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ABSTRACT

Critical-level absorption of a continuous spectrum of vertically propagating gravity waves is proposed as the
mechanism for supporting the superrotation in the deep Venus atmosphere (below the cloud deck). It is shown
that the observed westerly zonal wind effectively separates regions where waves of opposite phase speeds are
absorbed, leading to westerly mean-flow acceleration below the clouds and easterly above. Using the diagnostic
results of Hou and Goody, we obtain a quantitative. assessment of the required wave spectrum and fluxes of
energy and momentum, and show that they are compatible with observational constraints.

1. Introduction

The Pioneer Venus results have established that
“westerly” winds (in the direction of the planetary ro-
tation) prevail from the cloud tops (65 km) to at least
a scale height above the surface; they build from about
1 ms™' at 10 km to 50 m s™! at the cloud base (45
km) and reach over 100 m s™! at the cloud tops
(Schubert, 1983). Thus, unlike the earth’s atmosphere
where zonal winds of both signs appear at most heights,
the bulk of the Venus atmosphere “superrotates’ rel-
ative to the solid planet. Ever since the discovery that
the period of rotation at the cloud level is approxi-
‘mately 4 days compared to 243 days at the surface, the
cause of this rapid superrotation has been the subject
of theoretical speculations, Proposed schemes include
the “moving flame” or tidal mechanism (Schubert and
Whitehead, 1969; Young and Schubert, 1973; Malkus,
1970; Thompson, 1970; Fels and Lindzen, 1974), solar
gravitational torque due to the semidiurnal thermal
tide (Gold and Soter, 1971), and Kelvin waves (Covey
and Schubert, 1982); however, none of these has been
demonstrated to be diagnostically consistent with the
atmospheric structure as we now know it.

Recently, using Pioneer Venus data Hou and Goody
(1985) have performed a diagnostic model study to
determine the zonally averaged eddy sources for
maintaining the observed zonal wind field. Their results
suggest that in the cloud region, where most of the
solar heating is deposited, the zonal wind structure
could be sustained by the mean meridional transport
and an eddy source pattern attributable partially to
atmospheric tides, while below the clouds eddy sources
are needed to offset the small-scale diffusion indicated
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by in situ measurements. The purpose of this paper is
to examine the possibility that the superrotation below
the cloud deck may be maintained by critical-level ab-
sorptions of gravity waves. Although there is little
quantitative data on gravity waves in the Venus at-
mosphere, their presence is evident in recent data, as
discussed in Schubert (1983), Schubert and Waltersheid
(1984), and Linkin et al. (1986).

The mechanism proposed here is similar in concept
to that for the quasi-biennial oscillation (QBO) in the
earth’s stratosphere (Lindzen and Holton, 1968;
Plumb, 1977). However, in the atmosphere of Venus,
due to the ubiquitous westerlies, only waves with west-
erly phase speeds encounter critical levels. In this work
we show that for the observed Venus structure, the
absorption of waves with westerly phase speeds at crit-
ical levels could provide the necessary westerly accel-
eration to balance the diffusive loss, while waves with
casterly phase speeds are nearly trapped but could lead
to easterly acceleration through breaking or thermal
damping above the cloud base. Thus, the presence of
westerlies in the Venus atmosphere effectively separates
regions where waves of opposite phase speeds are ab-
sorbed, with easterly wave momentum flux deposited

1n a region where the mean meridional motion, thermal

tides, and possibly other processes all play an important
role in determining the zonal wind structure.
Assuming that the zonal momentum of the mean
flow is balanced by diffusion below the cloud base, as
suggested by the model result of Hou and Goody
(1985), we invert for the gravity wave spectrum re-
quired for supporting the zonal wind below 45 km. We
show that vertical transports of momentum and energy
by westerly waves significantly exceeds those by easterly
waves, that the total wave energy flux corresponds to
a small fraction of the solar flux reaching the ground,
and that easterly waves could play an important role
in reversing the vertical wind shear above 80 km. We
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will examine these results in the light of available ob-
servational constraints, and lastly, discuss penetrative
convection as a possible mechanism for exciting gravity
waves near the planet surface.

The basic equations are described in section 2, model
parameters are given in section 3, the results are pre-
sented in sections 4 and 5, sensitivities are tested in
section 6, and an overall assessment is given in sec-
tion 7.

2. The model concept
a. Gravity waves due to a unit forcing

As a simple framework for illustrating the proposed
mechanism, we consider two-dimensional, inviscid,
hydrostatic gravity waves for equatorial applications
and assume that the effect of the small planetary ro-
tation rate is negligible on the gravity wave time scale.
From Holton (1975), the linearized perturbation equa-
tions in log-pressure coordinates are:

U+ U+ W+ ¢, =0

R - RT
E(T,-I-uTx)-l“Ni =—I7;‘

1
+_(p*W);-=O f ’ (1)
Px

where

where subscripts ¢, x and { denote partial derivatives
with respect to time, zonal and “vertical” axes; # and
w are perturbation zonal and “vertical” velocities, re-
spectively; ¢ is the perturbation geopotential height, T’
is the perturbation temperature, and 7({) is the thermal
relaxation time. The basic state is defined by the time-
zonal-mean profiles of zonal wind and temperature,
#(¢) and T(¢), with no mean vertical motion w. We
assume a perfect-gas, CO, atmosphere with a gas con-
stant R and a constant heat capacity ¢,; g is the grav-
itational acceleration, the subscript s denotes a refer-
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ence value at the planet surface, and N,({) is related
to the Brunt-Viisild frequency N = [g/TLdT/dz
+ g/c,))'? by

No®) _dz_TWQ)
NO) & T, z =physical height, (2)
and the basic state density p is given by
MO _ T
NG5S @)

For any variable X (i.e., u, w, T, or ¢), we seek a
solution of the form X({’) explik(x — ct)] due to a
steady, periodic excitation at some level {;; the nota-
tions are standard and the wave frequency is —kc. From
1) we obtain the vertical structure equation:

Wi(§)+ (5, OW () =0, C)

where W({) = W({) exp[—(¢ — §o)/2H], and O, ¢)
is the index of refraction,
_ N2 gt i/H 1
= iy d=c i

Given values of k and ¢, (4) can be solved using the
Lindzen-Kuo algorithm for a unit W forcing at ¢, and
a radiation condition applied at the model top (e.g.,
Lindzen and Barker, 1985). The solution for w then
has the form

w=exp[({ ~ §0)/2H] Re{ W({) explik(x — c)]},

‘ £= 6. (5)
Substituting (5) into (1) leads to
u=k™" exp[({— ¢0)/2H]

« ize{i( b %) explik(x— cz)]],

O LA J 5o)/2H)

explik(x— c'z)]].

iw
X Re{ﬁ— c—ifkr

o=k exp[({— {o)/2H]
X Re{ [u;W+ (i— c)( ;Z W;)]

Xexp[ik(x—a)]]. (6)

The density-weighted vertical momentum flux aver-
aged over a wave period is

pyWi= k! B; exp(—{o/H) Re(iW, ™), (7)

where W* is the complex conjugate of W. The resulting
mean-flow acceleration G is
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G =—x (S’)d (p* wii); (8)
the associated “vertical energy flux” is
paw =k exp( $o/H) Re[~i(ii~ )W, W*);  (9)

and (7) and (9) satisfy the Eliassen-Palm relation
pawd = —(il — C)p Wil

b. Energetics

The energetic consistency of (1) requires that the
time rate of change of the total energy Er = 1p,(u?

+ (¢y/N,)* + %) satisfy

0Er

5 “—(P*WW)“‘(P*%) La (:}i) ,

by which the total energy is conserved in the absence
of forcing and boundary fluxes. Locally, a steady wave
satisfies the energetic relation

dr\?

_d __d e —
u;;(p*wu)~2;[p*(wuu+ w¢)]—f’f(ﬁ;) =0. (10)

c. The continuous spectrum

In order for critical-level absorption to support the
observed zonal wind profile, a continuous spectrum of
gravity waves must be present. The counterparts to
(7)-(9) for a continuous spectrum may be expressed
as:

wen- [ [ #ocoatcenaa,

[4

where [g] denotes the contribution from the spectrum
to any quadratic wave quantity g, with g(k, c; z) being
the response to a unit forcing [e.g., (7)~(9)] and 4 de-
fining the spectral density of the square of the vertical
velocity scaled by W(zo) The derivation of (11) as-
sumes that the averaging period is sufficiently long so
that only self-correlations need be retained.

To determine the wave amplitude required for sup- k

porting the superrotation below the Venus clouds, we
utilize the diagnostic results of Hou and Goody (1985)
which show that for the amount of turbulent mixing
lndlcated by Pioneer Venus measurements (i.e., » ~ 1
to 5 m? s, see von Zahn et al., 1983), the required
momentum sources below the cloud base z, = 45 km
is dictated by diffusion. Substituting (8) into (11) gives
the total mean-flow acceleration due to a continuous
spectrum of gravity waves. Equating this with the ac-
celeration requu'ed to offset the diffusive loss yields an
equation for 4%, In the absence of data on the spectrum
of zonal waves present in the Venus atmosphere, we
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will solve 42 as a function of ¢ for a single wave number
k;1e.,

c(zp)

p(DG(2)) =~ o)

__df- di
daz\"" d&z|
where c¢(z,) = u(zp) and c(z) = #(zp). The effect of

the finite wave number spectrum is estimated in sec-
tion 2d.

AZ(C)—(p*VvTDdC

(12)

d. Required critical-layer acceleration and wave spec-
trum

For westerly waves with a critical level, following
Hazel (1967) and Fritts and Geller (1975) we assume
that the wave momentum flux is deposited by viscous
stablization within a layer of thickness Az,, where

y \1/3
AZ"_<E¢:;) .

For thin critical layers and long thermal damping times
(which is appropriate for Venus parameters below the
cloud base, as will be shown in section 35), the mo-
mentum flux divergence term in (12) at z = z¢. may
be approximated by

(13)

d
EZ— (pxWut)

— { —ptm(k, ¢ 2o )/sz
0 elsewhere

ZeLZzZZoL — Az,

where zcp denotes the height of the critical level, and
the momentum flux is evaluated at z; since the wave
is conservative until reaching the critical layer. Sub-
stituting this into (12) leads to a matrix for determining
A?[e(z¢)). Note that since critical-layer accelerations
are confined to thin layers, the contribution to the in-
tegral (12) at any z = z¢; stems only from the interval
Ac=le(zeL + A2,) — c(zeL )} = [i(zcr + Az,) — #zcy )l
Assuming that 4%(c) and p, Wii(c) are smooth functions
of ¢ so that their values are approximately constant
over Ac, (12) may be evaluated using the relation Ac/
Az, = Ali/Az, = |ii{zc )| to give

Aczc)l = (p*Wﬁ(c)lﬁz(za)l)“[—di(;,,,d_ﬁ)] _
z dz ZcL

(14)

where 4%(c) has the units of (m s™!)~!. Evaluating (14)
for zp < z¢p < zp determines the Az(c) profile for main-
taining the observed zonal wind in this region. Note
that under the thin-layer approximation, A2 is inde-
pendent of the thickness of the layer.
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FIG. 1. Profiles of the static stability S(z) (dash) and temperature
T(z) (solid), as defined by (16), (17) and Table 1.
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e. Momentum deposition by easterly waves

With the spectrum of westerly waves determined by
(14), we assume that a symmetric spectrum of easterly
waves is also excited. Since easterly waves do not have
critical levels, they can propagate upward until breaking
or absorption via thermal damping. The resulting east-
erly acceleration is given by (12) if damped, or'in the
case of breaking it may be estimated by distributing
the wave momentum flux over a scale height, as in
Lindzen (1980). Thus, in order for the proposed mech-
anism is to work, the mean-flow deceleration due to
easterly waves, if deposited below the clouds, must be
much smaller than the acceleration provided by the
westerly waves; or if deposited above the cloud base,
it must be consistent with the eddy source requirement
discussed in Hou and Goody (1985).
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To obtain an estimate for the amplitude of the east-
erly waves, we use the root-mean-square of the required
forcing spectrum. Since the variance of the time series
of the forcing corresponds to the integrated spectral
density, the root-mean-square forcing amplitude Ams
may be defined as

c(zp)

Aps=2 Az(c)d< (15)
¢(z0) :
3. Model parameters
a. Static stability and temperature
The static stability-S(z) = dT/dz + g/c, is modelled

from Pioneer Venus data (Seiff, 1983) using an analytic
formula devised by Lindzen (1970); viz,

5 — .
St= 3% hz(z d.z'); (16)
the consistent temperature profile is modeled by
T(z)= T'(z)— f—z ~T(O)+T,, (7

. P
where
5 . — . — .
T2)=3 f’—ﬂz—“[l + tanh(g}—ié)],
and the coefficient a satisfies the recursion relation
a = 0, Zdi-l d’—l + ai—1, (l = 25 6)~

Figure 1 displays the standard prbﬁles of T(z) and S(2),
with relevant numerical coefficients given in Table 1.

i=1

and a;=

- b. Zonal wind

The zonal wind model is taken from Schubert and
Waltercheid (1984):

TABLE 1. Coeflicients for ther;na] and zonal wind structures.

S(2) and T(z) i(z)
[Egs. (16) and (17)] [Eq. (18)]

Z; d{ di Z; b,' h,‘
i (10° m) (km™! K) (10° m) (10° m) s (10° m)
1 0 ~1 10 7 : 143X 107 2
2 10 ~1 10 15 2.13x 1072 25
3 25 ) ~3.1 8 55 , 1.13x1073 25
4 55 ’ ~6.75 5 65 42x1073 2.5
5 100 10 70 72.5 0 2.5
6 - — — 90 —6Xx 1073 25
7 —_— —_ —_ — 0 —
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. cosh z;‘z"
)=zt B 2Oyt | ———" | (18)
cosh(z;)
thus, '
uA{z)=b,+ 21 '“2 b [1 +tanh(z ;'Zi)],
i= . .
i,£2) = PZx '+2' h ch2( hl-Zi)'

Figure 2 gives the adopted #(z) profile with the nu-
merical coefficients provided in Table 1.

Also plotted in Fig,. 2 is the mean-flow acceleration
profile required for balancing diffusion, whose structure
is completely specified by #(z) and p(z) according to
the right side of (12).

¢. Thermal damping

The thermal relaxation times are fitted to the values
given in Table 2 of Pollack and Young (1975):

) _ i
T(O) exp{al az(H a3)] .
where { is the log-pressure height defined in (1), 7(0)

= 1.32 X 10° seconds, and the coefficients are: a; = 0,
;=09 a;=0,for {{H< S, 0y = —4.5, ; = 2, a3

(19)

188+
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20t

101

o -t " -+ —t
+ + ¥

220.0 0.0 20.0 40.0 60.0 0.0 100.0
0 (m/s), BGx 108 (kgm?s?)

FIG. 2. The zonal wind #(z) (solid) and the mean-flow acceleration
pG(z) required to balance diffusion (dash). The zonal wind in m s™*
is defined by (18) and Table 1; the acceleration in units of kg m™>
s72 6is evaluated according to the right side of (12) and scaled by
10755,
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=5 for5<{{H<T7,a,=-8.5, a,=0.5,a;=17,for
$IH>1T.

Since the above thermal damping eventually kills
the N% term in (4) above 100 km, we assume S (z
> 100 km) = S (100 km). Slmllarly, we take # (z
> 100 km) = # (100 km), as there is no information
on the mean wind above this level.

Other numerical oonstants adopted for the model
problem are: g = 86ms? R=190m?>s?K7, ¢,
=860m?s 2K fora perfect-gas CO, atmosphere,
and Ty = 750 K.

4. Results for a unit forcing
a. The structure of westerly waves

In order for the critical-layer absorption of gravity
waves 10 support the superrotation below the cloud
deck (z < 45 km), westerly phase speeds ranging from
a few meters per second to about 50 m s~! (the zonal
velocity at the cloud base) must be present to provide
the required acceleration from z ~ 10 to 45 km, as
shown in Fig, 2. We accordingly assume that waves
are excited at zo = 10 km, i.e., in the lowest scale height
(even though this may not be the only region of exci-
tation, see Schubert, 1983). Below the clouds thermal
relaxation times given by (19) are long, so that the
damping term in (4) is negligible and the waves are
essentially nondissipative outside critical layers and
W(z) is consequently independent of k. For phase
speeds with critical levels below the cloud base and
frequencies less than the mean Brunt-Viisild fre-
quency of this region, the hydrostatic assumption, i.e.,
k(i1 — c)* < N, restricts model zonal wavelengths to
approximately 500 km or longer. We will perform cal-
culations for a single 1000 km wave, as proposed in
section 2c. The system (4)-(9) is solved for a unit forc-
ing W({) = 1 m s™%. The critical-level singularity is
treated numerically by introducing a small value in the
imaginary part of the phase speed ¢;, as in Lindzen and
Barker (1985). Numerical convergence is verified by
increasing the vertical resolution and by reducing the
value of ¢;. The standard results presented here are
obtained with 8000 vertical levels and ¢; = 0.01.

Results have been obtained for ¢, = Re(c) greater
than ii(z5) =~ 7.6 m s™' and less than 60 m s™*. For a
1000 km wave, the corresponding periods range from
5 to 36 hours (note that Venus’ period of rotation is
243 days). The basic structure of these waves are similar
and is illustrated in Figs. 3 through 5 for ¢, = 40 ms™!.
Figure 3 shows that the index of refraction Q(z) is pos-
itive below the critical level and is dominated by the
N term. Figures 4a and 4b display the magnitudes
and phases of W, U, T and &, respectively. The wave
propagates upward until absorbed at the critical level
at about 34.4 km. At the forcing level, the values for
W, U T and & according to (5) and (6) are: 1 m 5™,
308 ms™!, —1.28 X 107 K, and 9.96 X 10° m? 572,
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FI1G. 3. The index of refraction Q(z) for ¢, = 40 m s~'. The solid FIG. 4b. The corresponding phases of W(z), U(2), T(z), and &(2)
line shows Re(Q), which vanishes at the critical level at z ~ 34.5 (¢, = 40 m s™'). The legends are the same as for Fig. 4a; the values
km. The dashed show the real part of the N term in (4), and the  are scaled by 2.
dash-dots are Im(Q).

respectively. Note also that w and T are essentially in  b. The structure of easterly waves

quadrature as for a conservative wave; this is consistent ’ .

with Fig. 5§ which shows that the effect of thermal Results for the easterly waves are qualitatively dif-
damping is negligible and the wave energetics involve ferent from those for the westerly waves. Without a
only the first two terms of (10). The momentum critical level, an easterly wave can propagate to great
and energy fluxes of these waves are discussed in sec- heights and is eventually absorbed through thermal

tion 4c. damping. For a typical easterly wave with ¢, = —40 m
687 . ‘
S0t set
_S 4@t E 4ot
- =
w R
o L |
D O 3e7
— po ]
= =
= 5
- < o 207
194
9 %@ 1.0 2.6 3.0 40 50 5.0 7.0 e sea oo toe oo
MAG (W,Ux1072 Tx10% & x107) ENERGETICS DIAGNOSTICS

FiG. 4a. Magnitudes of W(2), U(z), T{2), and &(z) due to a unit FIG. 5. Energetics for the ¢, = 40 m s™! wave according to (10).
forcing at 10 km (¢, = 40 m s™'). The solid line shows Winms™, The balance is between #d(p,wi)/dz (dots) and —dp.(Twu
the dashes are /' X 102 in m s7', the dots are T X 1072 in K, and  + w@))/dz (dash); the effect of thermal damping (solid) is negligible.
the dash-dots are ® X 107% in m? s™2 The units are W m™>,
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FIG. 6. The index of refraction Q(z) for ¢, = —40 m s™*. The solid
line shows Re(Q), the dashes show the real part of the N} term in
(4), and the dash-dots are Im(Q).

s~!, Fig. 6 shows that the index of refraction Q(z) is
positive mainly in the region from 65 km to 120 km,
so that the wave is evanescent or nearly so outside this
region, as is evident from Fig. 7. The values of W, U
7T, and @ at the forcing level are ims?, —-1.3ms™!

~1.2 X 107° K, and 63.3 m? 572, respectively. Flgure
8 shows that the perturbation energy balance (10) is
between the sum of the first two terms and the thermal
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FIG. 7a. Magnitudes of W(z), U(z), T(z), and <I>(z) ductoa umt
forcmg at 10 km (¢, = ~40 m ™), The solid line gives # X 1072
m s~ the dashes are I X 1072 in ms R thedots are TX 1073 mK
and the dash-dots are & X 1075 in m? 52
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FIG. 7b. The corresponding phases of W(z), U(z), T(2), and &(z)

(¢, = —40 m s~'). The legends are the same as for Fig. 7a; the values
are scaled by 2.

damping term. The resulting mean-flow deceleration
due to thermal damping has a maximum at 105 km,
distributed roughly with a Gaussian e-folding width of
10 km. However, the manner in which the easterly
momentum flux is deposited depends on whether the
wave breaks at some height (see Lindzen, 1981); this
will be addressed in section 5 for wave amplitudes rel-
evant to the Venus atmosphere.
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F1G. 8. Energetics for the ¢, = —40 m s™! wave according to (10).
The balance is between the sum of #d(p,wu)/dz (dots) and
—d{p(iiwt + WP))/dz (dash) and the thermal damping term (solid).
The units are W m™>,
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¢. Momentum and energy fluxes

Figure 9 plots distributions of p,wu and p,,w_tl) at 2,
- as a function of ¢,. The profiles show isolated peaks

due'to amplifications from partially reflected waves set-

up by a rapidly varying N%(z), as described in Gill
(1982). Such enhanced forced response has been iden-
tified with strong downslope winds induced by moun-
tains in the earth’s atmosphere (Klemp and Lilly, 1975;
Lindzen and Tung, 1976; Blumen and Hartsouth,
1985). The prominent peaks in the easterly momentum
profile in Fig. 9 are likely due to the trapping by the
1/4H? term above 120 km, where i vanishes and the
N2 term is mitigated by the short thermal damping
time, leading to Re (Q) < 0 and Im (Q) = 0 in this
region (see Fig. 6). This is analogous to Gill’s two-layer
result for an evanescent wave in the upper layer and a
strongly stratified lower layer (Gill, 1982, Eq. 6.9.16).

Figure 3 shows that the index of refraction for the
westerly waves is always positive and attains a large
magnitude just below the critical level; this is analogous
to Gill’s case of a weakly stratified lower layer. Thus,
the resulting momentum flux profile varies approxi-
mately as 1/(& — ¢), modulated by partially reflected
waves, but does not have the singular behavior of the
easterly waves.

Figure 9 shows that for most phase speeds, the energy
and momentum fluxes carried by the propagating
westerly waves are much greater than those by the
nearly trapped easterly waves. In particular, outside the
amplification regions, fluxes associated with easterly

1.5¢ 1,

|, W0|x10° (kgm '), o W x10™*(Wrri?)

a [N — e ‘o

" D.0 10.0 20.0 30.0 40.0 SB.0 68.0 76.8
ICrI (m/s)

FIG. 9. Vertical fluxes of momentum and energy at z, for a unit
forcing. The values are scaled by k1. The solid curve shows [o,will
X 10~ for westerly waves in units of kg m™~! 572 and the dash-dots
are corresponding values for easterly waves. The dashes are p,wé
X 107 for westerly waves in units of W m~2 and the dots are for
easterly waves.
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_

] + + -+ —+ + + 4
0.0 10.0 20.0 30.0 40.0 SB.0 60.0 70.0
ICrI (m/s)

[G] x108(kgm2s2), [G]x102(ms™ day™), Az, x 10%(m)

FiG. 10. The mean-flow acceleration required for balancing dif-
fusion as a function of the critical-level phase speed. The units are
kg m~2 572 for [pG] (scaled by 107, solid) and m s~/day for [G}
(scaled by 10725, dash). Also shown is the critical layer thickness Az,
given in (13); the values are in meters scaled by 10%(5/k)">.

waves are at least one order of magnitude smaller than
their westerly counterparts. The resulting east-west
asymmetry due to the westerly zonal wind is therefore
quite pronounced. Note that the energy flux profile for
westerly waves is flat for ¢, € 30 m s™!, which confirms
the 1/(i — ¢) dependence of the westerly momentum
flux at these phase speeds.

S. Results for the Venus atmosphere

The mean-flow acceleration required for balancing
diffusion is given by the right-hand side of (12) and
shown in Fig. 10 as a function of ¢,(zcL). Also shown
is the critical layer thickness Az,[c.(zc1)] according to
(13). The values are scaled by dimensionless parameters
» = v/ygwith vy = 1 m*s™, and k = k/ko, with kg = 27
X 107¢ m™! for a 1000 km wave, so that the plots cor-
respond directly to the results for #» = 1 and k = 1.
These scalings will be used throughout the work,
whenever appropriate.

For typical values of » ranging from 1 to 5 m? s~
for Venus applications, Fig. 10 shows that Az, is be-
tween 500 and 800 m; hence the thin-layer approxi-
mation used in section 2d is justified.

a. The inverted spectral density

Substituting (7) into (14) gives the required spectral
density for maintaining against diffusion below the
cloud base: -

L
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Figure 11 plots A%(c) scaled by 7k in units of (m s™')~".
The distribution has a maximum at about ¢, ~ 20 m
s71; for ¢, < 20 m s7!, it drops rapidly to zero at the
cutoff ¢,(z9) = 7.6 m s™!, which reflects the zero-di-
vergence level of the diffusive flux; for ¢, > 20 m s™!
the profile is to some extent modulated by enhance-
ments from partially reflected waves but generally de-
creases with increasing ¢,, roughly with a Gaussian e-
folding width of about 10 m s™'.

Given the spectral density, the integrated momen-
tum flux [p,Wii), the total energy flux [p,w¢], and the

total perturbation energy [E] = {4p.[12 + (¢:/ N1}
can be evaluated using (11), (6), (7), and (9). The results
are discussed below.

b. Momentum fluxes

The momentum fluxes at z, are shown in Fig. 11,
The results show that the easterly momentum flux is
negligible compared with its westerly counterpart, ex-
cept in the narrow amplification region near ¢, = —50
m s~!, where they are comparable. Therefore, the sys-
tem has a strong bias in favor of transporting westerly
momentum upward in the presence of westerlies. The
integrated westerly momentum flux over the range of

Q.31

8.0 10.G 26.0 30.@ 40.8 50.0 60.0 79.0
ICr] (m/s)

FG. 11. The inverted spectral density 4%(c) and the momentum
flux profile 4%p, Wit at zo. The dashes give the values of 4% in (m
57Y)7! scaled by 10750%. The momentum flux density in units of kg
m™' s7%/(m s~*) is scaled by 1072, with the solid line for westerly
waves and the dashes for easterly waves.
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FIG. 12. The energy flux density 42p, W at zg in units of W m™%/
(m s7!) scaled by 107'5. The solid line is for westerly waves and the
dashes for easterly waves.

phase speeds is 3.7 X 102> kg m™! 5%, compared with
the total easterly flux of —0.6 X 10723 kg m™' 572, giving
a net upward flux of westerly momentum of 4.3
X 1072 kg m~' s72, This corresponds to a loss of west-
erly wave momentum flux in the region below zg. If
we distribute this loss over the lowest 10 km, the re-
sulting mean-flow deceleration is approximately ~4.3
X 107 kg m™* s72, or roughly, —0.01 m s~!/day. Pre-
sumably, this is balanced by diffusion and possibly
other processes such as a surface Hadley cell similar to
that found by Hou and Goody (1985).

¢. Energetics and group velocities

Figure 12 plots the upward flux of energy 4%p,wo
at zy. The flux carried by westerly waves is greater than
that by easterly waves everywhere except in the am-
plification region for easterly waves. The integrated
vertical energy fluxes are 0.54) W m™2 for westerly
waves and 0.179 W m™2 for easterly waves, giving a
total of 0.717 W m™2 [for comparison, the value for
the earth’s atmosphere given by Stull (1976) is 0.1 W
m™2]. If these waves are indeed excited in the Venus
planetary boundary layer as postulated, then the so-
Iution for » = 1 corresponds to about 4.2% of the solar
flux received at the surface (Tomasko, 1983). Thus,
unless the value of » is much less than estimated, the
wave energy flux involved represents a significant frac-
tion of the total thermal input.

Figure 13 shows profiles of perturbation energy A*E
at zo. While the spectrum of westerly waves is strongly
peaked at the low frequency end, that of easterly waves
is comparatively flat and substantially smaller for most
frequencies. The integrated values are 3.17 kg m™' s72
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FIG. 13. The perturbation energy density AX[i2 + (¢ Ne)1pa/2
at zo in units of kg m™ s7%/(m s7!) scaled by $k™!. The solid line is
for westerly waves and the dashes for easterly waves.

1

for westerlies, 0.29 kg m™! s72 for eastérlies, giving a

total of 3.35 kg m™' s72, which is negligible compared °

with the kinetic energy of the mean flow of 963 kg m™!

s~2 at the same level. The group velocity at the level
of excitation is given by p,we/E; for westerly waves
this varies from less than 0.3 m s™! for¢, € 20 m s™!
to about 4 m s™! at ¢, = 50 m s7!; for easterly waves
the corresponding values are 0.1 m s~ for¢, 2 —20 m
s'and3ms ! forc, = —-50m s,

In section 2 it was assumed that waves are essentially
inviscid away from critical layers; this can now be jus-
tified as follows: Figs. 3 and 6 show that the index of
refraction Q for both easterly and westerly waves is
typically of the order of 10~® m~2 (except near the crit-
ical level). For the estimated amounts of diffusion, the
diffusive time 47%/(vQ) for the wave is on the order of
years, much greater than the wave transit time (i.e.,
distance/group velocity), which is typically on the order
of hours.

d. Estimated wave amplitudes

Substituting (20) into (15) gives Ams = 1.1
X 107%(pk)!72, corresponding to a vertical velocity w
= AmW of 1.1 X 107%(3k)"* m s~!. At the cloud level
this corresponds to about 0.5 m s™! (forv = Sm?s™})
comparable to the values suggested by VEGA balloon
measurements (Linkin et al., 1986). At zo = 10 km u
is less than 1(7k)Y2 m s™! for westerly waves and 1072
m s~! for easterly waves; these values are within data
constraints.

As shown in section 4, easterly waves can reach great
heights where they are thermally damped, providing
that they do not become gravitationally unstable and
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break down en route. Following Lindzen (1981), the
height at which breaking occurs is given by

-t
=[=+=] .
dz|, =~ \dz ¢, .
For the estimated forcing amplitude of w(z)
= 1.1(?k)"? cm s, the calculated easterly waves do
not break for k = 1 and 7 = 1, but are thermally damped
as described in section 4b. Figure 14 shows the resulting
mean-flow deceleration [pG] attains a maximum of
—1.5 X 1079 kg m™2 s72 at 93 km. Hou and Goody
(1985) have shown that at these heights eddy sinks are
required so as to maintain the negative zonal wind

(1)

“shear in the presence of a direct meridional circulation,

the estimated deceleration due to damped easterly
waves is of the same order as that suggested by Hou
and Goody. From Fig. 14 we obtain that the deceler-
ation per unit mass at 90 km is about —30 m s™! day™!
(» = 1), which is roughly twice the equatorial decel-
eration due to the semidiurnal tide at this level, as
computed by Valdes (1984). However, given that the
exact zonal wind profile is uncertain at these heights,
these differences are not significant since the mean wind
can adjust itself to the total deceleration. The important
conclusion is that gravity waves can provide an addi-
tional momentum sink at these altitudes, as they do
in the earth’s atmosphere.

If easterly waves do propagate to great heights as
indicated by these calculations, their amplitudes should
be measurable. From Fig. 7a we estimate that u could
be as large as 20(pk)"* m s~! at 100 km, decreas-
ing rapidly to less than 3(7%)"> m s™! for z < 80 km.

200,
18071
160

1407

ALTITUDE {(km)
A2 o w8 N
® 8 ® & ©

N
4

-

O %8 ‘0.6 ‘o4 ‘2.2 o0
NORMALIZED PROFILES OF [5G] AND [G] FOR C,<O

FIG. 14. Total mean-flow deceleration due to easterly waves. The
profiles are normalized with respect to maximum values. The dashes
show [pG(2)) scaled by 1.5 X 10”7 kg m™2 572, and the solid line gives
[G(2)] scaled by 320 m s~!/day.
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The calculated temperature perturbation is about
10(pk)'2 K at 100 km and less than 1.5(5k)"* K below
80 km, which is within the limits of fluctuation am-
plitudes in the observed profiles. As already mentioned,
the cloud-level vertical velocity is about 0.5 m s7},
comparable to the value of 1 m s™! indicated by the
recent Soviet Vega balloon measurements (Linkin et
al., 1986); the periods of these waves are longer than

. several hours, which may be relevant to the trapped
gravity waves discussed by Woo et al. (1980).

In these.calculations easterly waves do not break in
the small static stability region around 55 km (se¢ Fig.
1) because the model static stability is small but posi-
tive. From (6) we see that T ~ N ~ S, so that S
cancels in (21); hence a wave does not break simply
because S is small. However, at a larger value of v or
if S'is identically zero at 55 km, all easterly waves would
break at this level, in which case we can distribute the
total easterly momentum flux of —0.6 X 1072 kg m™!
s~2 (see section 5b) over a scale height of 7 km to obtain
the estimate [pG] ~ —8 X 10777 kg m~2 s~2 (Lindzen,
1981), This is of the same order as the equatorial tidal
acceleration at the maximum heating level at 65 km
(see Fig. 4.42 of Pechmann, 1983, Fig. 3.36 of Valdes,
1985, and Fels, 1986). Thus, the breaking of easterly
waves around 55 km would result in an eddy momen-
tum sink just below the maximum tidal acceleration.
Such a layered structure of eddy sources and sinks could
be maintained by multiple meridional cells, as dis-
cussed in Hou (1984) and Hou and Goody (1985).

A likely situation in the Venus atmosphere may well
be a mixture of the two, with easterly waves penetrating
to great heights at times and breaking at the mid-cloud
level at others. ’

6. Sensitivity tests |
a. Wavenumber dependence

As a result of the long thermal damping time below
the cloud base, w is independent of k for westerly waves
and the dependence of the various quantities on k may
be derived explicitly from (6)~(9), (11), and (20). In
particular, from (20) the inverted spectral density 4%(c)
is proportional to k, so that [p,Wi], [p.w¢], and
[pG], are independent of k, while [E] varies as k™! and
Apms varies as k72, The solution for westerly waves can,
therefore, be conveniently scaled.

However, the solution for easterly waves is a function
of wavenumber since the deposition of the easterly
momentum flux is affected by the thermal damping
term in (4), which is proportional to k. The results for
a 500 km wave (k = 2) show that the total deceleration
[pG] due to easterly waves is similar in structure to the
reference case shown in Fig. 14, but has a maximum
of —0.6 X 1077 kg m™2 s™% at 103 km. This smaller
maximum reflects the decrease in density over two scale
heights, which more than offsets the increase with k
through 4% and damping.
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b. Sensitivity to the static stability near 24 km

Pioneer Venus data indicate a close-to-neutral layer
around 25 km (Schubert, 1983). The measured instan-
taneous static stability varies from about 0.3 K km™
near the equator to slightly unstable profiles at higher
latitudes, with uncertainties of about 0.3 K km™’. Since
the momentum supply at the equator, where the at-
mospheric angular momentum reaches a maximum,

_ is a key issue in the superrotation problem, as argued

in Hou (1984), we have assumed an equatorial orien-
tation throughout this study and adopted the equatorial
S(z) profile in section 5. However, if the mean static
stability in this region is actually zero (or even unstable),
waves would break and the proposed mechanism can-
not operate for ¢, > ¢, (z = 25 km) ~ 30 m s™*. Perhaps,
a more interesting question is to ask whether waves
could propagate through a low static. stability region
without breaking, regardless of the value of .S, so long
as it is positive. To test this, we used an alternate S(z)
with a minimum of 7 X 1072 K km™! at 23.7 km (by
setting d; = —3.4 km™' K) and repeated the calcula-
tions.

For westerly waves with critical levels in the region
of low static stability, the waves break just below the
critical level, well within the viscous layer for 7 of the
order of unity. The easterly waves againh do not break.
As discussed in section 5, since T is proportional to S,
waves do not necessarily break when S is small. Figure
15 shows that the inverted spectral density does not
differ greatly from the reference case. Of the various
integrated quantities, only [o,W#] and [p,w¢] for east-
erly waves increase by about 30%. The amplification
peak at —5 m s~ shown in Fig. 9 is shifted to =3 m
s}, suggesting that this particular amplification peak
is probably due to the rapid variation around the min-
imum in S at 24 km.

c. Sensitivity to the forcing level

To test the sensitivity to the excitation level, we per-
formed calculations for zy = 5 km instead of 10 km as
in section S. Figure 15 shows that the spectral density
is little altered. Since the containment distance for par-
tially reflected waves depends on the height z,, the am-
plification peak at ¢, =~ —5 m s~ in the reference case
is shifted to ~12 m s™', but the one at ¢, =~ —50 m ™!
is not noticeably affected.

7. Discussion and conclusion

We have shown that the prevailing westerlies in the
Venus atmosphere introduce a strong bias in favor of
the transport of westerly momentum upward by large-
scale gravity waves excited near the surface. A contin-
uous spectrum of gravity waves with westerly phase
speeds and critical levels below the cloud base could
provide the necessary acceleration to maintain the su-
perrotation below 45 km against diffusion (if dynamic
transport is as small as suggested by the calculation of
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FIG. 15. A comparison of inverted spectral densities from sensitivity
tests. The values are scaled by 107°2k. The solid line marks the ref-
erence case discussed in section 5, the dashes are for the modified
static stability discussed in section 6b, and the dots are for the case
2o = § km (see section 6¢).

Hou and Goody, 1985). The attendant waves with
easterly phase speeds either break at the near-neutral
static stability layer around 55 km (if this layer is, in
fact, unstable over extended periods) or propagate until
absorbed through thermal damping above 80 km. In
the event of breaking at 55 km, the resulting mean-
flow deceleration may be comparable to the maximum
equatorial tidal acceleration at 65 km. Such a layered
eddy source/sink structure is consistent with the mul-
tiple meridional circulation pattern obtained by Hou
and Goody. Alternatively, if easterly waves are ther-
mally damped above 80 km, the resulting deceleration
could be comparable to the local tidal deceleration and
help provide the required eddy momentum sink to
maintain the negative zonal wind shear against the
mean meridional transport, as in Hou and Goody.

For the amount of diffusion with » ranging from 1
to 5 m? s/, as suggested by in situ measurements, the
estimated wave amplitudes are compatible with ob-
served wind and temperature perturbations. The total
vertical wave energy flux is about 0.7-3.5 W m™2, cor-
responding to 4%-20% of the solar energy flux reaching
the planet surface, which implies an extremely efficient
energy conversion mechanism. Whether such high ef-
ficiencies are easily attainable remains to be demon-
strated; however, in view of the uncertainties in the
diffusion coefficient, these values may well be overes-
timates,

A possible candidate for exciting a continuous spec-
trum of gravity waves is penetrative convection (for
example, see Stull, 1976). It has been suggested that
small-scale convection may occur in the region of small
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static stability from 15 to 28 km, or near the surface
(Schubert, 1983). The near-zero vertical shear in the
zonal wind profile below 10 km may be an additional
clue that some vertical mixing is present, which could
then excite vertically propagating gravity waves, as
suggested by this study. Although there is ample evi-
dence of gravity wave activities in the Venus atmo-
sphere, it is difficult to conclude about the nature of
the generation mechanism based on the present-day
data. If we assume that convection acts as a random
driving, the stipulation that the forced stationary so-
Iution presented here is representative of the long-term
statistics is valid only if the driving remains coherent
for periods that are long compared with wave transit
times (travel distance/group velocity); otherwise the
long-term statistics may not, for example, exhibit the
amplification peaks of the steady solution. However,
since the spectral density distribution is the Fourier
transform of the autocovariance, the required coher-
ence time of the driving may be estimated by 1/(e-
folding width of the spectral density); from Fig. 11 we
estimate the consistent coherence time to be greater
than two wave periods (with the central frequency at
¢, =~ 20 m s7}), i.e., approximately 30 h. It can be
shown that the transit time for the amplification peak
at ¢, =~ 50 m s~ is about 5 h (based on a round-trip
distance between 10 to 45 km and an average group
velocity of 4 m 5™, see section 5¢c). However, owing to
the small group velocities at the low end of the inverted
spectrum and the great depth of their modal structure,
transit times for easterly waves in the amplification
regions are much longer than the coherence time of
the driving. Thus, the results for easterly momentum
and energy fluxes (hence the deceleration) for the low
frequencies should be regarded as upper-bound esti-’
mates, which only serve to further emphasize the east—
west asymmetry, which is the basis of the proposed
mechanism. ,

In assuming an equilibrium wind profile with the
gravity wave spectrum, we have neglected potential
contributions from shear instabilities. However, Pi-
oneer Venus data suggest that the Richardson number
is greater than 0.25 below the clouds and instabilities
are unlikely (Schubert, 1983). For consistency, we have
adopted a standard model profile that is stable below
55 km. .

Apart from the maintenance question, one might
ask whether the proposed mechanism could have
caused the superrotation on Venus. Since the differ-
ential solar heating has a maximum at the equator,
any redistribution of the atmospheric angular momen-
tum by a thermally direct circulation from the state of
rest would give rise to westerlies away from the equator,
thereby introducing an initial bias in the direction of
the planetary rotation, which could then be amplified
by the gravity wave mechanism.

However, the primary objective of this work is to
propose a simple mechanism for the Venus superro-
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tation below 45 km that is consistent with current data,
to offer a quantitative assessment of its viability, and
to provide a focal point for future observational efforts.
Since the root-mean-square amplitude and the mo-
mentum flux of large-scale gravity waves are measur-
able quantities, there is hope that the proposed mech-
anism could someday be tested.
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