 k-t K
fFT‘(z:r) - Hoba 5 z [ﬁ_k_ (zr+ ) 6(c) . (c,+tn,)q d 0%

r —_— 7
-Cro zfo Z’l‘,, d. Zr

8‘* -r (5 -7) ?

+ e j (3.3.13)

At the top we assume that there is no turbulent transfer of heat so
6/ . . .

that d._t_ - o . From (3.3.10) and the same linear approximation
T,

we obtain t:z+w

4 -
PRl(e,) - 409 {(Em.) Y (ELH.)HK' i 0 Gy

Z H
To r Z—y; zl;

At the bottom we get from (3.3.9)

) 3 c ¥ [\t
w ) e

The last term on the right hand side of (3.13) was included only at
the first point next to the ground.
Professor Goody has pointed out that this approximation may

not be accurate near the top of the atmospheric model where the mean
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molecular free path becomes larger than the distance to the top, but
this is not important unless convection is negligible near the top,

which is not true in our model.

(b) Short wave radiation

We assume that the volume extinction coefficient in the short
wave region of the spectrum is also proportional to the mean adia-
batic density and is zero above z = H.

If

z - g J&s da (3.3.16)

Vi MV«
g, 7, [T -, (3.3.17)

We further assume that diffuse radiation is absorbed at
the same level at which it is generated. The downgoing flux of solar

radiation is then given by

Ts /ool
- Se ( L—Fl) Wk €

IE () - 4
0 1{ 0

(c) Heating rate

ca W (3.3.18)

vld

i~

LI
£ = 2

The radiative energy ﬁv absorbed per unit volume, per

unit time in equation (3.2.10) is

q, - (% - F)
v D12

(3.3.19)
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3.4 Boundary conditions

The mechanical boundary conditions are similar to those used
in the Boussinesq model: non-stress rigid top, non-slip rigid bottom.

We have then:

kP:. igi zt = (o] ng Tt = ‘4 a
Qo
(P: LV% o) ok -0 b (3.4.1)

q}=.0 0J¥ K= CD,TT Cc

For the energy equation we assume that there is no turbu-
lent transfer of heat at the top, since radiation is considered as

a separate term.

O _o ok z=H (3.4.2)
> =

At the bottom we assume a state of equilibrium such that
%
there is no net flux of heat, i.e., there is an instantaneous energy
balance between the downgoing thermal radiation and the upgoing ther-

mal radiation plus convective heat transfer:
* — X *
VR =tF (=) + fC (3.4.3)

t-Fé (C:) is obtained from (3.3.18).* Fi (Z:) is formed

* Unlike Jupiter, there is no evidence that there is any appreciable
flux of heat from the Venus surface.
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by the "adiabatic'" component ?i:T' (K:) , which doesn't vary with
a
time (evaluated from equation (3.3.9)), and the perturbation part
/
fFﬂr(tét) evaluated from (3.3.15),
The turbulent transfer of heat at the ground is parame-

terized as

/
fcx‘:—Kv P*C

P2

by consistency with the assumption of a constant coefficient of ver-
tical eddy viscosity. In the finite difference model this coincides
numerically with the parameterization developed by Leovy (1968)

and adopted by Leovy and Mintz (1969) of the turbulent transfer of

heat in a stable atmosphere!

fer - PG Cnt }Vs[ &t

where CM 2 O.%;r“f3 is the momentum drag coefficient for stable
conditions and AT is the temperature change across the boundary
layer, if bg , the wind speed a few meters above the surface, is
of the order of 2.5 m/s. This was the order of the wind speed near
the ground in the Boussinesq model, but in the quasi-Boussinesq
model the mean wind speed near the ground was much smaller.

Equation (3.4.3) can be written as

\® % 3 / I\x
- K A Ci”a’é 4+ Hoba i“_@ﬁ._i_ (%_%) J}‘-FS'FQ (3.4.4)

re r
TD

GLk 2=0
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3.5 Equations in stretched coordinates

As in the Boussinesq model, we used stretched coordinates
giving a finer resolution near the antisolar point and near the top
and bottom of the atmosphere, although the resolution near the ground
turned out to be unnecessary since the density stratification causes
the presence of the ground to have a negligible effect upon the cir-
culation.

The horizontal stretched coordinate is, as before

: _J (3.5.1)
Aé: Va / % i 13

and the vertical coordinate

A 2 w\-w/-z-\ o oda - s (3.5.2)
m V-2 ' d= ~ HS

where ES:; ﬂ—\l%4f(r“9%)

~N
)
If we write 6:.!2_ , the relative potential temperature
o

departure, equations (3.2.10a) and (3.2.12) to (3.2.15) become
20 . _ (‘\)'gmd)u - fwe?m) v Ky (é\': Mv\“/{q);

o9t Qaamid 506 a” "qluiv\ot
b osx L (@ + L (3.5.3)
ﬁl S 8 A Q'\,Gx TrQ. ?K

Rn . (vmaima)y _ (wmfa)s g R0
# Qg,'&_ omd ” HS Pog Qg Q ?qmol 93

(3.5.4)
4 oy | L(gaomaly MYy LY [P X))

a* Rim%L H* S| 'S

‘('} A 2ol A
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The boundary conditions are
S9a )
W: LP/):O Q*A:O

4): o Cb*’g = 0, Vrr
0,-0 b pz)

"~

AN w&?{ 1 G, ] fa§§ ]

HS e r oo

3.6 Finite difference equations

We used a staggered mesh similar to the one used in the

86

(3.5.5)

(3.5.6)

(3.5.7)

(3.5.8)

(3.5.9)

Boussinesq model. Figure 3.6.1 shows a typical cell with the posi-

tion of the variables having the same subindices i,j.

~
grid is similar to Figure 2.6.2, with eﬁ instead of

The complete

~

5.
j
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Figure 3.6.1: Typical cell with the position of

the variables and functions having the subindices
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Figure 3.6.2: Cell centered at an " rr) -point".
!
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Equation (3.5.3) is straightforwardly written in finite

differences:; we drop the superindex n.

~ mt| ~N o)

_— ei.' +Q_A-l: & (\)';\ (9.,\+6m1) glNL - L-” (6“ +0L'\\§ SIN v}
| d 4630, Y; S!N

~ Y ]
_ Wy (eéi""eiiﬂ) P&l ‘wq—l (eb"" e“\ \) Q&\;L
v LY \Y
24, ‘4 S

N -

4 Ku [(emi - 85 )SW /v -(O,JI-@-.I)S‘N.../Y\.
o &Y SH\/L &y*

(65 - Gu )/S —(é"%"- e >/s .

y K
H* )
Aa j
+ AFCJ' - Fi,f-) e
P Cph B -
A% S fuj Cp Oe Ty (3.6.1)

where L= Q,...) IM+)

é - ’)..)...)3M‘H

and F‘J - (F5~FT¢ "Fr‘ )"A is the radiative flux. The ‘''nonadiabatic"
component of the thermal radiative flux F,:i), was updated every 20
steps.

The finite difference scheme for the nonlinear terms con-

~

serves both the mean value and the root mean square of © , as
can be proved in a manner similar to Bryan's for an incompressible
model (section 2.5).

A simple finite difference vorticity equation similar to

equation (2.6.2) in the Boussinesq model was tried but nonlinear
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instability ruined the computations after the equivalent of about
thirty days. The problem was solved in the following way:

The continuity equation in stretched coordinates is

(nrma)% L, Wl _ o

-

’l%m/u'md HSf

The simple finite-difference equivalent of the continuity

equation,

|
(n);;S!N'.' - O sink.) N (V\lcg QL‘,'L‘W"J" Pa_‘}'-\) -0, (3.6.2)

is valid at the center of a grid cell (Figure 3.6.1), where E%. is,

and not at the corners, where t?_ is. To obtain the finite-differ-
o
J

ence continuity equation valid at an "

-point" (Figure 3.6.1)
(3
/)

we have to average the finite difference continuity equations similar

(ad
to (3.6.2) valid at the center of the four adjacent cells, where Q“,

~ ~S v

66“) R Q.J.“ and GCHJH are located (Figure 3.6.2).
The resulting continuity equation in finite differences

valid at an " ﬂyq-' point" is

L 0 S O + W eiins Sen B YSIN!
(ﬂ,f,ﬂl\ g‘] P&A + m\.iﬂ‘\*( S Lal ?&J‘H 3 SlNL-H ((Uu-l‘) % QQJ +(U~L-l‘)4‘l s{j‘"ﬁg‘“)SINC—I

! I o
8&3&.7" SNt S() PQ_J

+ (wiik Y;’ SlNg * WCHXH \/m S\Niu) Pij;, - (Wij'-\ Yi S'Mi --Wc“‘*-. \,;‘-n S| Miu) Po'.['—| -0
14 v o g —
48a K Yo SING S e

(3.6.3)

According to Bryan's scheme (section 2.5) the flux terms in
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the vorticity equation should be written in a form consistent with
this finite difference continuity equation. Therefore the finite
difference vorticity equation equivalent to (3.5.4) was written as
follows:

Ml m-) Q.A t _ a. ‘
'7..'3 = (r)l-(, + § [( \.-HA S P + Lf|J+l Sl){\ JH) ({7‘) {7“2))

i

(o Sin B ) S H(%uy )]/(\BAJQ.\/ sms ?)

v\)‘) <)+ Ll{){-l J‘H ‘)n

.—[(chh YC SlN‘, 4 W.',q.u'ﬂ \/éﬂslNi«H) PQ,J'+\ (’?u + (7‘,;)4.’2_) -

- (wiJ_‘ YC slN\. + WCNJ' ~1 YCH S'Néﬂ) PL)'-! ('7” + LJ'Z)J/(B A/)H Y:SINZ S'IPQI

JJ)

Pen! oY 8 L8 x A
_% /(‘1 Aiaa. Y.’. S,Nb ?a_a') [SC-HJ‘ +6i+|‘j+n - eu‘) - 61.()1.:]

m=1 / m-t / m=t mt AW
+ X < [ (f\’)wi SN, - ”)"l SIN, ) SINc /Y ine - (‘7“ S‘N,;--'yc-n)' %‘Nd-u)

a}

»SiIN; /)'.]/(HA y! SIN.T) - ”)LJ /sm”> - L( n?»‘jn ‘)“__%J 9 )/J“

_(of‘" . “'9 )/3]/(&5 aj ) }

&

vty (=2 ... IM

J)°7)

j =2y 3N

(3.6.4)
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The scheme is conservative if we define the vorticity at
the center of a cell as the weighted average of the vorticity at
the four corners, (Figure 3.6.1) and if we assume that there is sym-
metry at the boundaries. Then it can be shown that the contribution

of the nonlinear terms to the integral:

L
I:l(f L Mdpaddd'tz
Sk

IM+t M+
~ 1 (ne =m>") tornl el 8!
"T{f} Z; { O =msD) avisiiieg s
J 24t
mt m=1
(ﬁﬁjﬂ - u‘-\> QY SIN QQ_J-\ S o+ (”7\,” - \ n)Q\/L-I S'M‘ ,P 5
24t 20t

+ Q??:':)'—l ”)l,~11 l) QY'.-l S(N c-t PQ)_, SJ. g
LA

is zero, as well as their contribution to the similar finite differ-

ence equivalent of

T

"
I;_‘-ggraz‘dpo.ddd/z—
7w E{?’M

¢ o

This conservative finite-difference scheme succeeded in eliminating
the problem of catastrophic nonlinear instability. It had the dis-
advantage that truncation errors were increased by roughly four times
over the simpler scheme, since it used values of /7 situated at a
distance of 20 from the centerpoint instead of A . This dis-
advantage was overcome in an improved version of the scheme used for

the rotating case (Chapter 5).
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Equations (3.5.5) to (3.5.7) are now written simply as

Mt n+
kyf"l.H -LPCJ (‘+_ 90,'!4-' Svl-yl) + Po‘l"\'l S}}l
9«5 S5 aj §j
Vﬂwu () = Q,...) IM
M m¢l
(‘\)’c";‘+|: wué - q’)(‘;_\
As H SJ P&J S(N/‘;
W“‘\W t= 2) e ™M
"):. Q,...’ IM+1
mel n U] me)
W’(é - - Lv‘:\ - | »N%\Um

0 Y |

Equation (3.6.6) can be written as a matrix equation

(;L,}HJn+‘ :: M }i,nﬁ

where Q needs to be inverted only once so that (3.6.6) is replaced

by

o' ng™

The boundary conditions in

following:
Ml m+t
q/“ - q)CJHH =0 Lor
m¢| M
wlj = Lpr.m\a‘ =0 for
\ "
L S +\ _ ?’or

-

”}c‘a - N)xmnj

M4 ol o ,
W"J-t = (AA H Pﬂ) SJ Pa‘}'ﬂ S)'H SIN; )(7LJ
(3.6.6)
(3.6.7)
iz 2, .., T M+ (3.6.8)
J: 2,...) IM
(3.6.9)
finite differences are the
(= ,2" , M (3-6.10)
i< 2,.,1M
J=7'),' ) M (3.6.11)

Nt
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(3.6.12a)

The non-slip boundary condition at the bottom is introduced in the

model as follows: from (3.2.13) we have

7 - (wE/PmZ'L- - 9_)2.2. _ ?&E

-~
Pa Aim’a B2 nim 2 £

At 2=0 q"; Lpz =0

) Y=

t=0 Pa.ubnzv( 2

e

Amrd

Making a Taylor expansion of q} about z = 0 as we did in

section 2.6, and solving for wz% at z = 0, we get

(\Vza) - 2Z2 (Viz - 2z, LH-& - O(AZ'Y

o Z‘l(z 1- 2') Z:(z‘l:zl)

Then

'7%»1 - }: 232, w:m ) Qe %MHJ
(] ‘)

Zl‘l(a—r Z.) ZI’L(ZZ'Z.

?

[

7 /2
o OV

(3.6.12b)

-f‘or \'_:2'...)1“1

From equations (3.5.9) the boundary conditions on the po-

tential temperature are
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~ gt & M|

9‘-3'1*:1 = CIMt who  i= 9‘; ) IMu (3.6.13a)

(no turbulent transfer of heat at the top)

and

v m+) ~ Wy
¢ % =¢Ce, . (R-F),
(3.6.13h)

(zero net flux of heat at the bottom)

where ‘= Zru)]ﬁ4*’)

C - Xv C'\ POI.L 8“ + L"O.ea.q + ? o ea'q K\/
! } —_—
Aak sl‘ r& Z‘T’, r zTo

and C, - kvcp%deq_+uqes 866k,

AA & S’| rAtﬁ r C{‘o

3.7 Numerical values of the physical data

In this model we used the following numerical values:
- 6.05 x10" em
H - 5.3 10 em
% = %5 « 10" om At
Cp= 8.5 x10° ow®/ (nae? °K)
M= 9/¢ = 107 °K /om
R = 1.4 410° om® / (et °K)
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T= 5.67x10° 3 [ (nee® ok*)

K - R/cr = 0.224

Ter. 230°K (effective ewission ‘\’ew\’pera{'ure)
Tlett' = So (2R _ 1586 § /acd?

. - ?(z;o)q =~ 730°K

fto = 100 atm - 1013 x )Ogdv;j/v\e/(/m?'

*

C = 13.76

2;#-= 222.0

\9“_ = K” = 'O" C/W‘z/m

Vv = Ky = \O" o/ ae

Although (:P depends on the temperature, it was taken as a con-
stant, with a value corresponding roughly to 300°K. This introduces
an error of the order of ten  percent. The values of the pressure
and temperature at the surface are similar to those reported by the
Venera 7 (Avduevsky et al., 1971), 90% 15 atm and 748 220 °K respec-
tively.

The temperature at the top of the model was taken as 200°K
and by trial and error a value for the optical thickness of the at-
mosphere in the long wave range was found such that under an adia-
batic stratification the effective radiative temperature was 230°K,
thus galancing the shortwave incoming radiation. The value obtained,
Z;* = 222.0 is rather high but not unreasonably so or large enough,

with the assumed transmission of solar radiation, to allow a green-

house effect to maintain the observed high surface temperature
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(Gierasch and Goody, 1970).

We used a high value for the effective optical thickness
of the atmosphere in the short wave region so that most of the solar
radiation was assumed to be absorbed in the upper third of the at-
mosphere. This allowed a better comparison of the results with those
of the Buoussinesq model, but more cases should be run, corresponding
to absorption mainly in the lower atmosphere, or even much of the
solar radiation reaching the surface.

Unrealistically large values for the horizontal coefficients
of eddy viscosity and diffusivity have been used for two reasons:
(1) except near the antisolar point, the horizontal scale is very
large, so that even these high values of ¥, ~and K, will affect
the results only quantitatively, but not qualitatively; (2) it allows
a better comparison with the Boussinesq model in which we used the
same numbers.~

Figure (3.7.1) shows the intensity of the solar radiation
as a function of latitude and height computed with QT=\3.76

Figure (3.7.2) shows the sum of solar and thermal radiation
in an adiabatic atmosphere and Figure (3.7.3) the corresponding
heating rate. Note that long wave radiation tends to cool the at-
mosphere at all levels, as shown in Figure (3.7.3) for the dark
hemisphere. This result follows from the grey atmosphere approxi-
mation which was used: Gierasch and Goody (1970) have shown that in
a deep adiabatic atmosphere, the thermal radiative flux can be

approximated by

4
FT ~ RWT K (3.7.1)
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Figure 3.7.1: Solar radiation flux in 103 g/sec3.
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which can also be obtained from our equation (3,3.9) by allowing

C}-——* 0o . From equations (3.2.5), (3,3.4) and (3.7.1)

4 Y. ¥k
F, ~ 806ax (I-3) (3.7.2)
r<

The heating rate corresponding to this thermal flux is

Moo -t 0Kk _ __3¢ 2F (3.7.3)
T C'\'“-Q.?a 9% C’EVGQ,TTQ ?u 95

and from equations (3.2.5), (3.7.2) and (3.7.3)

3. VA

H . be-1) 3%0"&\3 (1-3) (3.7.4)
' Tz,

In our computations we used a value of (:P corresponding to 002 at

300°K, which gives (Hk~ﬁ-; _0.104. 1In Table 1 of Gierasch and Goody

(1970) it may be seen that for any temperature higher than ~ 210°K

the factor (4k-1) <o so that thermal radiation will cool the at-

mosphere at all levels. The cooling rate in units of relative po-

tential temperature increase per unit time varies from 4 X 10~8sec™!

at the top to less than 1 x 10-109sec~! in the interior, giving ther-

mal relaxation time constants of the order of several Venus solar

days at the top to about 103 Venus solar days in the interior (Fig-

ure 3.7.3).

3.8 Initial conditions and computational procedure

Initially the atmosphere was adiabatically stratified and

in a state of no motion.
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The computational procedure was similar to the one used
for the Boussinesq model (section 2.7) except that the new field of
F;. , the thermal radiation flux corresponding to the departure
of the atmosphere from the initial adiabatic stratification, was com-
puted every 20 double time steps.

The model was run for 1.5 » 107secs of simulated time,
(about 1.5 Venus solar days). At that time the system had approxi-

mately converged to an equilibrium state except near the bottom.

3.9 Results

The results obtained with the non-rotating quasi-Boussinesq
model are rather similar to those of the nonrotating Boussinesq
model. The main difference is that the inclusion of a basic strati-
fication and a more realistic treatment of radiation confine the cir-
culation mostly to the upper third of the atmosphere. This result
was also obtained by Hess (1968) in a model in which he used pressure
as vertical coordinate.

Figure 3.9.1 shows the meridional mass stream function.

The strength of the velocity at any point is proportional to the in-
verse of the spacing divided by the density and by the sine of the
colatitude. There is one strong Hadley cell in the upper third of
the atmosphere. The smaller and weaker cells below are probably
frictionally driven and correspond to horizontal velocities of the
order of 1 cm/s in the lower atmosphere and less than 1 m/s at middle
levels. The asymmetry of the circulation is more apparent in Fig-
ure 3.9.2 where the vortex strength 07; RO - is shown. In this

Pa A&
model we see that the presence of the lower boundary has very little
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effect on the circulation as compared to the Boussinesq model, in
which the return flow tends to be strongest very near the lower
boundary.

Figures 3.9.3 and 3.9.4 show the horizontal and vertical
velocity components corresponding to Figure 3.9.1 The maximum vel-
ocity in the top boundary layer is about 30 m/s, about twice as much
as in the Boussinesq model. However, owing to the basic adiabatic
stratification of the density the return flow occupies a much narrower
layer than the direct flow from the SS to the AS point, and has a
maximum of only 6.6 m/s. This return flow in turn produces a small
region of flow from SS to AS with a maximum speed of 1 m/s, at a
height of 32 km, and below that velocities are of the order of a
few cm/s.

The picture of the vertical velocity is very similar to
the one obtained with the Boussinesq model except in its confinement
to the upper part of the atmosphere. The maximum speed of the down-
going jet at the AS point is about 44 cm/s, compared to about 60
cm/s in the Boussinesq case. Again we find that although the down-
ward current at the AS point is very strong, much stronger than the
upward motion at the SS point, there is nevertheless upward motion
in only slightly more than half of the atmosphere, and downward
motion is ﬁot confined to the "mixing region" near the AS point,
but occurs in slightly less than half of the atmosphere. This kind
of model apparently would not be able to explain an almost complete
cloud coverage of the atmosphere of Venus, as proposed by Goody and
Robinson (1966).

Figure 3.9.5 shows a cross section of the relative
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~

potential temperature © . The shaded regions near the top corres-
pond to a weakly unstable stratification (98/92 ~ - 0.5°KAw ., The
top 20 km of the atmosphere is almost neutrally stable or slightly
unstable. This is true even in the day hemisphere because the maxi-
mum heating due to solar radiation occurs not at the top but at about
6 km below the top. Between 26 and 32 km there is a region with a
stronger static stability, with 28/92 ~ 1.5°K/km. The beginning of
this stable layer gives the lower limit of penetration of the direct
Hadley cell. The indirect cell occurs within the very stable region.
This circulation is similar to the roll vortices observed in a fluid
contained between two cylinders rotating in opposite directions. The
rolls produced by the inertially unstable centrifugal field near the
inner cylinder, frictionally drive indirect rolls in the stable region
near the outer cylinder (G.I. Taylor, 1923). 1In the lower half

of the atmosphere the stratification of ’é is slightly stable, with
a vertical gradient of about 0.3°K/km. As discussed later on, this
is probably due to the fact that radiative processes have not acted

long enough to produce a more isothermal stratification,

We compute the corresponding field of temperature:

T=Ta Ga + Ta @/4— ﬂ"B« ‘ (3.9.1)

Strictly speaking, the value of T’ at the top of the at-
mosphere is different from zero, since a horizontal gradient of pres-
sure is required to balance the horizontal advection of momentum at
the top (Equation 3.2.7). TT/ should have been computed as

described at the end of section 3.2. However we can estimate the
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!
maximum amplitude of Tl at the top from equation (3.2.7), and
from this we find that it can be neglected in the computation of the

!

temperature (see Appendix C). il is computed from equation
(3.2.8) written in stretched coordinates:

/
T -

I~
—H—j 6 sd, (3.9.3)
D A

or in finite differences

moom HAsr S (5-- +tr9vc-+,\ (3.9.4)

IR - S
Figures (3.9.6) and (3.9.7) are the second and third com-
ponents of the temperature in equation (3.9.1). If we compare them
we see that they are of the same order of magnitude, except very near

the top. Therefore the use of the approximation

T~ Ta (G +6) (3.9.5)

instead of (3.9.1) is inconsistent with the quasi-Boussinesq approxi-
mation, as shown by Ogura and Phillips (1962). Nevertheless there is
some justification "a posteriori" for the use that was made of equa-
tion (3.9.5) instead of (3.9.1) in the computation of long wave radi-
ation. TFirst, it allowed the use of a simple method of computation
of the thermal radiative flux, without which the computation time
would have been prohibitive; second, the correction of the radiative
flux due to departures from adiabatic stratification is negligible

compared to the basic radiation field except near the top of the
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atmosphere (Table 3.9.2), and in that region the third term in equa-
tion (3.9.1) is negligible. However, if the computations had been
continued long enough, the lower atmosphere would probably have been
in a state close to radiative--diffusive equilibrium. In that case

the stratification in the lower atmosphere would hawebeen much further
from adiabatic. Thus the whole quasi-Boussinesq approximation is

less accurate than appears at the present stage of the calculation

for the lower atmosphere. Also, if a still smaller value of X, had
been used to simulate conditions in a stable region, the temperature
stratification would have been still further from the adiabatic and
the quasi-Boussinesq approximation still less accurate. (See dis-
cussion in Chapter 5.)

The temperature contrast between the subsolar and antisolar
points is about 2%, or roughly 4°K, much smaller than the 23°K ob-
tained with the Boussinesq model.

In Tables (3.9.1) and (3.9.2) we display the numerical
values of the terms in the vorticity and potential temperature equa-
tion at nine different points, whose position is shown in Figure
(3.9.8). The vorticity and energy equations (3.2.12) and (3.2.10)

are reproduced here for the sake of clarity.

Bm__ _(wmaimads _ (wy Pade 3 20
ot A Admdk N oA P4

TimeDer. Kor. Rdv. Vert Adw. Drm'ncz

+2¢[((v)md)¢wd)d B ,v) } N Vv fa‘L9a

o’ A tel W U o 22°

Hor. Viec. Vert Viac.
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The balance of terms in the vorticity and energy equations
(Tables 3.9.1 and 3.9.2) is essentially similar to that in the Bous-
sinesq model (section 2.9) except that the circulation remains con-
fined to the upper regions of the atmosphere, and as velocities tend
to zero in the deep atmosphere, nonlinear terms cease to be important,
except perhaps at the antisolar point.

We expect therefore that in the lower atmosphere the ther-
mal balance will be radiative-diffusive. In this case, as we dis-
cuss in Chapter 5, the stratification will be very stable, and the
use of the large coefficients of eddy diffusivity is not really

justified.
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Table 3.9.1:

HOR. ADV. VERT. ADV. HOR. VISC. VERT. VISC. DRIVING TIME DERIV.
-154.12%10-5 133, 46x10-3 49.98x10-5 0.85x107> - 30.18x10~° 0.02x1075
- 12.16%10~7 117.71x1077 35.56x10~7 23.62x10~7 -164.81x10"7 - 0.01x10~/

16.23%1078 - 92.73x10~8 122.44x%108 10.36x10-8 - 57.48x10"% - 1.19x10-8
- 20.0 *10-7  -170.8 x10~7 70.9 x10-7 - 0.2 x10~’ 120.2 x10~7 0.1 x10~7
12.76%102 - 2.38x10-% = 63.44x10-° - 2.65x10~° 54.75x107°  =_9.65x10~°
3.01x10-2 76.96x10° = 25,13x107° 1.02x10~2 - 54.86x10~° 1.04x10-2
- 0.18x10-10 0.12x10"1%  -187,77x10~'0  124,48x30710 63.27x10-1% - 0,08x10-1?
0.0004x10-12 - 0.0007x10-12 = 14.31x10-12 - 8.12x307!? 18,07x10=12  -_4,36x10712
0.001x10"12 0.011x10712 -147.07x107'2 _14.73x10-12 114,49%10"12 ;17.87X10‘12

cally larger terms are underlined.

Balance of terms in the vorticity equation at 9 points (see Figure 3.9.10).

The numeri-

g1t



HOR. ADV. VERT. ADV. HOR. DIFF. VERT. BASIC
DIFF. RAD. H.

A 23936. -30376. 6262. 29. -271.

B 1991.8 - 1710.8 14.3 - 0.9 -271.0

c -1526.1 1512.5 - 2.8 - 4.9 128.7

D - 138.1 776.3 - 636.1 3.4 - 1.5

E 12.74 - 7.76 - 0.76 2.26 - 1.46

F - 1l.61 - 16.62 - 0.83 1.84 22.50

G 15.15 - 12.99 - 2.17 6.74 - 11.15

H - 0.043 0.037 - 0.001 6.731 - 11.148

I 0.031 - 0.027 0.004 6.723 - 11.148
Table 3.9.2: Balance of terms in the energy equation in units of 10710 gec!
3.9.10). The numerically larger terms are underlined.

VERT.
RAD.H.
432.

- 9.0
-92.7

1.1

1.76
1.757

1.756

TIME

DERIV.

12.

14.3

14.5

- 2.64

- 2.664

- 2,660

at 9 points (see Figure

9Tl
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CHAPTER 4

Boussinesq Model of the Atmosphere of Venus

Including Rotation and Axi-Symmetric Heating

4,1 Introduction

It was first suggested by Thaddeus (1968) that the atmosphere
of Venus has such a large heat capacity that it cannot respond to
diurnal heating changes even for the long Venusian day. Gierasch,
Goody and Stone (1969) estimated the value of é_@_g\_ﬁ_y , Where Aeday
is the magnitude of the diurnal temperature variigfﬁn and é% the
average emission temperature at several planets. They found that
AOday /905 lO~2 in Venus, the same value as in the Earth where diur-
nal (tidal) effects are known to have a negligible effect on the gen-
eral circulation of the atmosphere. The smallness of diurnal effects
has been confirmed by observations both at the cloud top level and
at the ground. The brightness-temperature maps made by Murray, Wildey
and Westphal (1963) show no clear-cut night-to-day variation at the
cloud top level. They do however, show an appreciable temperature
contrast between equator and poles (see Figure 4.1). There have been
contradictory reports about the existence of a "phase effect" at the
ground, that is, a day-to-night temperature variation. (Pollack and
Sagan, 1965; Morrison, 1969.) Ultraviolet cloud pictures show a
marked zonal structure, and an absence of the radial structure that
would be expected if rotation were negligible (see Boyer and Newell,

1967 and Dollfus, 1968). Dollfus (1955) reported that the result of

superposing several images of Venus photographed through a yellow
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DEC. 15, 1962
133 -w2 YT

Figure 4.1: Eight to fourteen micron brightness-

temperature map of Venus for the morning of Dec-

ember 15, 1962. After Murray, et al. (1963).
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filter showed some kind of radial structure, but this has not been
confirmed since then.

It is felt that there is enough motivation to explore a
model that represents another limiting case of the possible circu-
lation of the atmosphere of Venus, in which rotation is included
and the daily variations are neglected, so that the solar heating
is assumed to be symmetrical about the axis of rotation.

A symmetric model was developed using both the Boussinesq
and the quasi-Boussinesq approximations. The Boussinesq model is
briefly described in this chapter, and the quasi-Boussinesq sym-

metric model is described in next chapter.

4,2 Description of the model

This model is similar to the Boussinesq model described in
Chapter 2 except that rotation is included and the solar radiation is
averaged over a Venusian day. Since we assume that there is no oro-
graphy, the flow is now symmetric about the rotation axis rather than
the antisolar-subsolar axis.

We use the Boussinesq equations in rotating coordinates.
The velocity components are defined as in Figure 4.2.1: u is the zonal
veiocity, positive in the retrograde direction (direction of rotation
of Venus), v is the meridional velocity, positive from North to
South, and w is the upward velocity. ioX is negative because of the

retrograde rotation of Venus:

Q:: fl.gz.ctn oL

-7 -
where Q = —?.‘T/C —~_.2.33 x|0 A
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Figure 4.2.1: Velocities and coordinate system.
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-1
and T _ 24D ‘*°ﬁ#° = 2.1 x10 e

In this system the Boussinesq equations are:

u _ _ (uvaimad _ (ww) , fo_ ok o,
ot aAm & : a
+\;:I(u.g {wot).( _ A}IJ PV R (4.2.1)
Aan ok “

the zonal momentum equation;

o vlamd)e _ (wo)r _ fa +otama Wt e
ot A, & & o O
o [(opama)y _ O v, o (4.2.2)
i a’l[ i wed | TT R

the meridional momentum equation;
~
- | % 4.2.3
0- — g - 9y (4.2.3)
the hydrostatic equation;

0 - - gﬁiﬁ&fﬁi&i - W5 (4.2.4)
G A o

the continuity equation; and
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fgg___ (P o pim ) - (Pw)z + K (Pu Kima )y 4 % Pa (4.2.5)

QAM & " Aimat
the energy equation.

Co
from the first two equations for consistency with

We have dropped the terms u% , AAAMmMA L w , @ and
2 ama v w
the "shallow approximation', in which r is replaced by a when it is
not differentiated (Phillips, 1966), and with the hydrostatic approx-
imation. For the same reason gi%é was dropped in the horizontal
viscosity term of (4.2.2). The above approximations are all conse-
quences of the small aspect ratio H/a.
The terms proportional to f and to L-g_\i& i in equations
(4.2.1) and (4.2.2) have different signs because f is now negative.
As in the non-rotating model, we define - 75%&:
zonal component of the vortex strength. From equations (4.2.2) to

, the

(4.2.4) we obtain the vorticity equation

g_(l:_(m/_y}mﬂ& _(\W’V)z _4‘ ""‘% + W_d‘ (u}\)z

t o Am ol Aum ol a Amd

g G2 | Cpmdentnd oy g 20
M"A AAMz"\ e X

O A & a*t

Again we define ke mass stream function LP

Pz = 7 aim'ol ~ (4.2.7)

so that
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. 4.2.8

and

WAM R - - _q_)i. (4.2.9)
o

Equations (4.2.1) and (4.2.5) to (4.2.9) and the boundary conditions

define the model.

4,3 Boundary conditions

The boundary conditions are similar to those described in
section 2,3. We assume for both horizontal velocity components a
zero stress rigid top at the cloud top level and a nonslip rigid bot-
tom at the surface. Since the driving is symmetric with respect to
the equator we need to consider only the northern hemisphere. At
the equator symmetry considerations impose a zero meridional velocity
and zero latitudinal gradient of the zonal velocity component.

We have then

Yo Y

W;O OJ'OL:OTL
-y

0o ak=z:z=H a

1l

(o] ka-:o b

1l

(4.3.1)
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u’t:O M%‘l-} a
M. o akz=0 b

(4.3.2)
M = O Q*‘k =0 c

The flux of radiation at the upper boundary is treated as
in Chapter 2. Solar radiation is averaged over one Venusian day:

VE, = (2808 Land]
1y

so that the heating contrast is T times smaller than in the non-
rotating case. The long-wave outgoing radiation is calculated from
the linearized relation
tF T 48T
=Th |+ 20
LW -—
(]

From these equations we get the upper boundary condition for ¢ :

’5\5%- (TT"3_ [([-’45) + L‘__\_,’u_&"_‘_\-} ot 2= H (4.3.3a)
T kG P ™

At the bottom we assume that the heat flux is negligible:

P, .o ok " 2 (4.3.3b)

0
O
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Finally

?5 - 0 ot Iy
« =

1)

»lH

4.4 Equations in stretched coordinates

We use the stretched coordinates defined in section 2.4,

so as to give better resolution near the pole and near the upper and

lower boundaries.

The new horizontal coordinate is

_ VY - (4.4.1)
1= J %&t ’lg

and the vertical coordinate

N= _Z_QM\'@M)_E__ . ods . (4.4.2)
- -z ' A

where S. T \} 7&(l-Vﬂ>

In the present model 13 grid intervals are used, both in
the horizontal and in the vertical directions (IF1:\B, 3“4=‘3l This
number of intervals gives approximately the same resolution in the
northern hemsiphere as 20 intervals gave in the antisolar hemisphere
in the nonrotating case, and it was felt that 13 grid intervals gives
enough resolution in the vertical direction.

Equations (4.2.1) and (4.2.5) to (4.2.9) in the stretched

coordinates are:
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Qu. _ (wwind)y _ Wwh | fe b e
9t 2a Aum « % e a

+ﬁ-[[(“‘éMd/'5>‘é - i—] +——"—‘—(i”->
e ng/uu\x Adm ™ S A
(4.4.3)

fa_g:_(?nrmal:, _ (B o ¥ {(%w“/y)ﬁ} LR 0.\ (4.6.)
0 2anind y HS o* Hy Aim & PR ?(g—)‘

o (rmpincle - (mwls _ Sus | ebs (&) , g P

Q&Mo\y HS HSAna  HSo aina QA o(?g 3
o Y_&[ | (#im ) M) _ Yr | [Ys (4.4.5)
o B ey i) - 9 (1)
_L_( E}ff,) _ ,7,\,;,&0( (4.4.6)
s \Sa
R Y, (4.4.7)
B S sonat
w - W (4.4.8)
kag And

The boundary conditionms (4.3.1) to (4.3.3) in the new coor-

dinates are
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¥, .o akaz0 c (4.4.9)
Q_b); 0 akazl d
SA '
(V =0 a}',é =0 ) \ﬁ§; e }
W-o Q)'/\:.O a
MA :O Q*A:_’ b
(4.4.10)
M =0 &*’g:o c

w, =0 aj- g = J%ZL

gi =0 Oi: A :.C) a

P w0 WS [(-uF) q\w\} asl b | e
% Ch B

?aa-o a)‘g:o) W c

4,5 Finite-difference equations

The finite-difference scheme was similar to the one used

in Chapter 2. Figure 4.5.1 shows a typical grid cell. The new
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Figure 4.5.1: Typical cell with the position

of the variables and functions having the sub-

indices 1i,j.
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variable M, was placed at the same location as v, to improve the
accuracy of the computation of the third and fourth terms in the

right hand side of equation (4.4.3).
The finite-difference equations corresponding to equations

(4.4.3) to (4.4.8) used in the model are the following (we have

dropped the superscript n):

M

- /
Mo, ‘—M’:;'. <+ QaA‘t &_ M‘.NJ ’\ri-nj 6\“,\'4\& - M(—\l}' ‘rv:-l'\)' S\\.\'\'—l

4 QL\JO\ V';S(N".

- \ [ (M,:() + M '4‘) (W,’J + W{H{j)_ (u‘.‘,wui).,‘\(wv-_, 4 W‘.“J-_l\}

m~1 M-~ m=\ M=\
v YV {(Mc“j -M‘ij ) S\Nm/\/\-ﬂ —(q:.} -u(-uﬁsma/y‘__ L(.'"

- 2
0. 4oy Y sy} St
) Mm i m-i Mot m~ /
+ Vv [ ( ’“’if:” "'}i‘_ _ M = Wiy + {: Ar' - CQI_u._ M- . }
i i) T 7 [P o
Bt L ApRS. 5! §; -1 Jooa Y
(’ j ) (4.5.1)

where (= 2,.. IN. J‘: 2,...)31‘11‘!

e N ~ ~ \ 1 ~ ~ . /
?c(j = 9..‘) + 2At i_ (Ul;)(?cé +9m‘)’ SIN ¢ —ﬂrc—.g (9;}'4- ?c_.d. SIN¢ .,
/-{ A; o Y; SlNl
— Wy (AS)/“ + §£|‘+\3 - Wi (6:4 +PC"—|)
U CJ J v 7 ¢
2ZAAHS;
p)
~met o - net Al )
.*— _’%_[_(Piﬂdf - 9".} )SIU{/V{—(P&JF— P‘._U‘)SIM(-I/Y‘/",
a
44332 Ye S IN,
(0 o PO R o
Y s S{Aﬁv Y ' y ] 5.
) J SJ_.
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- +
where U= 2,.., TM+1 e Ry IM+

=1 SIN Y

’7 o "7\.‘]‘ + ZA)"{- (IU-H"}‘ +N_«:+‘d|'+n)“;};+.dj SlNLI'-H - (G&.J:-Mf
§ bya i SING

\_/
\k'

! . s
- (WL‘\'H"' WCH 1"") n?t’[ﬁ = (W(,|'—| + Wﬂ,llf—-;)/b)d[ﬂ _ 'Ft' (“'"J Ho- ‘uL‘; )
v v v ] v

4An HSJI Ark SIN(.
COTL "\;L‘ - M:L + % ( Pv}l[. + PL+II4| - Pt‘ - P‘:a\.*\)
7
SNk Oaka S Y Slu".
d J
!
re W"" 1M = 45 SIN) SIN: ey (g 1M; R
* 404"V SIN]
we M- -l M- m=l
- 2"_] 4+ vv ‘ [_A;),C‘}‘H p’\‘ _ G- j
11 1 e, .
SINV A SJ SJ-“ SJ 4.5.3)

oo % W - Wy :% SIS AR (4.5.4)

M+ M4
A)’-M‘l —-— YL" - L’PI"‘_'

g = u (4.5.5)
Dan SJ- SlN".
where (< 2‘ ey IM il 2'...} M

miy M

m+
WVJ‘ o Sy = Yoy
QAB aY:SIN;

(4.5.6)
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where ;_._2/'__) IMH). /'; 2,.. IM

Equation (4.5.4) was solved as in the nonrotating case

(see Equation 2.6.6).

The boundary conditions in finite differences are:

el M|
e, Y Wigmn =0 AV Q/...} ImM
\P'\:\ﬂ M+ ‘ _
I qJIMMJ =0 whea |* 2. Y 1M (4.5.7)
M+
/7C3M+(:O w e u:Z)‘../IM
/V)‘M-H _ X. N 24 \Pc:tﬂ
l 2 (-2
N+
Lz, (‘Pcs | (4.5.8)
T o a/a 1 2
21 (2 t) SN
n)mﬂ _ '\?M*' e © whne J; Z, }1M
|3 EVIH)'
Mo < M:":' vl ¢27,., I
M MA\ e .’— _z . xn (4.5.9)
uC?H-r‘l - M':JMH ¢ } )
/J-';‘ﬂ _o whan j-,-_’l, _..)‘.H"\u

Mt el \“-"%\M& J - ’2’ - IM+!

Mtﬂw‘j = MI”‘
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v o+l ~ M3l

<z = D

~ ~ M3
pre _pm [ -2m) P - 4 e
LM Pt‘.ﬂn,,, 14 2m CIMe T 2 |+ 2L

whane m - 0-803 AAH S;Mﬂ (4.5.10)
chr\ Po

C; = Qso(o(;)
L= 2,., TMH

e e %) ~ Ny

?1:"14‘1‘)‘ = PI"'H ) w'e\l/\l J.: 2I ey IMH

J

4.6 1Initial conditions and physical data

As initial conditions we assume a state of solid rotation
~
(u=v=w-=0) and of neutral stability ( P=0 ).
The computational procedure is the same as described in
section (2.7) except that at each step new interior values of the
zonal velocity are computed.

The physical data were the same as in the nonrotating case

(section 2.8) except that

{o

<, = 10 o/ Aze

vH - IO‘O uvn"/m,c

Also, we set 28 - - 5-335x’0.14¢f-'(corre3ponding to a rotation
period of 243 earth days).
The horizontal eddy viscosity and eddy diffusivity coef-
ficients now have the values suggested by Goody and Robinson (1966).
The differential heating between equator and pole of the

sun was allowed to act for about 2x107secs (approximately 2 solar
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Venus days) at which time the model had converged.

4.7 Results

Figure 4.7.1 shows a cross-section of the meridional mass
stream function. As might be expected it consists mainly of a direct
Hadley cell similar to that in the nonrotating case. The main dif-
ference is that the region of downward motion (similar to the mixing
region in the nonrotating case) is not at the pole where the maximum
cooling occurs, but between 5 and 8 degrees from the pole. There is
a narrow reverse cell within the first 5 degrees in the polar region.
This is because the conservation of angular momentum (except for tur-
bulent viscosity) would create infinite zonal velocities and gradients
of velocities if the parcels at the top of the atmosphere coming from
the equator were to reduce their radius of rotation to zero at the
pole. The circulation resembles the vortex formed when a bath tub
is being emptied. The center of the positive cell is lower than in
the nonrotating case.

Figures 4.7.2, 4.7.3, and 4.7.4 are the corresponding cross-
sections of the vortex strength and the horizontal, meridional, and
vertical components of the velocity.

As in the nonrotating case there is a narrow meridional jet
directed towards the colder regions, except near the pole where the
indirect cell is located, but here the return flow occupies only the
lower third of the atmosphere. The region of downward motion occupies
a narrow band between 5 and 10 degrees of colatitude at middle levels,
but it extends more towards the equator at the top and bottom of the

atmosphere, up to 40° colatitude.
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The meridional jet has a maximum of about 8 m/sec towards
the pole in the upper boundary layer and 11 m/sec in the narrow re-
verse cell at the pole. In the interior the direct meridional velo-
cities are of the order of 2 m/sec, the return flow having a maximum
of more than 5 m/sec near the surface of the planet. The vertical
velocity in the interior is still of the order of 1 cm/sec and has
a maximum of about 30 cm/sec both at the downward jet near the pole
and at the pole in the upward branch of the reverse cell.

Figure 4.7.5 shows the field of relative density departure

? . Again we find that the interior is neutrally stable. The
density difference between the equator and the pole is only 2.5%x1072
at the top of the atmosphere, corresponding to about 6°K which is
of the order of the observed temperature contrast. Again the strong
density gradients are confined to a top boundary layer of less than
5 km thickness.

Figure 4.7.6 is the cross-section of the zonal component of
the velocity. As might be expected the zonal velocity is positive
(retrograde) in most of the atmosphere and attains rather large val-
ues near the pole where the maximum speed of the jet is 14 m/sec.
The indirect cell at the pole produces a negative zonal velocity at
the top of the atmosphere in a narrow band between 0° and 3° colati-
tude. Except in this small region there is a positive shear of the
zonal momentum everywhere in the atmosphere with a maximum near the
pole and a minimum at the equator.

Figure 4.7.7 shows a cross-section of the field of A’V;

- L.Slmkﬁnd +u)Aﬁut, a quantity proportional to the angular momentum,
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Figure 4.7.7:
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showing that the meridional circulation has produced a poleward tran-
sport of angular momentum in the upper layers. If the flow were non-
viscous and symmetric the relative zonal velocity at the equator
would be strictly zero. The non-zero u velotity at the equator is
due to the existence of horizontal eddy viscosity.

Tables 4.7.1, 4.7.2 and 4.7.3 show the numerical values of
the different terms in the vorticity, zonal velocity and thermal
equations at 12 grid points (Figure 4.7.8).

Equations (4.2.6), (4.2.1) and (4.2.5) are reproduced

below for clarity:

o - - (voypine)y _ (mw), - ff“% r ot (4)

a,mm a_AIM A

Time Der: Hor. Adv. Veﬂl. Adv. Con‘o]is U- term

(4.7.1)
+ 9 P¢ . O Z((n]ma Amd )y Vo
a aim & Aiml & /u».’—x "o fet
Driy(uj Horia. Visc. Vert. Wise.
Ou _ _ (Utrpuim X) { t
2= QMKA_(«LW)%+ m_waaLMm-
Time Der.  Hor. Ay, Verb My, Cordlis U torm 4.7.2)
_‘, \7" (M-( MO(),( M v M
at M K Toan | TV R
Horiz. Ve Vert. Visc.
o _(F 5
- N’A«(Mo( V\/ . 0
T anie s _¢ Jo + Eu K“ (Pa/“w‘)d + K, 92_} (4.7.3)

Tie Derry,  HorAdv. VertAdv  Hor Diff Vert. Dif
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Balance of terms in the vorticity equation

Point HOR. ADV. VERT. ADV.
A -12480. 954.
B - 650.22 -318.71
c 220.93 5.25
D 9.64 0.30
E 65.30 -120.97
F 38.21 26.44
G - 0.78 3.99
H - 0.07 - 0.09
I - 102.14 0.19
J - 417.69 0.59
K - 61.53 - 13.59
L 10.13 - 0.71

Table 4.7.1:

COR. TERM
-270.
13.71
- 2.65
0.07
8.89
10.26
0.91
0.05
- 0.17
0.18
3.26

- 0.76

U. TERM  DRIVING
2672, - 441,
786,11 _8291.9
- 33.91 - 414.28
0.05 - 18.92
200. 89 16.06
220.63 18.45
4,09 - 11.22
- 0.00 0.32
- 0.12 5.81
0.09 5.13
0.26 - 3.17
0.25 - 0.33

in units of 10 sec™

HOR. VISC. VERT. VISC.
9771. -213.
-7836.9 -288.86
__96.30 _132.68

0.82 9.41
- 171.87 - 0.02
- 314.99 - 0.00

3.25 0.04
-__0.33 - 0.02
__493.73 -391.39
_167.35 -351.25
- 14.43 85.99
- 0.72 - 10.05

2

TIME DERIV.
-6.
-3.00

4.25
1.37
-1.73
-1.00
2.74
0.03
5.92
4.40
-3.22

-2.18

s



Point HOR. ADV.

A -2761.9
B 18775.
c 14.44
D 13.20
E 1142.4
F -2488.5
G 212.0
H 1.51
I 61.85
J - 106.67
K 26.70
L - 0.76

Table 4.7.2:

VERT. ADV.

1664.0
-3046.
- 162.38
- 13.46
- 516.4
_1929.5
- 210.7
- 16.19
- 13.14

2691.

2.97

4,28

CORIOLIS U. TERM HOR, VISC.
- 29,1 - 146,2 1281.7
-326. -9180. 394
49,59 323.65 - 183.43
- 2.42 - 0.87 5.99
7.6 74.3 - 649.0
61.6 556.9 2062.0
17.8 37.0 - 54.7
6.97 - 0.57 12.35
11.70 4.30 - 58.16
92.07 22.38 64.43
-135.32 13.18 12.11
0.55 - 0.02 0.17

VERT. VISC.

12.6
0.9
-36.38
1.24
- 0.0
0.0
- 0.1
- 0.60
- 6.52
-38.25
_82.34

- 3.80

Balance of terms in the zonal momentum equation in units of 10”6 cm/sec?

TIME DERIV.

SYT



Point

Table 4.7.3:

HOR. ADY.

-214,49
-371.68
- 12.52
- 1.02
60.88
28.03
7.68
0.06
92.68
40.97

- _6.09

1.07

VERT. ADY,

141,55
201.23
_10.41
_14.72
- 61.29
- 28.35
- 7.98

0.04

- _1.08

HOR, DIFF.

_70.53
170.26
- 1.62
- 0.01
0.41
0.31
0.39
0.01
0.56
0.24
- 0.10

0.02

VERT. DIFF.

-0.00
0.00
0.00
0.04
0.03
0.04

0.14

Balance of terms in the thermal equation in units of 101 0gec-

TIME DERIV.

-0.26
0.24
-0.00
-0.01
0.09
0.11
0.22
0.20
0.27

0.15

1

LY

XY
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It is not possible to make a direct comparison with Stone's
and Goody and Robinson's results because they considered a Cartesian
geometry, and the convergence of the meridians is very important in
the presence of rotation, especially near the poles. The nonlinear
terms are important everywhere in the force and heat balance equations,
just as in the nonrotating case. Rotation has an important effect
on the meridional circulation in the vicinity of the pole; elsewhere
the balance of forces in the vorticity equation is similar to that in
the nonrotating case.

It is instructive to look at the energy balance in the Bous-
sinesq model with rotation.

We define

LI (VA
Kz - ATat A %;'mp( d « dpc) (4.7.4)
° 9

the kinetic energy of the zonal motion,

& YA
KM: ATl g g ® 0 sim ) du dn (4.7.5)
2
0 o

the kinetic energy of the meridional motion, and

/Y .
P-_ ’lT\‘o}S (9032 +P°?32>MO(CL0(AE (4.7.6)

‘ o o

the potential energy, separated into its undisturbed value and the
perturbation generated after 2x107secs.
From equations (4.2.1) to (4.2.5) we obtain the energy

equations
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9Ke _ CT + UT-TD, = ﬁ(KM) KZ% - b, (4.7.7)
t

) M2

D,

2Km _ {P) Kng_CT_UT_DM_: {P Kﬂg“{K K§ (4.7.8)

\DJ
T

gt\) - G, - (Lp}KME (4.7.9)

where

H.OT\'/ ~ (4.7.10)
G . m’kg S ‘ggﬁtwwddﬁ

(o] 0 &k

I

T
S' ?,, '“Fz & da de =

o " 2
2 - G
= - 26 S) 0(/90 {_% [(u&md)ahvv (4, ) nin 4 d o
Ay (

5“ Nz
D, - 2ma® f?ofv'\c nim a dude =
H ) M

= _2mat EHSM?O f\w [(raim)]”, v, (rut)fi N Q2

a* . Mm%

© 9
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and F% and F; are the eddy friction forces in equations (4.2.1)
and (4.2.2).

Paraphrasing Lorenz (1955), we can define unavailable po-
tential energy as the potential energy of a hypothetical state of
the atmosphere which has the same statistical distribution of density
as the actual model atmosphere but has the least amount of potential
energy. In this state of minimum potential energy, surfaces of con-
stant density are horizontal and density never increases upwards.
The available potential energy is then defined as the difference
between the potential energy of the actual model and the unavailable
potential energy. However, in our results the stratification of
density is not stable everywhere so that there is not a simple formula
to compute the available potential energy and the generation of
available potential energy.

We have computed the total generation of potential energy,
which includes the generation of both available and unavailable po-
tential energy (Figure 4.7.9). This is why the generation of poten-
tial energy is larger than the conversion term from P to \<M .

The smallness of the excess of potential energy compared to the ini-
tial value shows that the distribution of density has departed very
little from the initial neutral stratification.

If the model had completely converged we should have the

equalities

G, - {7, KM}
{P)KM}: S[KM)kz} + Dn

iKm)Ki} = Té
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Except for the generation of unavailable potential energy
which cannot be computed, but whose effect on the total is negligible,
these relationships are roughly true in the numerical results indi-
cating that the solution has approximately converged.

It is interesting to note that the zonal kinetic energy
is one and a half times larger than the meridional kinetic energy
and that the conversion from \<M to Kz is accomplished mainly
by the relative rotation term analogous to the Coriolis force and not

by the work of the Coriolis force itself.



152

CHAPTER 5

uasi-Boussinesq Model with Rotation

5.1 1Introduction

In this chapter we describe a numerical model in which,
as in Chapter 4, we assume that the solar heating is symmetrical
about the axis of rotation (a '"toroidal Sun"), and we also include
the effect of rotation. As pointed out in the introduction to
Chapter 4, the large thermal capacity of the atmosphere of Venus,
as well as the marked zonal structure of the temperature and cloud
distributions, make this model more realistic than that of a fixed
planet and sun. We make the quasi-Boussinesq approximation instead
of the Boussinesq approximation, so that the effect of a basic-near-
adiabatic stratification of density, pressure and temperature are
included. In this respect the model is similar to that described in
Chapter 3, except that rotation is included, and the finite-difference
treatment of the nonlinear terms has been improved.

In section 5.2 we give the quasi-Boussinesq hydrodynamical
equations. The treatment of radiative transfer is discussed in sec-
tion 5.3, and the boundary conditions in section 5.4. 1In section 5.5
a vertical stretched coordinate is introduced. In section 5.6 we
describe in some detail a straightforward method for constructing
a conservative, finite-difference scheme for an arbitrarily staggered
placement of dependent variables; the resultant finite-difference
equations are improved with respect to those used in Chapter 3. 1In
section 5.7 we give the numerical values of the physical parameters

that were used in four different specifications of the model. 1In
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section 5.8 we present the results of the four rumns, and conclude
that if most of the solar radiation is absorbed at the cloud top
level, then the circulation driven by differential heating remains
confined to the upper part of the atmosphere; it is not able to main-
tain a lapse-rate close to the adiabatic; this is in contrast to the
finding for the Boussinesq models. However, if there is some pene-
tration of solar radiation, even if only a small percentage of the
solar radiation can reach the surface, there is a double result:

the combination of a partial greenhouse effect and a deeply driven
circulation, which can stir the lower layers of the atmosphere, seems
to be capable of maintaining the observed near-adiabatic lapse rate.
In section 5.9 we present the energy budgets of the four model runms,
and in section 5.10 we derive a simple and rapid method for computing
radiative equilibrium temperatures in a grey atmosphere; the results

of several calculations with varying optical depths are presented.

5.2 Hydrodynamic equations

The following approximations are made:
(a) quasi-Boussinesq
(b) hydrostatic
(c) diurnal effects of the solar heating are neglected,
so that there is axial symmetry around the Equator
‘ (d) semi-gray treatment of radiative transfer
(e) constant horizontal and vertical coefficients of eddy

viscosity and diffusivity; Prandtl number equal to one.

_ X T
We define the variables S: /o, | - (_‘A_) , and 9; T'l:
(]

as in section 3.2, and, as in that section, we separate each dependent
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variable into its basic value, corresponding to an adiabatic strati-
fication, (subindex a) and a perturbation (denoted by a prime).

We use coordinates rotating with the planet. In the fol-
lowing equations &« is the colatitude, z the elevation from the sur-
face of the planet, u the zonal velocity, positive in the direction
of rotation (i.e., retrograde with respect to the orbital motion),

v is the meridional velocity positive towards the South, and w is the
vertical velocity positive upwards (see Figure 4.2.1).

The rotation period is

C - 243 da\IS = -2.\ ’(‘O7M

so that we define the Coriolis parameter

(. 292 wa

-7 '
where 2 - _ 2W /z _ _2.99 <10

Then the zonal equation of motion is

an __ (woamals _(wafe)z , Fo _ctd .o
o

) -
i mane S (5.2.1)
Vu Wy Amd)
+2e [( «MMO{ a __A;jm%] + Y, M,
and the meridional equation of motion is
/
i - ({UQMOOK _ (WmP‘J'i‘ __?u _‘,_(JO'{-O(J.L:L~ Cp.ea Al
ot O A ol Pa. a O P«
vo | (Uapimadx _ v W
¥ '&%[ Tima e TV (5.2.2)

Here we have dropped the term -lua from the square brackets in the
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horizontal eddy viscosity term because it is of order H/a compared

to the other terms.

The hydrostatic equation is
/
0. _Cpb QT 3_9_ (5.2.3)

and the continuity equation may be written

0. - (0ainads , (wfa)s (5.2.4)
- >

o Am, &

since we assume that there is no longitudinal dependence.

The thermal equation is

2_9_1_, _ (W6/Md>d _ (W S'Pa.)v_- + Ku (eg/ALMO‘)ﬁ
ot O Adw & € ar Adm o

/

x, 6 v 5.2.5
C P T

where ﬂv is the radiative energy absorbed per unit volume and unit

time, due both to solar and atmospheric radiation.

As in the quasi-Boussinesq model without rotation, (Chap-

ter 3) we define a new variable

;7 _ (U (5.2,6)
P m o
instead of the vorticity .
From equations (5.2.2) to (5.2.4) and (5.2.6) we obtain an

equation for 7
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g - (v vmdy  (wm ) g 08" _ fu.
ot 0 A« _ P aPopima B 24 fa Aimd

ST VAN [(((}:}Md}_‘ Mrd) }J,\?v (0)942}(5.2.7)

o Qa, Amd 9& at MMQ' o 44{’\29( g

As in Chapter 3, we define a mass stream function %’ such

that

(%) = m O w2 (5.2.8)
o,

Then

vama Po = Y, (5.2.9)

and

waime P - Pu (5.2.10)
o

Equations (5.2.1) and (5.2.5) to (5.2.10), with the boun-
dary conditions and the formulation of q , the radiational heating,
v

define the model.

5.3 Radiative transfer

As in Chapter 3, we make a semi-grey assumption, i,e.,
assume a different constant absorption coefficient for the solar and

long wave regions of the spectrum.
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(a) Long-wave radiative transfer

This is the same as in the non-rotating model, section
3.3 part (a).

(b) Short-wave radiation.

As in Chapter 3, we assume that the volume extinction coef-
ficient in the short-wave region of the spectrum is proportiomal to
the mean density and is zero above z = H; this implies that any scat-
tered radiation is absorbed at essentially the same level at which
it is generated.

The zenith angle of the sun at a point P is, from Figure

5.3.1,
o
By |t @d e 0 aim fam (28 8 10T (day)
- f |12t > '
° 12t 2 (onigh) (5.3.1)
The flux of solar radiation is
dFs _ _ hkedz _ _ dzs (5.3.2)
14 - oY (¥
and the flux of solar radiation impinging on the top is
. L
¢E(H(?QQ' SoUJ»LmQLﬁQ@ &\QH"%
. T o) LF 'lﬂt\ﬂl?._‘- (5.3.3)
Hence B Z;(%) ,
s, (FR) P o(Qt) e P 4 9] G

{F @, 9 qt) -
° ot 7 (5.3.4)
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Figure 5.3.1: Yy zenith angle; (f:.-g—oc

latitude; £t : hour angle from the local noon.
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We neglect diurnal effects in this model, so that the flux

of solar radiation over a Venus solar day is averaged:

W T
lFs (z,‘?) - S%XFS (z,¢ at) A(Qt)/~§r 4 ()
A - zs(2)
- So (I-R)m‘? WS e o 1nd AS (5.3.5)
) am ;WQ

This integration was carried out numerically using Simpson's
rule.

(c) Heating rate

The radiative energy qv absorbed per unit volure and unit

time is

9, = 2 (K -F) (5.3.6)
92

5.4 Boundary conditions

Since the driving is symmetric with respect to the equator,
we consider only the northern hemisphere, as in Chapter 4, The bound-
ary conditions for a zero-stress rigid top, a zero-velocity rigid

bottom, and symmetry at the equator are as follows:

q):(wz)t =0 of z2:-H a

<
1
NS
1l
(&)
e
)l

f]

o
o

(5.4.1)
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My =0 okz:-o

w =0 eHh z=H

® =0 o w0 (5.4.2)
W, =0 ot n - L;'

The boundary conditions for the energy equation are similar
to those in Chapter 3 (quasi-Boussinesq model without rotation).
Since we assume that the ground has a negligible heat capacity, the
net heat flux due to solar and thermal radiation and to convection

is zero at the ground. At the equator we assume symmetric conditions.

;.‘_O GJ' ;:H a
! /
e PXC 6" qcre:{hm 6> 1_(4_6_
v re +
ren, CVdyg b (5.4.3)
- Fs*' »Fra ok 2z0
/
éa,‘ <0 ok o= ;%} c

(The left hand side of equation (5.4.3b) is the same as equation

(3.4.4b).

5.5 Equations with the vertical coordinate stretched

For this model we decided to use stretched vertical coor-
dinates and a regular horizontal grid, since from the results obtained
with the Boussinesq model with rotation and from preliminary quasi-

Boussinesq calculations we didn't expect a narrow boundary layer at
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the pole.

The vertical stretched coordinate is

A L wth\/Z ' d._*.. - __'.._. \\/(\Uu S-m Vi‘/H (l‘i/ﬂ) (5.5.1)
T -z ! dz  us

The model equations with the vertical stretched coordinates

" are the zonal momentum equation,

o - - (M“M”‘d)o( _ (WM Pﬁ-)A + f—m’ _ u:*d wnr
ot a_ Aim o HS fa o
Vi [(u.(mo()x M A A (5.5.2)
e Avn wa | TRt 5T,
the "vorticity" equation, with .

Qm{ __ (voaimdds _ (wofa) g 26 _ fus
%

al aim & HSPa QP sima P4 i HSRiud
cet o (M'-L)A Y [(("74-0" o )y AN & )a } VV,LHQQ“))A]
" HSanAMd+ at am3a L{"n.Lu fhees S
(5.5.3)
the thermal equation,
P80 _ _ (vBamaly @5 L) 4 X [(5,(13;4\«)« '
ot G Adm o H SP, ot A ol
|
+ K\;_ ____(Qe) +~ 3v . (5.5.4)
H™ S 1S 7 qame.

the definition of the mass stream function

;P;) - O S Aimty Hl, (5.5.5)
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giving the velocity components

Ve LV/) | (5.5.6)
H’S?QAXMM
and
wo Y«
0 A o ?& (5.5.7)
The boundary conditions are:
\V: ,»7 - 0 ak A - |
W,
A .
Y=o at =0 (5.5.8)
Y=0 ok = O/T.-E
Wy = O of oz
w =0 ak 4=0
(5.5.9)
M = (0] a’t o =0
=L
My =0 ak o = Z .
la %
6, =0 ok A=
3 ~ ~ — —
o B G 9«6 hyba | 4k 9+J_@_i:?§—?'r (5.5.10)
HS re, r 9% = )
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5.6 Finite-difference equations

We used the same staggered grid as in Chapter 3 with .

located at the same place as (U: (Figure 5.6.1).

The conservative finite-difference equation for the thermal
equation is

~Vmrl N M-

e'. - e‘:. + Q.At { qybq(sq"l’ebﬂ])slw’ |\ (ebl Tec) \)SIN(,-I
J QAMsw

o By B L) s (B 18
Q'AA“'S ?Q_J

~ agh v
& [(Gm’i -6 /s - (87 - GL,‘)/S 2
o Ar* S
J
Fb\ - Fﬁl’\

L\.AHS ]3 Cp-& T

(5.6.1)

where { = 1/...) IM+! l ‘)'___Q.... IM+1

= /
and FL‘\“: (FS -Fr - FT) 0 is the radiative flux.

Equation (5.6.1) coincides with (3.6.1), which was written
with a horizontal stretched coordinate, if we make A g - A and
Yoo Vi -0.5 . This is an illustration of the advantage of using
stretched coordinates defined analytically. It allows a change in
the type of stretched coordinate without a change in the finite-dif-

ference equations; one only needs to redefine the derivative of the
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stretched coordinate with respect to the physical coordinate.

The finite-difference vortex strength equation is here
improved in such a way that the truncation errors in the spacial

1
differencing of the nonlinear flux terms are reduced from order 0 (QA)
2

as in Chapter 3, to 0 (ﬂ) , the same as the truncation errors
in the corresponding terms in the thermal equation. We present the
derivation in some detail because it gives a simple and general pro-

cedure for obtaining a finite-difference analogue of the equation

ot _ _ V. (&
o =-v 0

which shares the conservation properties of the staggered method
(Williams, 1969; Bryan, 1967; Lilly, 1964), i.e., conservation of

z and iﬁ , even when the position of the variablé f is not at the
center of the grid cell at which the finite difference analogue of the

continuity equation

V.V =0

has been formulated.

This derivation can be used for any model which has a time
independent continuity equation and will prevent the development of
nonlinear instability. If the continuity equation contains a time
derivative a scheme similar to scheme c in section 2.6 can be used.

The idea is to obtain a finite-difference continuity equa-
tion defined at the points at which the {13 are located, in which
the normal velocities are those that should be used in the staggered

method. For this purpose the finite difference continuity equations

defined exactly at neighboring points should be averaged with weights



proportional to the mass contained in those cells.

165

From the continuity equation (5.2.4) in stretched coor-

dinates

('\TAXMOL)& + (w Cu),
o A & HsS

and the finite-difference equivalent of equations (5.5.6) and (5.5.7)

we get

M+

. )
M"'“| - ('Pbl - [Pf,l-’
Aa |+$ Pa)smh

\ M+
R Q)fw .
W .. - ty = Te-ny

Aka SN ?:‘\J

(5.6.2)

(5.6.3)

We see that the finite-difference equivalent of the continuity equa-

.tion is defined exactly for a cell with center at a " €>¢ -point"

(Figure 5.6.1) as

(\T.,l SIN’\ - N;o\' Sl” J-\

»‘\ ?044

Ao o SIN»

AAH'SJ ?qd

(5.6.4)

The mass of the ring whose cross-section is the cell cen-

~

tered at a " 9\‘) -point" is proportional to SIN; S‘a. Qu:

To obtain

the exact finite-difference continuity equation for a cell centered

at an " ‘7c.-point" (the cell limited by a dashed line in Figure
5.6.2), we add the finite-difference continuity equation (5.6.4)

defined at the four neighboring points 6}'

Awr

and euﬂd+\ multiplied by the mass of the corresponding cells,

and divide by the total mass ‘%slhﬂ X qu

?
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+ (BU + Bc;’lln + 6('}(‘,[ + Bl““‘)‘*) ) - (B[VILI‘FB«“)"F B.‘.{.‘l)‘-l + Bl‘mi): o

A Ds

where

= e SINLS: S
AJ = 7y IN SJI%J
B"J - w"l) SIN; )

If we cancel the terms A() , Ac‘)'an

s ‘BxJ , and Bfﬂ‘)‘ in

(5.6.5)

(5.6.5), as we did in the quasi-Boussinesq model without rotationm,

(5.6.5) becomes the continuity equation valid at the large cell

composed of the four smaller cells in Figure (5.6.2), but as it is,

equation (5.6.5) corresponds to the small dashed cell.

Analogously, to develop a conservative scheme for u, we

need the finite-difference continuity equation for a cell centered

at a " M;J. -point" (Figure 5.6.3).

Here it is necessary to average

the continuity equation at only two neighboring cells, and we obtain

(Acii-Am‘!)-(Ai-tj’rch‘l') + (Bil“'6Cﬁ)‘)’(6il-_‘{'r5l'+|lf-l> 0

v

I o . I . .
Lbua SING S, uj 2e¥ SING S Sa |

(5.6.6)

In equations (5.6.5) and (5.6.6), each parenthesis repre-

sents the normal flux of mass that has to be used in the conservative

scheme. Accordingly the finite-difference vorticity equation equi-

valent to (5.5.3) is



Wy 3 Wiﬂ J
- T
| |
| |
[ |
Vi i : w |y ! '\yl.nj
] |
| |
i |
i '
W',:_J.'_ _ o _“ﬁ‘ﬂj-l

Figure 5.6.3: Cell centered at a "lui -

point" for which a finite-difference con-

tinuity equation is found.
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r7ij = (7;\1 + ’LA{- § <[(‘VCJ SJ P‘j )*\ d-n E +| ) SIN LH’ S:} PQJ
HIJ“ p(t“" SJ“) ‘”/”J A?J {.{7“,)) [( ?q ‘-'()*\ J'N 90"H>

’ .. S. : : Islgf
S“‘IL" t (’V‘JSJ PQ‘) + N'.‘)'H S;)'-H BlJH) SINIi] (7i-u+7id >> /(S)Adasm‘?j%)

«[(W SIN H\J SIN‘“) el. + (WCJ.“ SIN: +Wb.ﬂd‘“ SIUH_‘>?QIJ'+|—S

(71 +/79J+\) [-(W —|S1N + WﬂJ—l S‘)”M\) ?(() ! +(W S,NL + W, HJ SIN*’) ]
/ /
('7.]--. ’r’7(j)>/(YAA” SIN st ?q()) _ 9/ (260 aSIN 92)) =

[gw\ *9‘“)“ 90" 9 J ¥ (,L( Mv>/(AAHSJ 91 SH\\}.-)

\.JH )

+ C.OTL/(AA Ha 5'3 Pi) siNt ) (M‘;‘-\\ - Mc})
Ve <i("7:‘: SJN/;,. __/7:3-'3|N{')3N£ﬂ—(/\7:}-'3|M'¢ v s;N )S/NJ
/[(L\.@ sini?] r>7LJ /SINGY g 2 [Z"?\lﬂ J,,.—"] ?4})/S+'

(15 94 )5 / (B st 94 §

(5.6.7)
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and the forecast equation for u is

M M- I !
,u.cj - MU +2Af g- [(N:J SIN; +N},,J‘5fN,‘ﬂ)(l&¢J‘# ut’ﬁ)) -

(A&ﬂj %w’,-.“\r sine ) (u, “*J)] /(48 aSIvE)

Y

-[(wt-J.smwwu,d-sw.-“) ?LJ-(u. +u}‘,) (w S/N,,Lw,,,/-_,S/M-,)x

lJI

X P¢/LJ'-I (“-r}'+ ‘u{"-l)]/(LIAAH' SN S 9: ) Foa J ‘3:’- A /U‘J

P (L) S (™ s/ (s s
+Z:°L<UM“‘J ) Sitian (- w3 Do) / (B s’

_1_*_3_:> . e [ " ;f')/s’ (MVJ - e L)/ ,JE

SING JH

(5.6.8)

where i:Q.“/IM )J= Qr“)OMH

Equation (5.5.5) in finite-difference form is written as in the non-

rotating model

M“ - LPMH (‘ + ?QH-I \4-1) P"“l‘“ Sl*' W(" =
| faj S ?“ )

= (0% s o sw Fe e SIN ] )»7

where Lo 2,.,.).1'\“/ 3,_ )\.‘)UM

(5.6.9)
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Equation (5.6.9) is solved as described in the non-rotating model

(equation 3.6.9):

The boundary conditions in finite differences are

my m+ )
q)“ = q’i:lnu -0 whaene = ’L)...)IM

M Mt (5.6.10)
q,. = LPIH«HI :o w’kuldz 2,,,,,35‘1

4 J

M4y M+ .
7') - /OIM'HJ -0 whens A-Q)...}JH
,,)"‘*‘ ° (5.6.11)

tdne <

ml Y] [} {2

a}tym: [ 2z, ('Piz _ 2z, LP..';», :]/( P«L, 3IN:

‘! 2r(2,-2) 7,2 (2,-2)

W“‘\-UU. [ 'ZI }IM

Myt m+1 (5.6.12)
LL‘.' = - Mg .

mw M
u‘:nﬂfl - ML3H+' W“\l/\l.l‘-'— 2)._.) I”

LS I
M,) =

Mt M+

Mtfﬂ-lj = 'MI.M“) wheng )'3 2, )3



A~ ae A ad
9(. IM+L = ei M+
C, ’é:““ . L0 +(F5— Fr)., who (= 2., M4 (5.6.13)
TMLY = Ve, Wj’h.ere j= eI
C, and CL are defined in (3.6.13b).

5.7 Physical data

We made several runs with this model. The following numer-

ical values for the physical parameters were unchanged.

- 6.05x«10%om

H. 5.3 x10°um

q = 1.5+ 0% om® /aee”

€= 45+ 10° n® / (aee* k)

M- 9/C - 107" °K/om

R . 1.8¢10° om*/(net °K)

To 567107 g /(ae oK)
Te/“._ 230°K

- T(z=0) = 730°K

f, = 100 am ____1.0|3>zlogd13m(/mn“‘
z¥ _ 222

‘r ]
1&0 - _ 536"!xl0-7/u_ch

The above values coincide with the values used in the nonrotating

model (Chapter 3).
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The other parameters were varied in the following way:

Run T Vu o= X, = 10'° om? Jace
Vy - Ky = 107 om/ace
*.
2k . 55
R Il v . K, = 10" em*/aze
H
y - K, 10" om*/nse
-
t* _ 6%
S —
R III v _ K, - (0 om®/acc
. =
v ook, =10 em 2/ ae
* — g
Zas ~ bb
Run IV o =2
Rn IV Y o K, o= [0 om e
y
vV, = K, = 10 et /me
<t _ .,
, = 2.3

5.8 Results

Figure 5.8.1 shows the basic heating of the atmosphere
assuming an adiabatic stratification and the optical depths of z;f:;zzz
for the long wave part of the spectrum and C:-, 55 for thé solar
radiation. It may be seen that the maximum heating contrast between
equator and poles occurs very near the top; in this respect the situa-

tion is similar to the one assumed in the Boussinesq model (Chapter 4).

This basic heating was used in the first three runs.
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Run I: The values of the coefficients of eddy viscosity and diffusiv-
ity are those suggested by Goody and Robinson. Figures 5.8.2 to
5.8.8 show the results obtained after running the equivalent of
3.94 x lovsecs. At this time the velocities and temperatures had
practically converged at the upper and middle levels, but not quite
near the bottom. The most striking result is that the circulation
remains confined to the top 10 km or so of the atmosphere. The velo-
cities are of the same order of magnitude as those obtained in the
Boussinesq model but somewhat larger. The maximum zonal velocity
is about 19 m/s and the maximum meridional velocity about 12 m/s,
as compared to 14 m/s and 10 m/s respectively in the Boussinesq
model. The indirect cell near the pole is present but is weaker
than in the Boussinesq model, perhaps because in the Boussinesq
calculation there was better resolution near the pole. The return
meridional flow has a maximum velocity of 60 cm/s at a depth of 6 km
from the top. In the interior thé meridional velocities are of the
order of a few cm/sec and the zonal velocities are even smaller.
In accordance with the existence of a counter cell, the downward jet
is located at about 8° colatitude from the pole, with a maximum
speed of about 28 cm/sec.

The temperature contrast A\ 5 between equator and pole
is 1.1% or about 2°K.

Tables 5.8.1, 5.8.2, and 5.8.3 show the balance of terms
in the vorticity, zonal momentum and thermal equation respectively
at nine points. The position of the points is indicated in Figure

5.8.9.
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Point HOR. ADV.
A - 1.47x1075
B 192.25x10-8
C 16.64x10-8
D 0.16x10710
E - 0.10x10"10
F 0.03x10-11
G - 0.45x10712
H 0.04x10712
I - 0.04x10~1%

Table 5.8.1:

VERT. ADV.

- 1.41x107°

' 145.07x10-8

-10.20x10-8

0.15x10-10

0.08x10-10
- 0.02x10-11
- 0.13x10712

0.005x10-12

0.04x10~14

HOR. VISC.

- 74.88x10-5

36.75x10~8
0.72x10~8

807.53x10710

1.44x10-10

- 2.12x10-11

-153.93x10712

VERT. VISC.

- 0.69x1075

69.92x10~8

5.07x10~8

1.45x10710

0.92x10-10

CORIOLIS

2.10x10-5
3.94x10-8
0.19x10~8

- 36.48x10"10

16.96x10-10

-  0.54x10"11

4.62x10-11

462.39x10"12

0.91x10°12

-118.01x10-1*

Balance of terms in the vorticity equation at nine points.

44.94x10-12

23.80x10-12

73.46x10712

-1035.0 x10-1%

Run I:

-134.74x10"1"

U. TERM

185.15x10~°

© 12.24x10-8

0.07x10-8
- 1.58x10-10
- 0.38x10"10
- 0.12x10-!!
0.12x10~12
0.00x10-12

0.20x10-1%
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U. TERM

264 .85x10~%

429.57x10-8

Point HOR. ADV. VERT, ADY,  HOR, VISC. VERT, VISC. CORIOLIS
A 50.15%10~° 772.66x10~°  -579.39x10~® 28.82x10~% - 7.14x10-6
B -593.12x10-%  -125.03x10-° 7.11x10~° 1.38x10~%  279.67x10~®
C - 60.16x10~° 47.46x10° 11.31x10=% - 0.14x10-® 1.05%10°
D 9.72x10=% - 0.97x10-8 0.82x10-% - 13.82x10-® - 0.04x10-8
E - 2.64x10-8 0.74x10~%  -103.45x10-% - 76.40x10-®  134.86x10-8
F - 6.04x10-8 2.89x10-% - 16.48x10"% - 50.64x10-8 0.70x10-8
G - 0.09x10-10 0.32x10-*% - 1.76x10-'% -109.61x10-'0  162.23x10-10
H 0.03x10"1% - 0.21x107'%  35,69x107!° - 80.63x10-!°  132.10x10-1°
1 0.23x107*% - 1,15x10-'%  33.90x10-!°  26.73x10-1° 6.85x10"10

Table 5.8.2: Balance of terms in the zonal momentum equation. Run I.

0.19x10-°
0.003x10-8
6.39x10-8
0.02x10~8
0.03x10-10
0.02x10"10

0.00x10-10

TIME DERIV.

0.26x10~%
- 0.42x10-8
- 0.30x10-®

- 4.30x10-8

—— e e o s i st

51.05x10-10

86.94x10-10

—— e vt . S s e e a0 ot

S8T



VERT. ADV.

Point  HOR. ADV.
A - 882.27 909.20
B 788.77 - 760.76
c ~1248.6 1225.6
D - 0.002 0.74
E - 0.21 0.21
F - 0.29 0.34
G - 0.20 0.18
H 0.016 - 0.014
I 0.03 - 0.03

Table 5.8.3:

Balance of terms in

HOR. DIFF. VERT. DIFF. RADIATION  RADIATION TIME DERIV.

the thermal equation at 9 points. Units of

(BASIC) (PERT.)

349.27 - 4.99 -241.62 -117.46 6.13

0.10 -15.40 301.76 -308.25 6.22
- 0.40 -15.88 365.11 -319.53 6.38
- 0.93 _3.01 - 1.46 0.89 _2.25
- 0.02 2.97 - 1.46 0.85 _2.33
- 0.02 2.94 - 1.32 0.84 _2.49
- 0.01 __7.38 - 11.15 2.06 -1.74
- 0.000 __17.36 - 11.15 2.05 -1.73

0.00 7.36 - 11.15 2.05 -1.73

10~ 10%gec~!., Run I.

98T
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The most important result is that the nonlinear terms
corresponding to large scale advection of momentum and temperature

are negligible in the interior and near the bottom (points D to I).

In particular the balance in the thermal equation tends to be radia-
tive~diffusive, and not advective, except near the top. Furthermore
the system has not reached a steady state in the deep atmosphere since
the relaxation time is radiative and not advective, and is much larger
than 107 sec (at least ~ 10° sec). As was stated before, there is
little justification for the use of a vertical coefficient of eddy
diffusivity as large as 10“222 in the interior, where radiation tends

sec
to produce a strongly stable lapse-rate.

Run IT: 'OR, = Kit = 10! 1cm?/sec instead of 10'%cm?/sec. This
run was made for the purpose of comparison, since even 'Qh = 1010
cm? /sec is probably excessive, especially in the interior. Figures
5.8.10 to 5.8.6 reproduce the fields obtained after 1.8x107sec.
Note that some intermediate isolines have been drawn to improve the
resolution.

The results are similar to those of Run I except that the
circulation is slowed down by the large horizontal viscosity. The
maximum zonal and meridional velocities are 2.0 m/s and 4.6 m/s as
compared to 18.7 m/s and 11.7 m/s respectively in Run I. The counter
cell pear the pole is not present any longer because before a ring
of air has reached the pole, the horizontal eddy viscosity has
dissipated most of its angular momentum.

If we compare the streamlines in Figures 5.8.10 or 5.8.&

with those obtained for the nonrotating case (Figure 3.9.1) we see
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that the effect of rotation is to reduce still further the penetra-
tion depth of the circulation. The upper part of the direct cell is
the most compressed because the stabilizing effect of the relative
rotation is greatest where the relative rotation is strongest.

The balance of terms in the forecast equations at the 9
points of Figure 5.8.9 is presented in Tables 5.8.4 to 5.8.7. The
balance is basically similar to that of Run I, except that the hori-
zontal viscosity is important even in the interior. In the thermal
equation, however, the temperature is so strongly stratified hori-
zontally that horizontal diffusivity remains unimportant except near

the pole.

Run III: V, =K, = 103cm? /sec instead of 10%cm?/sec. From the
results of Runs I and II, and the nonrotating quasi-Boussinesq model,
it became clear that if most of the solar radiation is absorbed at
the top, the large scale circulation is not enough to stir the deep
atmosphere and maintain an adiabatic or quasi-adiabatic lapse rate.
In that case, a vertical coefficient of diffusivity of 10%*cm? /sec
is excessive since the interior of the atmosphere would be stable.
The vertical radiative~diffusive equilibrium state of the
atmosphere was calculated for several values of the vertical coef-
ficient of eddy diffusivity, with radiation ({reated in the same lin-
earized fashion as in the two-dimensional model). Figure 5.8.17
shows the vertical profile obtained for the relative potential temp-
erature departure. It may be observed that K, = 10%cm?/sec forces
the lower atmosphere to remain adiabatically stratified, whereas

X

v = 103cm2/sec, a more realistic value in a stable atmosphere,



Point HOR. ADV.
A - 3.21x107°
B 148.46x10~8
c 7.67x10"8
D - 0.002x10-10
E - 0.03x10710
F 0.04x10-11
G - 0.00x10-13
H 0.00x10-13
I 0.00x10-15

Table 5.8.4:

VERT. ADV.

2.64x10™°
73.63x10~8

3.74x10~8

0.08x10-10
0.06x10-10
0.02x10-11
0.00x10-13
0.00x10-13

0.00x10-15

HOR. VISC.

11.78x10-3

269.24x10-8

2.77x10~8

VERT. VISC.

0.51x1073

139.60x10-8

CORIOLIS

0.09x10™>

28.31x10-8

4.63x10-8

-14.47x10~10
-30.23x10-10

-14.15x10~11

-51.80x10-13

- 0.70x10-10
- 0.78x10-10

- 0.57x10-11

49.53x10-13

0.20x10"13

-72.75x10-15

- 2.64x10"13

60.16x10~-15

Balance of terms in the vorticity equation. Run II:

0.72x10-8

4.10x10-10

2.81x10-10

1.14x10-11

3.65x10-13

- 2.79x10-13

-17.36x10-15

U. TERM

0.36x10~°
44.,99x10-8
0.37x10-8
0.02x10-10
0.01x10-10
-0.00x10-11
0.00x10~13
0.00x10"13

0.00x10-15

SOLENOII

-705.75x1(
- 12.49x1(
17.47x1C
33.58x10

15.70x%10

0.00x10
~ 0.00x10

- 0.00x10
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Point HOR. ADV.  VERT. ADV, HOR, VISC. VERT. VISC.  CORIOLIS U. TERM
23.55%10"° - 4.29x10"° - 30.89x10-° -0,54x10™> 4,50x10"%  7,22x10-°
24.29x10-%  -21.05x10=®  -238,89x10-° -4,45x10"%  143.39x10=®%  97.60x10-6

-45.27x10-% _13.87x10-5 32.63x10~° -1.86x10"° 0.65x10-%  0.14x10-6
0.25x10~8% - 0.01x10-8 - 16.49x10"8 -0,98x10~8 16.90x10-8  0.07x10-8
0.69x107% - 0.11x10-®  -104.78x10-8 -8.39x10-8  109.96x10-%8  0.38x10-8

- 0.44x10"8 0.14%x10-8 5.80x10-8 -8,39x10-8 0.73x10-8  0.00%x10-8
0.00x10-'% - 0.00x10-10 3.93x10-10 0.24x10-10 - 4,12x10-10  0,00x10-10

- 0.00x10-1%  0.00x10-10 1.40x10-10  _2,39x10-10 4.07x10-10 _0,00%x10-10

- 0.00x10-10  0.00x10-10 3.23x10-10  _0.98x10-10 - 4.20x10-10  0.00x10-10

-

Table 5.8.5:

Balance of terms in

the zonal momentum equation for run II.

TIME DERIV.

0.03x10™5
0.88x107°
0.15%x107°
-0.26x10-8
-2.23%x10"8
=2.17x107°

0.05x10~10

3.08x10-10

L6T



Point HOR. ADV. VERT. ADV. HOR. DIF. VERT. DIFF. RADIATION  RADIATION TIME DERIV.

- (BASIC) (PERT.)
A 4917.7 -4865.8 428.26 -10.19 ~241.62 -211.35 17.06
B - _574.47 - 546.83 - 8.70 -14.30 301.76 ~288.95 17.46
c —649.74 631.05 - 3.90 -15.32 365.11 -309.62 17.58
D - 0.01 - 0.14 0.18 2.01 - 1.46 0.91 _1.50
E - 0.00 - 0.03 0.08 _2.01 - 1.46 0.91 _1.50
F 0.00 - 0.0l - 0.06 _2.00 - 1.32 0.90 1.51
G 0.00 - 0.00 0.00 6.92 - 11.15 1.81 ~2.42
H - 0.00 0.00 0.00 _6.92 - 11.15 1.81 -2.42
I - 0.00 0.00 0.00 6.92 - 11.15 1.81 ~2.42

Table 5.8.6: Balance of terms in the thermal equation for Run II. Units of 10-10gec-1,

861
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Unidimensional computation of the radiative diffusive

Figure 5.8.17:

equilibrium profile of g =

&-

Ca

Geo

for several values of K/
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has relatively little effect. The potential temperature at the sur-
face is here 25% lower than its initial adiabatic value, 730°K; hence
the linearization procedure used for radiation is inaccurate, and

the original radiative transfer equations should have been used.

This is actually done in section 5.10 for a purely radiative model.

The results of Run III after 3.6 x 107sec are shown in
Figures 5.8.18 to 5.8.24.

The direct cell at the top of the atmosphere is quite
similar to that obtained in Run I. The main difference is that
the circulation in the interior is stronger, with horizontal velo-
cities of the order of 10 cm/sec instead of 1 cm/sec.

The maximum zonal and meridional velocities are 18.3 m/sec
and 10.4 m/sec respectively, about the same as those in Run I. The
reverse cell is also observed at the pole, and the maximum downward
velocity is 2.8 cm/sec and occurs at 8° colatitude from the pole in
both rums.

The balance of terms in the forecast equations is presented
in Tables (5.8.7) to (5.8.9). The balance in the vorticity equa-
tion is quite similar to that of Run I; the nonlinear terms are still
negligible in the interior. In the zonal momentum equation the non-
linear terms are important in the interior but not near the bottom,
and this is also true in the thermal equation. In any case the ad-
vective terms in the interior (which tend to cancel each other be-
cause the streamlines are rather parallel to the isotherms) are of
the same order as the vertical diffusion term and smaller than the
radiative terms. Near the bottom they become completely negligible.

Both in Run I and in Run III the zonal momentum equation
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Point HOR. ADV. VERT. ADV.
-5 -5
A - 0.22x10 -~ 0.45x10
-8 -8
B -107.58%10 287.25%10
C 22,45x10°° - 15.,08x10" 5
D 0.05x10 2% - o.83x1071°
E - 0.22x10" 20 0.10x10"1°
F 2.62x10 11 1.41x10 1
G - 0.04x107Y2 - g.02x10712
H - 0.00x10"'2 - o.00x107¥2
1 1.07x10 14 0.24x10 14

Table 5.8.7: Balance

of terms in the

~ 45.72x10

HOR. VISC.

5

36.50x10 "5

1.09x10~ 8

438.11x10 >

15.94%10

10

- 16.10X10

11

-213.28x10_

8.33x10

14.80x10

12 20.46x10" %

12

14

vorticity equation.

VERT. VISC.

0.07x10"°

2.17x10" 8

0.51x10"°

0.20x10 10

0.07x10 10

0.00x10 11

2

6.53x10 2

—o77. 20x10 %

Run III

CORIOLIS

-5
1.89%10

11.02x10"°
0.36x10" 0

- 34.72x10 0

U. TERM

-5
154.21x10

SOLENOID

~109.63x10 >

37.61x10" 5

- 22.ng10'10

- 11.13x10 !

: =12
-274.87X%10

-238.43x10 2

-14
=1610.1% 10 1

0.17x10"2

7.20x10 10

5.10x10 10

- 9.63x10 %

4.01x10 12

4.34x10 12

28.64x10 14

- 9.59x10_

—266.58x10 °

8

-405,96X10_

10

9.82x10_

10

28.65%X10

248.,18%10

11

12

249.64%10

2389.3 Xx10

12

14

208

TIME DERIV

0.03x10"°

0.39x10
- 0.09x10
- 10.93x10
- 1.92x10
- 2.43 x10

6.95X10

-12
23.82%x10

318.58%10

8

8

10

10

12

14




Point

A

HOR. ADV. VERT. ADV. HOR. VISC. VERT. VISC. CORIOLIS U. TERM

- 78.10x10~°  470.97x10-% -544.13x10-® 2.28x10-° 4.

-466.11x10~° -292.59%x10~8 10. 63x10-° 0.47x10~%  280.

02x10-% 138.93x10-®

66x10-°  466.43x10-°

- 84.01x10-%  69.48x10™® _ 12.56x10-° 0.23%10-° 1.

- 8.10x10-8 0.27x10~%  34.52x10-% - 1.76x10"% - 42

106.22x10-8 -143.82x10-8 14.63x10~% - 2.93x10-% -110

-359.15x10-%  304.97x10-% - 41.24x10-°8

0.58x10-1% _ 1.43x10-'%  67.33x10710  46.88x10-'0 _ g6.

.46X10°

10.16x10-° 7.

24x10-%  0.03x10-®

.30x10-% - 7.01x10-8

8 _17.82x10-8

62x10~%  1.16x10-8

46x10-10  0.18x10-1°

- 3.30%10~1%  14.05x10-19 285.28x10-'0 - 14.89x10°'0 321,

10x10-1% - 0.59x10-1?

6.79x10-10 = 3.47x10-10 432.57x10"'0 —129.19x10-!0 12

Table

5.8.8: Balance of terms in the zonal momentum equation. Run

.09x10~*9 - 0.02x10"10

IIT.

TIME DERIV.

6.03%10-°

0.41x10-°

0.25%x10-°

- 24.37%x10~8

- 96.80x10-°

27.08%x10-10

601.65%x10-1°

60¢



Point  HOR. ADV. VERT. ADV. HOR. DIFF. VERT. DIFF. RADIATION  RADIATION TIME DERIV.

- (BASIC) (PERT.)
A 478.79 - 464.51 363.04 -0.57 -241.62 -129.77 5.36
B 1396.9 -1360.9 0.10 -1.68 301.76 ~-330.89 5.29
c -1417.8 1386.9 - 0.28 -1.63 36.51 - 32.66 5.75
D 0.54 - 0.75 0.01 -1.46 1.30 0.27 -0.09
E - 0.33 0.51 - 0.22 _0.26 - 1.46 1.24 0.02
F 0.81 - 0.87 - 0.07 0.27 - 1.32 1.29 0.24
G 0.20 0.16 - 0.03 1.25 - 11.15 6.31 -3.58
H - 0.16 0.13 0.00 1.26 - 11.15 6.33 -3.59
I 0.26 - 0.21 - 0.01 1.25 - 11.15 6.31 -3.55

Table 5.8.9: Balance of terms in the thermal equation. Units of 10-1%sec™!. Run III.

0t?¢
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shows a lack of convergence in the interior and near the bottom.
However this is not really important since the zonal velocities them-

selves are very small except near the top.

Run IV: v - K. - 16'% em? /e

L H
q
Y, . Ky = 10 et/ are
%

In this run we allowed a deeper penetration of solar radi-
ation, and consequently a deeper circulation. An optical depth
q:z 2.% allows 10% of the solar radiation to reach the surface
when the zenith angle is zero; when the radiation is averaged over
a day, 6% of the normal radiation reaches the surface at the equator,
3% at 45° and none near the pole. TFigure 5.8.25 shows the basic
"adiabatic" heating field obtained with Zs*._.,:)_?; . (Unfortunately,
even though the model was free from nonlinear instability, a 'nood-
ling" effect appeared and though there was a tendency to settle down,
the smaller-scale details are obviously not real.) —
In Figures 5.8.26 and 5.8.27 we present the temperature
and meridional velocity v fields obtained after l.8x1073ecs. P
Besides the '"moodling", the most important observation is
that the velocities are much stronger both in the interior and near
the top, and that the circulation is able to maintain the temperature
close to an adiabatic stratification everywhere.
Even though the numerical values don't deserve confidence
because of the noodling, we present in Tables 5.8.10 to 5.8.12 the

"balance" of terms in the forecast equations, because they may give
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Point

HOR. ADV.

- .70.22410"5
_6
-131,99x10

6
- 22,26x10

_6
2.50x10

_10
154,79x10

VERT. ADV.

- 59,45x10-5

105.64x10-6

- 1.85x10-°

_9
307.37x10

8
17.96x10

_10
- 0.73x10

0.45x10-10

4,43x106

620.93x10-10

HOR. VISC.

- 17.41x10-5

47.00x10~6
2.80x10-%

- 40.70x1076

535.99x10-°

8
- 11.24x10

- 2.20x10-10
10

- 0.14x10

309,36x10710

-111.37x10~°

42.07x10-8

- 1.49x10-10

41.64x10~10

- VERT. VISC.

3.85x107°

3.78x10-6

1.11x10-6
- 0.04x10-®
- 8.99x10710
- 1.27x10-°

-104.52x10~8

10.25x10~10

4,41x10-10

7

Table (5.8.10) Balance of terms in the vorticity equation after 2x10

CORIOLIS

0.04x107°
0.00%x1075
0.00x1078
0.52x1078
5.00x10710
0.01x1073
0.21x1078
1.06x10710

0.20%x10710

Run IV.

U. TERM

6.20x1073
0.00x107®
- 0.00x107®
41,97x107°
6.19x10710
0.00%x1072
0.00x1078
0.01x10710

0.00x10~10

SOLENOID

- 77.92x1073

- 80.64%x1078
28.10x1076
9.40x107®
-178.5 10710

289,06x107°

25.62x1078

45.05x10710

61.84x10"10

215

TIME DERIV.

- 61.19x10°5

1.99x107°

18.08x10~6

17.50x10™2

- 182.68x1078

- 40,27x10°10

——— s ol s o it

- 15,68x10710



Point

Table 5.8.11:

HOR. ADV. VERT. ADV, HOR. VISC.
32.49x10-3  -34.35x10-3 10.18x10-3
34,12x10~%  -31.82x10~" 0.21x10™"*

- 41.14x10-° _46.70%x107° 2.12x10">

- 4.90x10°  431,29x10~->  -396.70%x10-°

-115.20x10-%  13.77x10- 20.15%x10-°
12.06x10-%  -31.29x10-° 23.29x10-°

8.19x10-° 0.65x10-5 - 7.43x10-®

- 5.12x10-8 8.99x10-8 1.14x10-8

- 4.22x10"%  21.49x10°8 16.55x10~8

VERT, VISC. CORIOLIS U. TERM TIME DERIV.
0.03x10~3 - 0.25x10"3 - 22.20x1073 - 34.47x10-3
0.00x10—" 4.40%x10™" 2.91x10-" 9.83x10~"
0.10x10-> 10.06x10-> 1.06x10-° - 1.22x10">
0.14x107° - 8.01x10~°  =252.42x10"°  -230.60%x10~>

- 0.03x10-%  54.13x10-° 32.96x10-° 5.79%x10-°
0.03x10-% - 1.76x10-® 0.15x10-8 2.48x10-5

- 8.05x10-% _88.48x10-° 4.08x10-° 85.92x10-5

275.08x10-%  122.98x10-% - 0.34x10-8 = 402.74x1078
10.93x10~8 1.55x10-8 0.00x1078  24.03x10-®
x 107sec. Run IV.

Balance of terms in the zonal momentum equation after 2

9T¢
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Table 5.8.12:

Run IV.

HOR. ADV. VERT. ADV.
362.56 -367.20
- 42.55 31.79
-515.78 1016.3
- 94.84 252.09
5.98 - 8.22
- 35.00 19.93
=548.63 450.31
- 5.45 4.57
- 7.24 6.10

HOR. DIFF.

223.62
158.77
-231.58

- 82.19

- 0.18

7.64

5.42

0.11

0130

Balance of terms in the thermal

VERT. DIFF.

-0.98
-3.49
-1.30
-0.03
-0.06

0.05

equation after 2 X 107 sec.

RADIATION
(BASIC) (PERT.)
-246.13 0.84
-240.93 66.34
-240,79 -13.31
- 1.46 0.00

4,66 - 0.07

__7.23 0.02
- 11.15 1.97
- 11.09 1.73
- 10.71 1.73

Units

RADIATION TIME DERIV.

are 10‘losec

-1

L12
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an indication of what would be the dominant terms in balance in a
correct solution. It may be inferred that a solar optical depth

of C;b:.ZIB or smaller will give rise to a circulation that is
strong enough to stir the whole atmosphere and maintain an adiabatic
or quasi-adiabatic stratification. In particular, from Table 5.8.12,
we see that nonlinear terms in the thermal equation are of the

same order or larger than the radiative terms even near the ground.

Other runs: In several runs it was observed that poor resolution
may give rise to large-scale oscillations that are not damped out
with time. These spurious oscillations may be due to a physically
unstable situation produced by truncation errors especially in the
advective terms. For example in one run very regular oscillations
were observed in the meridional circulation with the suggestive period
of 4 1/2 earth days (the same as the observed rotation period of

the clouds). It was thought that this was related to an inertial
period corresponding to the high relative rotation, until it was
found that increasing the resolution caused the oscillations to dis-
appear! ' In this case the oscillations were associated with a highly
unstable distribution of angular momentum, which also disappeared

as the number of grid points was increased.

5.9 Energy budget

We define the kinetic energy of the zonal motion as

oA
K. . ama' g e, Lt oumd b2 , (5.9.1)
: - 92

o o
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the kinetic energy of the meridional motion as:
1 2
Ky = 2la S S P Ci,: s A dr ) (5.9.2)
6

and the potential energy separated in its initial (adiabatically-~
stratified) value and the excess of potential energy generated during

the run by

¢ Th
QWS S(Pagz - Pfigz) smudade (5.9.)

0 o

Then, from equations (5.2.1) to (5.2.5) we obtain the energy

equations:
%‘éz: CT 4+ UT D, EgKsz% _D, (5.9.4)
%‘_Eﬁ_: P}KM}__CT-UT~DM:%P)\(Ng,ikmg-l)m(s.ms)

{
90 GP ) {p KM% (5.9.6)

where
cT - '“ofS § O S vm aimadw de (5.9.7)
‘ LY}
UT = _arat g g fu _Cf\l W A ol dtc( Az (5.9.8)
o % a
B Ta
D, - _Q,Tfa,lg g % ii" L@Mj):J M “%\)zi pimw dada (g g g
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W T, 2
D= _Qn‘alf g 9@{@ wmdl] v (M2>L}Madada- (5.9.10)
0 » Q—L };).Mzﬂl
w T2 ~
{P} Kﬂg:-aﬁaz j g 8w 8?« Aom ol d « dz (5.9.11)
° o
»~§TD& N
Go= 2o ) ) 3% 48 x an o de
A
- _2|Ta.1gg3 S’Qz{& Mﬁ m§% R RV g Amy dadz  (5.9.12)
= o at Aun Cp?aﬁiga

These equations are completely similar to the energy equa-
tions in the Boussinesq model (section 4.7), except that the mean

constant density fi , is replaced in the quasi~Boussinesq model

by the mean adiabatic density fl , and the relative density de-
~ ~
parture % by - 0 , the negative of the relative potential

temperature departure.

Figures 5.9.1 to 5.9.4 show the energy budgets of the model
atmosphere at the end of the four runs. It is interesting to compare
the results with those obtained in the Boussinesq model with rotation
(section 4.7).

| The initial potential energy in the quasi-Boussinesq model
is less than half the potential energy in the Boussinesq model where

the density is constant and therefore the center of gravity is higher.

The excess (or deficit) of potential energy over that of the basic
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stratification is two orders of magnitude larger in Runs I, II and
III, and one order of magnitude larger in Run IV, than that of the
Boussinesq model. This result reflects the fact that radiation has
affected the deep atmosphere in the quasi-Boussinesq models, making
it more stable and decreasing by a large amount the unavailable po-
tential energy, whereas in the Boussinesq model the interior density
remained essentially unperturbed.

In the Boussinesq model the (39 term was about twice as
large as the {V,Kr‘€ term, indicating that only half of the poten-
tial energy generated was unavailable. Here the ratio GP//{p,K%Ag
is of the order of 100 or more in Runs I, II and III. Again, this
is due to the fact that the general circulation is confined mainly
to the top, and in the interior there is a tendency to have radiative
equilibrium, which obviously has not yet been reached. (59 is
negative because radiation is continuing to decrease the unavailable
potential energy by much more than available potential energy is
being generated and converted to kinetic energy.

In Run I, and in the Boussinesq model, in which v»=10womﬁégc
and VY, = 16‘cml/sec, the ratio of the zonal kinetic energy to the
meridional kinetic energy is roughly 10:6. In Run II, where the hori-
zontal coefficient of eddy viscosity was increased to 10“ cﬁl/sec
this ratio decreased to 10:30, and in Run III, where the vertical
coefficient of eddy viscosity was reduced to ld;cﬁL/sec, the ratio
increased to 10:4. This suggests that if smaller (and probably more
realistic) values for the horizontal and vertical coefficients of
eddy viscosity were used, the zonal kinetic energy would become

even larger.
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The confinement of the circulation to the top in Rums I,
IT, and III is also apparent in the magnitude of the kinetic energy
which is roughly 40 times smaller in the quasi-Boussinesq than in
the Boussinesq case. In Run IV,in which the circulation penetrates
deeply into the atmosphere, the kinetic energy is of the same order
as in the Boussinesq case.

If the models had converged we should have observed the

following equalities:

G {05}
{PXnt = (LKM,K%§ + Dn (5.9.13)

{KH,KZ}:D}

Of these, only the last two equations have been satisfied
with good approximation in Runs I, II and III. The first equation
is very far from being satisfied because of the tendency of the in-
terior to reach radiative equilibrium with a much larger relaxation
time than the times for which the integrations were made.

Figure 5.9.4 corresponding to Run IV with gfz‘zj; presents
a much different picture. The effect of a deeper penetration of the
solar radiation is twofold: there is a greenhouse effect, and a
deeper circulation is driven; the combination of the two effects is
apparently capable of maintaining a near-adiabatic lapse rate. Thus

in Figure 5.9.4 we see that even though there is no sign of conver-

gence, the values of Gp and {?)KM} are of the same order, and
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that the extra potential energy generated is 10 times smaller, and
the kinetic energy 100 times larger, than in Runs I, II and III,

in which solar radiation was absorbed mainly at the top.

5.10 Radiative equilibrium in a semi-grey atmosphere

The results of Runs I, II and III, as well as those ob-
tained in the nonrotating quasi-Boussinesq model, show that if solar
radiation is absorbed mainly at the cloud top level, then the large-
scale circulation is not able to maintain an adiabatic or close to
adiabatic temperature stratification in the interior. In that case
the thermal balance will be mainly radiative and the temperature will
tend to become isothermal in the interior. In this case the quasi-
Boussinesq approximation and the linearized treatment of radiation
become inaccurate.

To find what the radiative balance would be if large-scale
convection and turbulent diffusion were negligible, a simple and rapid
method was developed to evaluate the radiative fluxes in a semi-grey,
constant composition atmosphere.

For a semi-grey atmosphere, the thermal and solar radiative

fluxes are respectively (Gierasch and Goody, 1970)
c*

_2.)
F () - §

T - (¢-2 - :
GTH(f)e‘- Ordk +_UT*“Qf (€

T

Cf
_ S T (t) " (t-= Ak

y (5.10.1)

E(ts) - F (o) o (5.10.2)
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which are seen to coincide with equations (3.3.1) and (3.3.18). As
before we consider <, to be the effective solar optical depth.

If we assume that the volume absorption coefficients both
for solar and thermal radiation are proportional to the density, but
with different constants of proportionality (semi-grey assumption),
then from the hydrostatic equation, we obtain that the optical depths

are proportional to the pressure:

p-fn - Cr - Cry - CTs-Csw
- - - == ==
Mo % so (5.10.3)
where fL , C_ , and C are the values of the pressure
H o Su

and the thermal and solar optical depths at the top of the atmosphere,
and may, in particular, be zero.
The heating rate is given by

T | @(Fs -\‘-':r>

———

ot a CE

(5.10.4)

or, using the hydrostatic approximation

-,

—

3
H

@I.?i: :.,®(FS—FT> (5.10.5)
T g

o

We introduce (5.10.3) into (5.10.1) and (5.10.2) and obtain
['o
H
-FT (V‘) z § TT (P)e
1\

rf; -
57”0_1—9 (P) e A rC d?P (5.10.6)
0}

—J'CT(P'f) Y -
rC dP +(rT*e'rC'(n° 2
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- G (p- e
Fs (1) - L‘s(m) ¢ ) (5.10.7)

where C‘_‘_ - Cro and Cs _ &,

e o

Equations (5.10.5) to (5.10.7) and the boundary conditions

K-k -o o pe o, " (5.10.8)

are simple to integrate numerically by successive iterationms.

If the atmosphere has a large thermal optical depth, E‘l‘o ,
the rapid variation of the exponentials in equation (5.10.6) may pro-
duce problems in the numerical approximation. However, in that case
we can make the following simplification (Figure 5.10.1):

Divide the atmosphere into pressure layers A[’" and assume

that the temperature varies linearly with pressure within each layer

i.e., at each layer n, set

-

T T () A

where (1: r CT (r"‘nm)
A‘1: rCT A/y"

Then, if we assume that the temperature varies continuously, and neglect
.
e (\4(\ , we can integrate (5.10.6) directly and obtain the finite-

difference system of equations
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Figure 5.10.1: Computation of radiative

equilibrium.
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FT - G'[{'(TMITM-(‘TM) - £ (TMITMH‘-’:\)} For m;Z,...)“’I

m

A4 Aq
[ - Q’ET.*— {"(T.) T*L-T.\)}
{ A“
Fry . ¢ 4 (T, T, Ty )
A4
_J(v-m)C, AC}]
F:Sm - SN 8 [ n M:l),_,} N*l

(5.10.10)

I —
T"\ = T’" + M‘%‘ [FSMH - FrM+| - E" + {;"‘]
Gl

fmma ], Nl

ya
| \ / - / )
Ty = \w\-kgz(TM(.Tmz
T;ﬂ = $25t
where

Sr'(T’ (3) - Tq+ Hgs’\'s+ \QPIT’L_). 24 r?f 424 (3" (5.10.11)

The numerical integration of the system (5.10.10) to convergence is
simple and rapid. Once the final solution 77?» is known, the cor-
responding function TY}) may be obtained from a combination of the

hydrostatic equation and the perfect gas law:

(5.10.12)

dz - RT 2
3 n©r
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Table 5.10.1 shows the surface temperature obtained at

R , . X *®
radiative equilibrium for some combinations of &g and C;_

: diffusive
Gierasch and Goody's (1970) radiative4equilibrium calculations gave

a surface temperature of 464°K when zs*" 2. and C:.e=50 ; this
coincides with our radiative equilibrium result.

The combination C:':ZZZ. and tz*: 55 , which was used
in Runs I, II and III, gives a radiative equilibrium surface temper-
ature of 271°K. We quote Mintz (1960) as saying that it is like a
greenhouse with very dirty glass which will not work. If the circu-
lation is included, the results of Runs I to III indicate that it
will be able to maintain the lapse-rate close to adiabatic only in
roughly the upper half of the atmosphere. In the lower half the ther-
mal balance will be radiative, and we would expect the surface temper-
ature to have an intermediate temperature of about 500°K, consider-
ably lower than the 748°K observed by Venera 7 (Avduevsky et al.,
1971).

The combination C:=7-21 and Z:: 2.3 , which was
used in Run IV, gives a surface temperature of 664°K, so that even
if 90% or more of the solar radiation is absorbed before it reaches
the surface, there is a considerable greenhouse effect, although not
enough to explain the Venera 7 observations. But the results of Run
IV show that in this case the combined effect of a deep circulation,
which penetrates to the ground, and a partial greenhouse effect can
explain the adiabatic lapse rate throughout the atmosphere and there-

fore the high surface temperature observed by Venera 7.
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*
C}% 1.0 2.3 4.6 9.2 55

50 522 464 401 341 241
100 617 548 470 395 252
150 680 604 517 431 261
200 v 730 647 553 460 268
222 ~ 750 664 567 469 272
250 v 770 684 584 483 275
300 ~ 800 715 610 504 281
350 v 830 742 633 522 287
400 v 860 767 653 538 292
450 v 880 789 672 553 297
500 ~ 900 810 689 567 301

Table 5.10.1: Surface temperature for radiative equilibrium

in a grey atmosphere. These values have been computed assum-
7.«

ing the solar radiation to be normal and equal to F; = 0lege =

55£L’H . If the zenith angle is different from zero,

a correspondingly larger value of qf should be taken.
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CHAPTER 6

Summary and Conclusions

In this thesis the behavior of two-dimensional models of
the atmosphere of Venus is studied. Two extreme cases are consid-
ered: first, we neglect (following Goody and Robinson) the effects
of planetary rotation and assume that the subsolar and antisolar points
remain fixed, and second, we include the planetary rotation but as-
sume that the effects of the diurnal variation of solar heating are
negligible. In each case we develop a Boussinesq model, in which
there is no basic stratification of density, and a quasi-Boussinesq
model, in which the effect of stratification of demsity is included.

The Boussinesq model without rotation does not include
radiation, since the transfer of heat is assumed to be effected only
by eddy diffusivity and large-scale advection. The model is thus
more similar to Stone's than to Goody and Robinson's model. The re-
sults obtained show an overall agreement with those of Stone and
Goody and Robinson. An asymmetric cell develops, with a strong cur-
rent at the top directed from the subsolar to the antisolar points
and a strong downward jet at the antisolar point ("mixing region").
In Goody and Robinson's calculations, the downward motion is confined
to the narrow mixing region, a phenomenon which would explain the
almost complete cloud coverage of the surface of Venus, if the clouds
were of condensational origin. However, our results differ from
theirs in that weak downward motion occurs over most of the dark
hemisphere, not only in the mixing region.

The convergence time is given by the interior advective
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time OV&UQJ ~ \OTALL, or approximately one Venus solar day. This
shows that the approximation in which the subsolar point is assumed

to be fixed is not really justified. The approximation is even

less justified for the quasi-Boussinesq model, in which the interior
velocities are much weaker and the relaxation time for the deep at-

mosphere consequently much longer.

In the Boussinesq model without rotation, the stratification
remains neutrally stable except in the top boundary layer, but this
fact is not really signficant, for radiation is not taken into
account, except for the influx and outflux of heat at the top, and
it is the vertical eddy diffusivity,which is very probably too large,
that tends to maintain the density neutrally stratified.

In the Boussinesq model with rotation, in which the solar
heating is averaged over a Venus solar day, the result obtained is
essentially a direct Hadley cell in each hemisphere and a sﬁaller
reverse cell near the poles, the latter occuring because the rings
of air near the top of the atmosphere tend to increase their speed
of rotation as they move polewards with decreasing radius of rotation,
until the centrifugal force urges them back before reaching the pole.
Angular momentum is transported polewards in the upper atmosphere with
the result that in most of the atmosphere there is a shear of the
zonal momentum in the same direction as the planetary rotation with
a maximum near the pole. As in the Boussinesq model without rota-
tion, the circulation penetrates the atmosphere and the return flow
has its maximum intensity near the bottom. The stratification also
remains neutral in the interior.

In the quasi-Boussinesq models, two important factors are
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introduced: (a) the basic stratification of demsity in the deep
atmosphere of Venus is included, and (b) radiation is introduced
through a semi-grey approximation, i.e., constant absorption coef-
ficients are assumed for both the solar and thermal radiation, The
thermal radiative fluxes are linearized about the values they would
have in an adiabatic atmosphere. This linearization is introduced
in order to obtain a simple expression for the thermal fluxes. If
the stratification does not remain nearly adiabatic, the approximation
becomes inaccurate; this is probably the least accurate approximation
of the model.

In the quasi-Boussinesq model without rotation most of the
solar radiation is assumed to be absorbed near the top, as was the
case in the Boussinesq model. The results obtained are similar to

those for the Boussinesq model, except that the stratification of

density confines the circulation to the upper part of the atmosphere.

In the interior only a weak frictionally-driven circulation with
velocities of the order of a few cm/sec are found. Hence the large-
scale circulation is unable to maintain an adiabatic stratification
in the interior. The thermal equilibrium in the lower atmosphere is
radiative-diffusive, with a much longer relaxation time (of the order
of 10 sec or 100 Venus solar days). The confinement of the circulation
to the upper atmosphere was also obtained by Hess in a numerical model
in which pressure was used as a vertical coordinate and with radiation
absorbed and emitted at the top of the atmosphere as in our Boussinesq
model.

In the quasi-Boussinesq model with rotation and symmetric

heating, several cases were run, with varying horizontal and vertical
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coefficients of eddy viscosity and diffusivity and varying penetra-
tion depths of solar radiation.

As in the non-rotating quasi-Boussinesq model, it was
found that if most of the solar radiation is absorbed near the top
C C:' = 55) then the large scale circulation remains confined to
the upper atmosphere and cannot maintain an adiabatic stratification
in the interior (Run I). However, when some penetration of the solar
radiation is allowed ( q: = 2.3), even though only 6% of the solar
radiation reaches the surface at the equator, and much less at higher
latitudes, the circulation is able to penetrate the interior of the
atmosphere (Run IV). 1In this case it is found that the combination
of a deep large-scale circulation, and some greenhouse effect can
maintain an adiabatic or nearly adiabatic lapse rate.

The effect of increasing the horizontal coefficient of
eddy viscosity is to slow down the intensity of the circulation, es-
pecially the zonal velocities. With ¥V, = 101%cm?/sec (Run I) the
maximum relative zonal velocity is found to be 18 m/sec, whereas it
is only 2.0 m/sec when \%. = 1011cm? /sec (Run II). Smaller (and
probably more realistic) values of the horizontal coefficients of
eddy viscosity would allow larger zonal velocities, perhaps of the
order of 100 m/sec, although not near the equator.

When lower values of the vertical coefficients of eddy vis-
cosity and diffusivity are used (Run III), as being more appropriate
for the slow velocities and stable stratification of the interior,
the frictionally-driven interior circulation becomes somewhat stronger
with velocities of the order of 10 cm/sec; the thermal equilibrium is

now radiative-advective rather than radiative-diffusive; otherwise
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the results are essentially the same,

It is found that the planetary rotation has a considerable
effect on the circulation even though the rotation period is very
long (243 earth days). In the interior the relative velocities are
very small, and therefore the Rossby number is small compared to
unity (except in Run IV, where the interior velocities are of the
order of a few meters per second and the Rossby number is of order 1).
Near the top the relative rotation due to the transport of angular
momentum towards the pole is important.

We should note here that each of the runs described required
several hours of computer time in the very fast IBM/360-95 computer
at the Goddard Institute for Space Studies at New York.

The apparent rotation of the sun, S;S , is given by
2,.0, -9,

where Sly is the angular velocity of Venus corresponding to its yearly
revolution around the sun and SZK the angular velocity corresponding
to its sidereal rotation. The prograde revolution of Venus with a
period of 225 earth days, and its retrograde rotation with a period

of 243 earth days, combine to give a prograde apparent rotation of the
sun with a period of 117 earth days. If solar radiation is assumed

to be absorbed near the top, then the effect of the prograde motion

of the sun would be to tilt the convection cells in such a way that
there would be an upward transport of prograde zonal momentum. Only
if the frictional effect of the ground is strong enough can retro-
grade motion be produced at the top (Schubert, Young and Hinch, 1971).

Therefore it is felt that the mechanism proposed by Schubert and
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Whitehead to explain the obseryed high zonal velocities at the cloud
top level is not probable, since the effect of the ground is unlikely
to be significant at’high levels, especially when the basic strati-
fication of the density is cousidered.

A more probable explanation seems to be a combination of the
assumption of symmetrical heating introduced in Chapters 4 and 5, and
the Malkus-Thompson idea.that an initial zonal flow can amplify beyond
the linear limit by Reynolds stress interaction with the tilted
thermally~induced disturbances in such a manner that the velocity of
the zonal flow becomes much larger than the apparent velocity of the
sun, so that the direction of the solar rotation becomes immaterial.

Let us assume that the main effect of the sun is to produce
a direct Hadley cell in each hemisphere, and a corresponding shear
of the zonal momentum, with maximum retrograde velocities at the top
of the atmosphere as in our quasi-Boussinesq model with rotation.

The diurnal contrast of heating between the day and night hemispheres
will be important only near the top of the atmosphere. There, as
Thompson has suggested, the basic shear of the zonal velocities

can tilt the convection cells in such a manner as to increase the
shear and produce even stronger zonal velocities at the top. Although
the zonal shear produced by the Hadley cells is a minimum at the equa-
tor, the heating contrast is a maximum so that both effects may combine
to give an appearance of near solid rotation. Furthermore, the ultra-
violet cloud pictures show that the motion is actually three-dimen-
sional, with the bifurcated horizontal Y pattern suggesting that

there is eddy transport of retrograde zonal momentum from middle to

low latitudes.
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It is felt that only a three-dimensional, non-linear, non-
Boussinesq model of the Venus atmosphere will adequately test the
validity of the hypotheses offered to explain the high zonal velocities.
A simple model suggested by J. G, Charney and R. T. Thompson that
will retain the characteristics of three-dimensionality without con-
suming a prohibitive amount of computer time is proposed in Appendix
A. Some preliminary computations were actually made but were ruined
by non-linear instabilities inherent in an earlier version of the
finite-difference equations. It is felt that the procedure discussed
in sections 2.5 and 5.6 will eliminate these instabilities.

A very fast procedure has been found to obtain the radiative
flux and the corresponding radiational heating in a semi-grey atmo-
sphere when pressure is used as vertical coordinate (section 5.10).
The use of pressure as vertical coordinate has the advantage, further-
more, that it provides a time-independent continuity equation without
the need of the quasi-Boussinesq approximation. These characteristics
make desirable the use of pressure as vertical coordinate in future
models. The only disadvantage is that it gives poor resolution in
the upper atmosphere, but this might be corrected with the use of
a suitable vertical stretched coordinate defined in terms of the pres-
sure. Other improvements that should probably be introduced are
the use of nonconstant coefficients of eddy viscosity and diffusivity
dependent on the local Richardson number and the horizontal deformation
field.

In the course of this investigation it was realized that
in order to keep the computation time within reasonable limits it was

necessary to use non-uniform grids in order to be able to resolve
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the boundary layers. A studv of the truncation errors introduced
by the use of such grids was made (Appendix B), It was found that
a suitable choice of the stretched coordinate gives a decided advan-

tage over other variable grid methods.
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APPENDIX A

A Truncated Fourier Series Model

For the Three-Dimensional Circulation of the Atmosphere of Venus

A.1 Introduction

Our approach to the study of the circulation of the atmo-
sphere of Venus was to try to obtain a steady state numerical solution
for a series of simple two-dimensional models. These solutions,
which include nonlinear interactions, are more complete than the sche-
matic solutions obtained by scale analysis in previous studies (Goody
and Robinson, 1966 and Stone, 1968). They have shown that some
penetration of the solar radiation through the atmosphere is neces-
sary in order to maintain an adiabatic stratification. However it
has become clear that a two-dimensional model cannot explain some ob-
servations of the atmosphere of Venus, in particular the high zonal
velocities observed at the cloud top level (Dollfus, 1968; Smith,
1967). The cloud observations also indicate that the circulation is
three-dimensional and unsteady.

The recent theories developed by Schubert (1969), Malkus
(1970) and Thompson (1970) make it plausible that the large zonal
velocities observed may be due to the apparent motion of the sun during
a Venus solar day. Thompson's model requires a basic zonal flow
with a vertical shear. The relative motion of the sun is not essen-
tial. The basic zonal flow can be explained by neglecting diurnal
variations as a first approximation, and considering a two-dimen-
sional model symmetric around the equator, as was done in Chapters

4 and 5. But it is obvious that a three-dimensional model will be
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necessary to adequately test the validity of the theories of Schubert,
Malkus and Thompson.

The possibility of developing a fully three-dimensional
numerical model for the atmosphere of Venus is remote now, because it
would require an enormous consumption of computer time, probably comp-
arable to that reaquired for the complex models of the three-dimensional
atmospheric circulation developed, for example, by Smagorinsky et
al. (1965). It would not be reasonable to construct such a model
now in view of the sparcity of data on the constitution of the atmo-
sphere of Venus, its aerosols, and its circulation. We propose in-
stead to develop a simple model that will retain some characteristics
of three-dimensionality while requiring only a little more than three
times the amount of computer time used by a two-dimensional model.

The model proposed is one in which zonal variations are
expressed by a Fourier expansion with only a few components retained,
and a finite-~difference method is used to solve the differential equa-
tions in the meridional and vertical directions (similar to the one
used in Chapter 5).

The expansion in Fourier series for the zonal dependence,
when only a small number of components are retained, has several
advantages: (a) the boundary condition of periodicity in the zonal
direction makes the expansion in orthogonal (Fourier) series espec-
ially simple; (b) for very few (say 3) components the Fourier method
is about as efficient, computationally speaking, as a finite-differ-
ence method with the same number of grid points; (c) for a moderately
large number of components, the Fourier method is much more accurate

than a finite-difference scheme with the same number of grid points
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(Orszag, 1970). With few components, this becomes even more true,
since finite-difference methods become meaningless as the number of
points decreases and the Fourier representation retains the basic
characteristics of the nonlinear interactions; (d) the Fourier repre-
sentation has conservation properties of energy and momentum similar
to those of the continuous equations (Lorenz, 1960).

In the meridional and vertical directions it would not be
convenient to use an expansion in orthogonal functions because there
it would be necessary to retain many more components to obtain a
reasonable resolution and this would require much more computer time.

We present here the basic equations and a method of solu-
tion for a numerical model in which the meridional and vertical di-
rections are resolved by finite difference and in which diurnal var-
iations are taken into account by retaining only three Fourier com-
ponents: the zonally-symmetric component and the sine and cosine

components with longitudinal wave number unity.

A.2 Three-dimensional quasi-Boussinesq model

(a) Continuous equations

The quasi-Boussinesq equations are written in spherical
coordinates, where X is the longitude, increasing in the retrograde
direction, ® the colatitude and z the height: The zonal momentum

equation is

P w —_— - Wiy - - - —— ‘f‘F\r
) - L 2 arie & A a

(78 .

L sl pontol Aol (A.2.1)
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the meridional momentum equation is

! 3
au'___ R \S‘A" L‘\f* _ w‘)-l__ Cpea ‘H“( + et o “w ~‘F“
24 A Nian A a a a

wl oa (Varuas) s 5\, LV _ 2o ‘l vV, U,
+—[ "+ ot Al + YV (A.2.2)

atl L pild N o P L

the hydrostatic equation is

0-- CpﬁﬂTL + 9= (A.2.3)

a.
+ Ky Oy +—21— (A.2.4)

and the continuity equation is

wy (v rinnet) & + (wa);
a»@.u A S ok e&

=0 (A.2.5)

(b) Expansion in a finite Fourier series

The variables u, v, w, 6’ s TT' , and Qqy are now expanded

as follows:

Fhazt) = fo(428) ¢ C42,8) en ke b (42,1) 2Anr A (A.2.6)
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We introduce (A.2.6) into equations (A.2.1) to (A.2.5)
and, by integrating them with respect to A between 0 and 2N ,
obtain the zonally-averaged mean field equations. Similarly, equa-
tions for -fc and -F, are obtained by multiplying (A.2.1) to (A.2.5)
by cosA and sin A and integrating between 0 and 2W.

The following equations for the mean fields and the Four-
ier components are obtained:

The three zonal momentum equations:

U _ _Ne Up, _WolUo, - VeUeg + Vg sy We Ueq tWsUsa2
>t a 2o 2
(°)
-_ci‘?_fi[ uov”_‘:‘_"w] e, + l»s.[(.uagfw’a«&)x _ b}o‘ + W, ey,
BUe | s A ’*cd— Ve Uo, ~Wolke, — W, u,,%_c_—_\o___'n
2>t aNirn oL a. a Naa A
(<)
- cotol WV, +UcY, ‘“g\g' +VH Ueg Anct) s 2uc ZCnaLu- u
—_— ~ Y, Ue (A 2.7)
o N X /)-waL rrontal
QUs | Uolke _ N, y, .._S_U.o* Wo‘*o ~ Wy “o +£’ﬁ——-(n'c
Fac ariamod X P NS
Cs)
c:kc( [(&,\Y "us\rl“’%“—s [(cho‘#\mc‘)d s _2n o vcl_‘_\) (,(s
Wo( Mo( mo(

The meridional equations of motion are:

v, . CUUstUsve) o ¥, ~Wo o, ~ Ve Ve tVsVsy _ WeVe, +WgVig

>t 2.a shan ol a 2o, 2
(°)
[
- Cfga’n‘; + Co'foL[ t(:-(-."&'i.‘i}_] - {Lu, +VH [ (Vo u Wl _ + Voo,
a oL A Y a." 04,. DL M 0‘
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(A.2.8)

4 2u g

In these equations the w-terms in the expressions for the horizontal

viscosity are neglected. The hydrostatic equation components are:

[
0 = - CZPEZxTT;E t9 O

a.

!

0: _CPQ“T"’(_&{_ ?_9_"
Ba.

0 - scpé’«ﬁéiﬂt gf_‘_

The thermal equation components are:

(o)

(c)

(s)

(A.2.9)
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(A.2.10)
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Equations (A.2.7), (A.2.8) and (A.2.11) can be solved numerically
by a finite difference method; it may be useful to use stretched
coordinates, especially near the top of the atmosphere.

At each time step after advancing u, v and & , the new

value of T' can be obtained in the following way:

We define
- | H A
Pa = —H—L Pact (A.2.12)
and
pd ! " f d
T'(x) = X (a T (%.2)ac? (A.2.13)
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From the continuity equation (A.2.1l0) and the boundary

condition Wo=o0 at w=0,H , we have
2 " d
2 | pmot J v,p,d2 | = o
2 d [ G e ]

and since AS, Mok =0 at the pole

H , H
f '!S-oea,A'l :%J Vo Fad"z = 0

(4

Then we can integrate equation (A.2.8.0) from top to bot-

tom and obtain

— H
2T !
Cpba 2T _ ' 9% , G 6a 2 o) &J&
o ot H eu 2>t 7% D ok

(A.2.140)

where the parenthsis in integral is a shorthand that stands for the
right hand side of equation (A.2.8.0) without the pressure term.
Similarly from the continuity equation (A.2.1lc) and the

boundary conditions W,=0 at =z=o,H, we get

j (s + QC’\J}_M»&)) p.de = o0

, We can combine equations (A.2.7s) and (A.2.8c) to obtain

{2_[(_@_‘&+ %E_c_)wa] + (2 -%ﬂ)g fadz  (A.2.140)
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pod |
which is an elliptical equation that can be solved for Tc . Again
the two parentheses in the integral of (A.2.l4c) stand for the right
hand side of equations (A.2.7s) and (A.2,8c) without the pressure

terms.

Similarly, from equation (A.2.1ls) we get

LH[—LL‘._ +(\Y$W~4L)O<J g dr =0

and from equations (A.2.7c) and (A.2.8s)

CpOa| 2 (Moc'a:ﬁ's _T, ]_
P 2L L~ /"““‘* =

H

=12 [(25.55% 2Ts) pia] (2%, @ATL )] gde

'(7._“ . 2t a 20 o it a (A.2.148)

The functions Tfo s 'ﬁ‘c. , and —ﬁ's are obtained

from equations (A.2.14). From the hydrostatic equations (A.2.9)
T 2) =T (4 H) + T'*(4,2) (A.2.15)
where Tr'u(o(,?:) , the "uncorrected ! " is defined as

lw i Yo't )
(s 2) = - dz (A.2.16)

CpBa 2 Ba

Then integrating (A.2.15) multiplied by , Dbetween z =0 and z = H,

we get
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_ H
W'(O(,H) = U (&) —__‘7[ ([ (o 2) (’a."l% (A.2.17)

Ca.

and replacing in (A.2.15)

| = (i 4 '
m'(42) = T - > Hf T (% 2)pd2 + T “(%,2) (a.2.18)

Computations were begun with an earlier version of the model
described here, but had to be stopped because of numerical instabilities.
It is thought that these instabilities can be avoided by the use of the
finite-differences scheme (2.5.b) and the conservative method described

in Section (5.6). I plan to go on working on this model in the future.
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APPENDIX B

On the Use of Nonuniform Grids in Finite-~difference Equations

Finite-difference schemes that use grids with uniform
spacing are the simplest and most accurate, but they are not satis-
factory in problems with boundary layers. If the number of points
is not large enough to resolve the boundary layer (at least two or
three points within it) then the numerical solution is apt to have
gross errors even in the interior. The use of enough grid points to
resolve the boundary layer then makes the total computation time
unacceptably large. The problem can be solved by the introduction
of an irregular net with smaller spacing near the boundary.

One possibility is to divide the grid intervals by two or
more within the region of interest. This method has two disadvantages:
first, it is necessary to interpolate values of the variables or their
derivatives at intermediate points and weak numerical instabilities
usually arise at the boundary between the large and small grid size,
and second, this method cannot give really small grid intervals with-
out greatly increasing the number of intermediate interpolatioms.
Crowder and Dalton (1971) have shown that, in a boundary layer problem,
the use of grids with discontinuously varying resolution gives worse
overall errors than a regular grid with the same number of points.
Another possibility is to vary the grid intervals continuously, avoid-
ing the necessity of intermediate interpolations. Consider, for
example, a function -?(X) defined on a non-uniform grid (Figure B.1).

Making a Taylor expansion about the center point X ,



253

A X L A x i Q..‘-
.F.'-) /-\-—/:—"s ‘g‘.r /\_/\:______—\¥ (R 3
T T 7
XI/«‘.-\ X xllt“
' /
/ ' i
/ : /
// | Il
{ AE, : AE, {
E/lo; A ‘gl Lf A ‘g/ Ly

Figure B.1l: Non-uniform grid defined through the

use of a stretched coordinate.
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there are two "centered" combinations of the function at three

{
points that give an approximation of the first derivative F <

2
:‘l ‘{i.-l - g:' +(AX,;+{—AXL~{) _g"t + DX(,,&-AXu{;-AX,_.-f.AXL.. ( P (8.1)

Ax,;,i+ oX iy 2 6
which has first order errors, and

Ax\,_ FLH ax Wl @ -1

A)({"‘-AX&{ .f - t AX it OXot £\|+ (B.2)
(Axuwaxb.-)AX“{ (AXM+0X¢_«)AX1,1 A)(‘-,iax,;,it ¢ L ¢ )

which has second-order errors. If ZSX“|- , both (B.1) and
(B.2) reduce to the usual centered-difference scheme. However, there
is only one combination of the three points that gives an approxi-

u
mation of the second derivative 4 L s

fon- Lo Le-fe

[i]

ANy - aXey p AX AKXt ] w
(8Xtekeg) (BXuptOKa) L‘ s ‘FL u = ORugvbXey +Ax“
Ay DA ary (O X1t

2 2

+-.

{2

(8.3)

which has first order errors. Note that the second term of the right
hand side of equations (B.1) and (B.3) is the "extra error" intro-
duced by the use of a non-uniform grid, while the following terms
are equivalent to the second order errors that are made when constant
spacing is used.

Sundqvist and Veronis (1970) reduced the "extra error" in

equatjon (B.3) to second order by choosing the intervals such that

2
By -8Key = 0 (&%) (B.4)

but they still use (B.2) instead of (B.1l). This method allows some
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improvement of the resolution near the boundary but it still requires
a large number of points to significantly reduce the grid intervals
there.

Suppose now that we vary the grid intervals by defining a

stretched coordinate E s

x = x (&) (B.5)

in such a way that the grid intervals A¥Y are constant. If we are
studying a function defined in a region O<Xx s 4 with a boundary
layer at x = 0, then X(%) should have the following properties:

(a) % should be finite over the whole interval. If

%{ becomes infinite at some point then the mapping X= X.(E) will
give a poor resolution near that point, which cannot be improved by
increasing the number of points, since AX = F_(l‘. AE

(b) é.’.x- =0 at =0 . This will insure a high reso-

Jution near x = 0.

Making a Taylor series expansion of x about ¢ we find

R I TN o

a 1 o\ \PA

B R TN (T
' ‘ ) axt/di axP d3x ¢ %

AXet o Ki=Xey = 23 (D(g) (2’9 (Agz) _iy(d.g’) (_QC(L;%) *

|

d d3x dix
(Z%)‘.,; Lﬁ‘(w) Y (Ag") (8.7)
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since

(%), -5, 2 .S 5 5 -

dx dpy _ydxy Ay L dxy (@) Ay @)

(Z’:)e% ) (ﬁ)z _(;é_’)a-z«_ +(°‘§’) (qu)

Therefore

Ay 4 2Ky = A% [7— ﬁ’;\) (‘f (A§3) ] (B.8)
AXuy - Xt = (&Y [(A? L Ag\rtdg“ ] (B.9)

Introducing (B.6) to (B.9) into (B.1) and (B.3) we get

furfor [, 7Ry fdx
), LL[ v (JS’)‘/(AE)L]
+ £ (‘:j (agl) (AZ})L( (iq:u) +(&S;)‘/(°lx) \)] (B.10)

+ (uf @ A ((0\33 (CL ) j‘_z(‘z)j)l*’ 0(651)

and
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SR CCalREC)

¢ 0(4aY%%)

(B.11)

Equations (B.10) and (B.1l) show that any smooth function

X (§) that satisfies conditions (a) and (b) will give an approxi-

mation of the first and second derivatives with second order accur-

acy, since the "extra truncation errors' due to the nonuniformity

of the grid are of second order in A% | This useful result is due

to the fact that although the truncation errors near the boundary

may be of first order with respect to the intervals AXi , they are

very small, so that the overall truncation error remains small.

The form of equations (B.10) and (B.1ll) suggests the con-

venience of choosing a function x:?i(g) where P, 1is a polynomial

of degree greater than one, and in particular the advantage of the

choice of the simple function (see Figure 2.4.1)

X

gz

(B.12)
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which has the following attractive properties:

@ moax g

ZL = b = (8.13)
ocxsi d¥ ot x=1

This implies that near x = 1, QX x -%T , where N is the number of
intervals ﬁl:-zgg . This shows that at worst the stretched coor-
dinate gives half the resolution of the uniform grid, which is not

bad at all.

(ii) The first interior point at the boundary X=© will be such

that

N2 (B.14)

2
Then the resolution near the boundary layer increases with N and

not with N as the uniform grid

3
(141) -2 j; o (8.15)

Equations (B.10) and (B.1ll) reduce to

free =i

S e ftay e 1t 20 4 0 (ay)’ (B.16)
At (4x -3
283 ().

fra-d _ fo-de

4
(ﬁ)u{ (—:(L;) -3

@y (),

= fhe ﬂ%@i)z&‘: &:f £* + 0(0%)’ (8.17)
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and we see that the "extra truncation error" is independent of x

(except for the variations of the derivatives of f).
When a bouﬁdary layer is expected both at x = 0 and at
X = 1, a convenient stretched coordinate is defined by the symmetric

function

X = s (ZY) (8.18)

dx Y[R
™~ x(4-%) (B.19)

It behaves like x:(%rg)z near x = 0, like x:{[-[{(l-k)]"{ near X = 1, and
is rather linear in the interior (see Figure 2.4.2). At the bound-

aries, the first interior point is at a distance

ot
4N?

AX

(B.20)

and at the center point, x = 0.5,

Both types of stretched coordinates have been successfully
used in two~dimensional numerical models of the atmosphere of Venus.

Finally we compare our results with those obtained by Sund-
qvist and Veronis (1970), who solved numerically the following dif-
ferential equation proposed by Stommel (1948) for the wind-driven

circulation in a homogeneous ocean:
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E.(‘P"—‘P)i—c,u'z—/,i,u.x .For E= 00s

¢=0 at x=o0,m (B.21)

which has a boundary layer at x = 0. Sundqvist and Veronis set

' 2
BXig - BKiy = —= (AKiy) X=2 (8.22)

The exact solution of (B.21) is also included in their paper.
Figure (B.2) compares the percentage errors introduced by
the Sundqvist-Veronis method with those introduced by using the stretched
coordinate ¥-= gz . Note that not only are the latter smaller, but
that there is no tendency for the relative errors to grow as X- 0,
even though the function itself tends to zero.
If we compare (B.22) with (B.9) and (B.7) we see that the
choice (B.22) corresponds approximately to the use of a stretched

coordinate defined by the differential equation

2 2
dx  _ %(d)c)

= = (B.23)
d¥’ 4y
which has the solution
o
5= e
(B.24)
Then the grid spacing is given by
-l
w (1-e )
AX ~ - = =
ol mear x=o (B.25)

N
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Figure B.2: Comparison of the results obtained by Sundqvist and

2
Veronis and by using the stretched coordinate x = £,
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and

. T (i-e ) =
Ax =~ — —= mear x=T (B.26)

This is obviously not a good choice of %X (%) because as
Sundqvist and Veronis pointed out, to obtain a good resolution near
the origin , & should be large, and that would spoil the computations
near =T .

Beardsley (1971) used the stretched coordinate X=ﬁ to
solve a problem with a boundary layer near x = 1. Since %, %C;.X_l o 00
-~ o0 as X-» 0 , an inspection of equations (B.10) and (B.1l1l)
shows clearly why the truncation errors that he obtained were very

large near x = 0. Near x = 1 this stretched coordinate gives AX:—-'— ,

2N
so that it only increases by 2 the resolution of a regular grid!
Another advantage of the method proposed here is that
the actual spacing of the grid points is obtained immediately, once

N is given,whereas the method proposed by Sundqvist and Veronis re-

quires the solution of a rather cumbersome equation for AYXyL .
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APPENDIX C

Estimation of the Magnitude of T'at the Top

in the Non-rotating Quasi-Boussinesq Model

From the meridional momentum equation (3.2.7) and from the
numerical values of the terms in the vorticity equation near the top
of the atmosphere, we see that in the region where Tr'at the top

may be largest, near the antisolar point,

€Cpba 2 _ & 2V
o 2k T a 2

Hence the magnitude of ' at the top will be

(v1° [v1°®

Cp Ba %,:D

[Tle] 2

We take the worst value of v

(v] =~ 3,!03 cw/ sec
4 = 0.835 = 0% e/ sec

D = 73.10° em
5[N] = Laxi0”

At the top

.r;vv ="1:1109 + 1Ta“ToP ‘9{T0P + CQOL'D';DF

where

Mape = 0-274

730 °K

]

fa

[9'1091 &~ 20°K

Then
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[Tracmv g‘lror] = 55 °K
and

[ Mo Ba] £ LICK

1
Therefore in the computation of the temperatures ,Trm can be assumed

to be zero without producing significant errors.
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0.792
0.582
0.447
0.366
0.323
0.309
0.296
0.0

APPENDIX D

0.0
729.986
0.0
722.286
0.0
699,632
0.0
663.343
0.0
615.525
0.0
558.959
0.0
496 4933
0.0
423,050
0.0
371.023
0‘0
314.457
0.0
2564639
0.0
2304350
0.0
207657
0.0
199.996
0.0
0.0

VERTICAL STRUCTURE OF THE

ADIABATICALLY STRATIFIED ATMOSPHERE

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0

TAUS

55.03¢
52474
45.48

35.801

25.570

16.553
9.712
5.170
2.505
1.107
0.441
0. 148
0.031
0.0

0.0
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TAUT RHO%*100 TFLUX%*10%%-5

0.0
221 .977
0.0
211.660
0.0
183.449
0.0
144 .410
0.0
103.139
O‘o
66771
0.0
39.173
0.0
20.854
0.0
10.104
0.0
4 465

1.780
0.599
0.125
0.0

0.0

0'0
7.304
7.237
T7.040
6.722
5.302
5.799
5.237
4,039
3.448
2.889
2377
1.920
1.525
1.191
0.916
0.696
0.524
0.392
0.2°?
0.221
0.169
0.133
0.108
0.093
0.084
0.081
0.0
0.0

0.401
0.787
0.815
0.840
0.878
0.908

0.947

l.418
1.542
1.586

0.0
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