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[1] A superrotating atmosphere with equatorial winds of �35 m s�1 is simulated using a
simplified Venus general circulation model (GCM). The equatorial superrotation in the
model atmosphere is maintained by barotropic instabilities in the midlatitude jets
which transport angular momentum toward the equator. The midlatitude jets are
maintained by the mean meridional circulation, and the momentum transporting waves are
qualitatively similar to observed midlatitude waves; an equatorial Kelvin wave is also
present in the atmosphere. The GCM is forced by linearized cooling and friction
parameterizations, with hyperdiffusion and a polar Fourier filter to maintain numerical
stability. Atmospheric superrotation is a robust feature of the model and is spontaneously
produced without specific tuning. A strong meridional circulation develops in the form
of a single Hadley cell, extending from the equator to the pole in both hemispheres, and
from the surface to 50 km altitude. The zonal jets produced by this circulation reach
45 m s�1 at 60 km, with peak winds of 35 m s�1 at the equator. A warm pole and cold
collar are also found in the GCM, caused by adiabatic warming in the mean
meridional circulation. Wave frequencies and zonal wind speeds are smaller than in
observations by cloud tracking but are consistent with a Doppler shifting by wind speeds
in the generating region of each wave. Magnitudes of polar temperature anomalies are
smaller than the observed features, suggesting dynamical processes alone may not
be sufficient to maintain the large observed temperature contrasts at the
magnitudes and periods found in this GCM.
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1. Introduction

[2] Equatorial winds with a westward speed of 120 m s�1

are observed in the dayside cloud decks of the Venus
atmosphere [Lebonnois et al., 2006], more than 35 times
faster than the surface rotation. Such a strong westward
(prograde) wind cannot be maintained on the equator by the
axisymmetric meridional circulation, because of its inability
to maintain an extremum of angular momentum away from
the boundary layer [Hide, 1969; Schneider, 2006]. In order
to produce the observed wind speeds on the equator, a
nonaxisymmetric process must exist in the atmosphere to
transport the momentum toward the equatorial jet region.
[3] A number of atmospheric processes have been sug-

gested to explain this momentum transport, often separated
into two groups [e.g., Seiff, 1983; Del Genio and Rossow,
1990]. The first group of processes transport momentum
horizontally from the midlatitudes (from the midlatitude
jets) toward the equator. Gierasch [1975], for example,

suggested horizontal transport by small scale viscous eddies
or large scale thermal tides.
[4] The second group of processes transport momentum

vertically into the jet region, usually from the lower atmo-
sphere. For example, Fels and Lindzen [1974] and Fels
[1977] suggested gravity waves could transport enough
momentum toward the equator, driven either by direct
thermal excitation or by orographic scattering of downward
propagating waves. Imamura [2006] suggested the vertical
wind shear might act to focus both the equatorial Kelvin
wave and the midlatitude waves to accelerate the equatorial
jet.
[5] In this study, we use the dynamical core of the Hadley

Centre General Circulation Model [Cullen, 1993] with
simplified parameterizations to provide the thermal forcing
of the atmosphere and momentum dissipation in the bound-
ary layer [Lee et al., 2005]. Using this GCM we are able to
reproduce a strong equatorial superrotation in the middle
atmosphere, driven predominantly by planetary scale
Rossby-like waves which transport (prograde) momentum
horizontally toward the equator.
[6] In section 2 we describe the model parameterizations,

and justify the quantitative values for each parameterization
used in the model. In section 3 we examine the resulting
zonal mean state of the atmosphere and the momentum
transports, and we describe the processes which lead to the
superrotation observed in this model. In section 4 we
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describe the temperature structures which appear in the
polar region in this GCM, and in section 5 we compare
the results from this experiment with the results from other
recent, successful, GCMs. Finally in section 6 we give a
summary of our results.
[7] Note that where timescales are given in ‘‘days,’’ we

mean an Earth day of 86400 S.I. seconds. One Venus year
lasts 225 days.

2. Model Parameterizations

[8] The Venus General Circulation Model (GCM) uses
the dynamical core of the Hadley Centre Unified Model
[Cullen, 1993], which solves the nonhydrostatic primitive
equations in three dimensions using an Arakawa B grid
[Arakawa and Lamb, 1977] with a five degree resolution
over the entire surface of the planet, and a hybrid s � P
coordinate in the vertical, with a maximum spacing of
3.3 km. The vertical level is denoted by h, which is defined as

P?h ¼ skP? þ Pk ; ð1Þ

where sk defines the terrain following coordinate levels, and
Pk defines the constant pressure levels, both values defined

for each vertical level. P? is the surface pressure defined at
each surface grid point.
[9] Forcing and dissipation in the model are provided by

a linearized forcing of the temperature field (‘‘Newtonian
cooling’’) toward a longitudinally symmetric state and a
linearized dissipation (‘‘Rayleigh friction’’) of the near-
surface winds toward rest. The boundary layer friction is
parameterized as

@~v

@t
¼ � � � � kvf �~v; ð2Þ

where t is time,~v is the horizontal velocity vector (u, v), kvf
is the coefficient of friction with a value of 1/25 day�1 on
the lowest model layer and is zero for all other levels. An
additional sponge layer is implemented in the model on the
top three numerical levels, where the dissipation of the eddy
horizontal velocity ~v0 = (u0, v0) is given by

@~v

@t
¼ �kve hð Þ �~v0; ð3Þ

and kve is the coefficient of friction with a value of
1	106

h
day�1 in the top three levels, and is zero for all other levels.
[10] The thermal forcing in the GCM is parameterized as

@T

@t
¼ � � � � kT T � Teq f; hð Þ

� �
; ð4Þ

where T is the kinetic temperature, kT = 1/25 day�1 is the
coefficient of thermal relaxation. Teq is the thermal
relaxation profile, which is a function of latitude f and
the vertical level h ’ P/P?. Teq can be further decomposed
into a horizontal mean component (a function of ) and a
residual,

Teq ¼
X5
i¼0

T ið Þ
z log10 hð Þi þ TH hð Þ cosf ð5Þ

where the mean value TZ(h) is derived from Pioneer Venus
probe data [Seiff et al., 1980] and the Venus International
Reference Atmosphere [Kliore et al., 1992] data, smoothed
to a fifth order polynomial in log10(h) with coefficients TZ =
{733.4861, 301.2670, 47.2002, �5.0230, �2.3257,
�0.1896}.
[11] The residual coefficient TH is a function of h only

and is multiplied by a cosine latitude function to provide a
latitudinal gradient in the thermal relaxation field, where the
h value for each level and values of TH on each model level
are given in Table 1. The global mean temperature profile is
shown in Figure 1. The latitudinal-height structure of the
heating is shown in Figure 2. This structure is based on
results from radiative modeling [e.g., Crisp, 1986; Pollack
and Young, 1975] with a peak-heating in the middle
atmosphere, but the absolute magnitude is increased to
account for the reduced relaxation timescale used in the
model.
[12] In addition to these parameterizations, the accelera-

tion due to gravity is g = 8.87 ms�2, surface pressure is p0 =
9.2 	 106 Pa, angular velocity is W = �2.99 	 10�7 s�1,
and the planetary radius is av = 6.040 	 106 m [Colin,

Table 1. Vertical Levels Used in the GCM Described in Section 2

and TH(h) From Section 2 Which Specifies the Latitudinal Gradient

of the Temperature Structurea

Level h TH

0 9.602 	 10�1 6.101
1 8.679 	 10�1 6.136
2 7.577 	 10�1 6.176
3 6.420 	 10�1 6.410
4 5.299 	 10�1 6.634
5 4.273 	 10�1 6.678
6 3.373 	 10�1 6.719
7 2.610 	 10�1 6.762
8 1.979 	 10�1 7.167
9 1.472 	 10�1 7.524
10 1.074 	 10�1 9.840
11 7.672 	 10�2 14.948
12 5.361 	 10�2 21.370
13 3.657 	 10�2 28.746
14 2.430 	 10�2 36.373
15 1.569 	 10�2 43.315
16 9.814 	 10�3 48.534
17 5.929 	 10�3 51.175
18 3.454 	 10�3 50.757
19 1.934 	 10�3 47.342
20 1.043 	 10�3 41.536
21 5.400 	 10�4 34.295
22 2.710 	 10�4 26.758
23 1.324 	 10�4 19.807
24 6.355 	 10�5 14.001
25 3.070 	 10�5 9.599
26 1.525 	 10�5 6.504
27 7.950 	 10�6 4.439
28 4.500 	 10�6 3.126
29 2.925 	 10�6 2.370
30 2.265 	 10�6 2.000
aEach integer level is the ‘‘full’’ model level where temperatures are

specified in the GCM, and the corresponding h value of the vertical level.
The ‘‘half’’ levels include the surface at h = 1.0 which are given as hi+1

2
=

(hi + hi+1)/2.0. The surface pressure is initialized at 9.2 	 106 Pa. The
equivalent heating rate is given by TH(h) 	 kT (K/Earth day).

E04S11 LEE ET AL.: SUPERROTATION IN A VENUS GCM

2 of 10

E04S11



1983]. Although the specific heat capacity of CO2 is known
to vary from 700 J kg�1 K�1 (at 200K) to 1150 J kg�1 K�1

(at 750K) [Chase, 1998], the specific heat capacity at
constant pressure in this experiment is assumed to be
constant with a value of cp = 887 J kg�1 K�1, its value at
�350 K.
[13] In the GCM the radiative heating is simulated by

applying a height dependent latitudinal temperature gradient
to the globally averaged temperature profile. Where the
radiative heating is assumed to be largest, the latitudinal
temperature gradient of equilibrium state is largest in the
prescribed temperature field. Radiative modeling by Crisp
[1986] and Pollack and Young [1975] suggest that most of
the heating should occur in the cloud decks at 50 km, where
50% of the radiative heating is caused by absorption of
ultraviolet radiation by an unknown species [Kerzhanovich
et al., 2003; Esposito et al., 1983]. Only a small amount of
radiation penetrates the cloud decks and is absorbed in the
lower atmosphere, and the heating decreases below the
cloud decks. Above the cloud decks the atmosphere is
heated strongly by solar radiation, but the relaxation time-
scale of the atmosphere is relatively short in this region.
[14] In the GCM the latitudinal temperature gradient

(Figure 2) applied to the global equilibrium temperature
profile (Figure 1) peaks at 45–50 km altitude, and decreases
to a small, finite value at the surface to reflect the small
amount of heating that occurs there. Above the cloud decks
the latitudinal temperature gradient decreases to zero, to
model the short relaxation timescales of the atmosphere
[Pollack and Young, 1975], and because of a numerical
constraint of reducing any unwanted rigid lid effects on the
GCM circulation.
[15] The prescribed heating in the lower atmosphere is

highly idealized compared to the state of the Venus atmo-
sphere derived from radiative models [Crisp, 1986; Pollack
and Young, 1975]. In particular the radiative heating in the
lower atmosphere is larger than is predicted by radiative
transfer models. The reason for this modification is that we
use a short (constant) relaxation timescale throughout the
entire atmosphere to allow faster ‘‘spin-up’’ of the GCM,

and the effective heating rate in the parameterization is
dependent on this timescale as

dq / dT
t
; ð6Þ

where t is the relaxation timescale and dq is the specific
heating rate. However, even with this simplified heating, the
GCM does spontaneously produce superrotating winds (as
do the Yamamoto and Takahashi [2003a] and Herrnstein
and Dowling [2007] GCMs). Moreover, the wave activity
which is present in the model atmosphere is qualitatively
similar to the observed waves on Venus from Pioneer Venus
cloud tracking [Del Genio and Rossow, 1990].
[16] In addition to the Newtonian cooling and Rayleigh

friction prescribed in the model, a conservative sixth-order
horizontal numerical hyperdiffusion is used on all vertical
levels, with a coefficient of KH = 1.0 	 109 m2s�

1
3,

corresponding to an e-folding time of 30 Earth days for
the highest wave number modes. The Courant-Friedrichs-
Lewy (CFL) criterion is used to define a conservative polar
filter to maintain stability as the model domain converges.
Both the numerical diffusion and the CFL filtering are
standard features of the dynamical core of the Hadley
Centre GCM. No explicit vertical diffusion is used in the
GCM.
[17] To isolate the processes responsible for the momen-

tum transports the GCM is kept as simple as possible. A flat
topography is used and there is no diurnal variation or
seasonal variation in the forcing or dissipation, and no
chemical or latent heat effects are considered. The thermal
relaxation field used in the GCM is convectively stable, but
convection can occur if the atmosphere becomes statically
unstable.

3. Results

[18] The experiment described here was started from a
rest state with the global mean temperature profile (TZ from
section 2) and integrated for 100 years to allow the model to
reach a statistically steady state. Figure 3 shows the globally

Figure 1. Global mean temperature profile used in the
thermal relaxation profile in the GCM, as calculated from Tz
in section 2.

Figure 2. Latitude-height cross section of the deviation of
the prescribed thermal relaxation field from the global mean
in Figure 1. Calculated from TH(h)cosf in section 2 and
Table 1.
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integrated kinetic energy and superrotation index for this
experiment. In the last decade of the integration, the
integrated kinetic energy of the zonal flow is still increasing,
but by less than 0.15% per Venus year, and the mean growth
rate over the last 30 years is 0.4% per Venus year. Without a
sudden increase in the acceleration of the mean zonal flow,
doubling the integration time would result in an increase of
the integrated angular momentum of less than 15%. At the
end of the 100 year integration diagnostics were calculated
over a further 3 year period.
[19] Figure 4 shows the mean meridional mass stream

function during the diagnostic period, defined as

ym l;Pð Þ ¼ 2pa cosf
g

Z P0

0

v l;Pð Þ
h i

dP; ð7Þ

where a is the planetary radius, f is the latitude, g is the
gravitational acceleration, P is the pressure, and v is the

meridional wind. The stream function shows the mean
meridional circulation extending from the equatorial surface
to the polar region at 60 km, and a smaller indirect cell
above this main overturning circulation. The latitudinal
temperature gradients during the same period are shown in
Figure 5 as the horizontal anomaly from the global mean
temperature (i.e., T � T, where T is the mean value of T in
longitude and latitude). The zonal and time mean westward
wind speed is shown in Figure 6, showing that the
midlatitude jets forming near the downwelling region of
the mean meridional circulation.
[20] In the equatorial region of the model, the mean zonal

winds are westward (i.e., prograde, or superrotating) and are
20 times faster than the equatorial surface speed (vs = W/av).
The globally integrated superrotation (as defined by Read
[1986]) is S ’ 3, suggesting the atmosphere contains
4 times the absolute angular momentum it would have at
rest with respect to the planet surface. In comparison,
S � 0.05 for Mars [Lewis and Read, 2003], which depends
strongly on the dust loading of the atmosphere, while
S � 0.015 for Earth [Read, 1986].
[21] The midlatitude jets are maintained by the mean

meridional circulation in the atmosphere, which transports
angular momentum in a single direct overturning circulation
(e.g., the Hadley cell on Earth) from the surface to the
middle atmosphere, and from the equator almost to the pole.
The GCM does not reproduce the ‘‘stacked Hadley cells’’
structure that has been proposed to exist in the Venus
atmosphere [e.g., Schubert, 1983].
[22] The equatorial superrotation must be maintained by a

nonaxisymmetric process which transports net angular
momentum into the equatorial region [Hide, 1969]. The
angular momentum in the atmosphere can be accelerated by
three different mechanisms, the axisymmetric circulation,
the resolved eddy transport of momentum, and (particularly
in a GCM) the unresolved eddies. From [Read, 1986] these
terms can be expressed as

mt þ u? � rm ¼ �r � Eþ F=r: ð8Þ

Figure 3. Globally integrated superrotation (black) as
defined by Read [1986], and globally total integrated kinetic
energy (gray), during the 100 year model integration.
Diagnostics calculated from this GCM were taken over a
3 year period at the end of the 100 year integration.

Figure 4. Latitude-height cross section of the meridional
mass stream function derived from the global mean
meridional wind field, averaged over 3 years after 100 years.
As given in equation (7). Each contour level is 3 times larger
than the preceding contour.

Figure 5. Latitude-height cross section of the anomaly
temperature field, defined as T00 = T � T, where T is the
latitude and longitude mean of T, averaged over 3 years after
100 years. D = 1 K.
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Where the first term (mt) is the acceleration of the specific
angular momentum, where m is the specific angular
momentum. The second term (+u? � rm) is the deceleration
of m caused by the Transformed Eulerian Mean circulation
[Andrews et al., 1987]. The third term (�r � E) is the
acceleration of m due to the nonaxisymmetric (wave/eddy)
components via the divergence of the Eliassen-Palm flux E.
Note that in this equation the Eliassen-Palm flux [Eliassen
and Palm, 1961] E is expressed in terms of momentum
transport, such that a convergence of the EP flux results in
acceleration, this formulation uses the opposite sign
convention to the formulation used to discuss ‘‘wave
activity’’ [Andrews et al., 1987]. The fourth term (+F/r) is
the acceleration of m due to unresolved components in the
GCM, such as the diffusion and filtering that are necessary
to maintain numerical stability. Each term in equation (8) is
described by Read [1986].
[23] An expanded formulation of this equation is given by

Zhu [2006], where the author explicitly decomposes each
term in equation (8) and calculates approximate values for
the acceleration by a number of wave and mean circulation
components.
[24] The time and longitudinal average of the four terms

in equation (8) are shown in Figures 7 and 8, where the
fourth term in equation (8) is calculated as the residual of
the other terms, which are explicitly calculated from the
model diagnostic fields. The midlatitude jets in the GCM
are maintained by the mean overturning circulation (the
second term in equation (8)), with the peak acceleration
located near the downwelling branch of the circulation. In
agreement with Hide’s theorem [Hide, 1969] the axisym-
metric circulation does not accelerate the equatorial jet.
[25] The numerical diffusion, shown in Figure 8, tends to

decelerate the equatorial jet and the midlatitude jets (by a
smaller amount). As a result the acceleration of the equa-
torial jet by the eddies is balanced by the mean meridional
circulation and the numerical diffusion.
[26] The acceleration caused by the eddies is balanced

predominantly by the mean circulation except on the
equatorward side of the jet peaks, where the diffusion tends
to be strongest. In the equatorial region, the explicitly

resolved eddies/waves accelerate the mean westward winds,
as is required to produce a superrotating jet on the equator.
[27] The acceleration by the eddies can be separated into

the horizontal and vertical contributions (corresponding to
the horizontal and vertical components of the EP flux
divergence), these are shown in Figure 9 and Figure 10.
The horizontal fluxes contribute to the net acceleration of
the equatorial jet with a magnitude of

�@Ef

@f
� dm

dt
� 10 m2 s�2; ð9Þ

but the vertical EP fluxes do not accelerate the equatorial
jet. Instead, the acceleration due to the horizontal fluxes are
balanced by the mean meridional overturning and the
unresolved components in the GCM. Reducing the
numerical diffusion in this experiment by 30% tends to
increase the equatorial jet by 5 m s�1 with the same globally
integrated angular momentum.

Figure 7. Individual terms in equation (8). Solid contours
represent acceleration in each figure (regardless of sign),
dotted contours represent deceleration, and the gray dashed
contour is the zero contour. (top) Net acceleration of the
zonal mean angular momentum (mt), D = 1 m2 s�2.
(bottom) Acceleration of m by the unresolved components
in equation (8), calculated as the residual of the three
preceding terms + F/r, D = 5 m2 s�2. Figure 8 shows the
TEM and Eliassen-Palm components.

Figure 6. Latitude-height cross section of the zonal mean
westward wind speed, averaged from 3 years of data at
100 years, D = 5 m s�1.
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[28] On the equatorward side of the jet region both
horizontal and vertical contributions decelerate the midlat-
itude jet, while the horizontal EP fluxes tend to accelerate
the poleward side of the jet above the jet region, balanced in
part by a deceleration due to the vertical EP fluxes.
[29] The equatorward momentum transport in this exper-

iment is dominated by the eddies in the midlatitudes, which
in turn are dominated by a planetary wave number 1 mode
with a period of 30 Earth days at 100 kPa. Figure 11 and
Figure 12 show the periodograms for temperature and
northward wind at a polar latitude (60N) and on the equator
for this mode. The midlatitudes and poles of the GCM are
dominated by the MRG-like mode (mixed Rossby-gravity)
with components in wind and temperature. The dominant
period of this wave is 30 Earth days near 100 kPa but has
significant activity at longer periods in the lower atmo-
sphere. The period of the waves in the lower atmosphere
appears to be fixed relative to the mean flow at this latitude,
as the period of the waves increases at approximately the
same rate as the equivalent period of the mean flow with
increasing atmospheric pressure.
[30] We identify this mode as a MRG-like mode because

of the retrograde motion relative to the background winds

[Lindzen, 1990], a positive correlation between v and T and
a nonzero minimum near the equator [Andrews et al., 1987].
[31] The structure of the MRG wave amplitude in

latitude-pressure (not shown) corresponds closely to the
Eliassen-Palm flux divergence shown in Figure 7, and the
predominantly horizontal propagation of this wave agrees
with the decomposition of the EP flux which has a larger
horizontal component than the vertical component in the
midlatitudes. The phase slope of the MRG wave with height
itself varies with height and tends to become shallower in
(and above) the jet region, with a corresponding increase in
period, indicating a transfer of retrograde angular momen-
tum from the wave into the mean zonal winds as the wave is
dissipated [Andrews et al., 1987]. The peak amplitude of the
MRG wave occurs in a barotropically unstable region in the
midlatitude jets near the westward jet peak, which is
identified by an extremum in the second derivative of the

westward wind speed with respect to latitude. That is, @2u
@f2 <

Figure 8. As Figure 7. (top) Deceleration of m by the
mean circulation (u? � rm), D = 10 m2 s�2. (bottom)
Acceleration of the m by the resolved eddy components
(�r � E), D = 10 m2 s�2, the gray solid line is +5 m2 s�2.

Figure 9. Horizontal divergence of the Eliassen-Palm
vector, giving the acceleration of the zonal mean angular
momentum by the horizontal eddy fluxes. D = 20 m2 s�2

with the zero contour marked in gray.

Figure 10. Vertical divergence of the Eliassen-Palm
vector, giving the acceleration of the zonal mean angular
momentum by the vertical eddy fluxes. D = 20 m2 s�2 with
the zero contour marked in gray.
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R
@f
@f, where f is the Coriolis parameter, R is radius, and f is

latitude [Pedlosky, 1987].
[32] The atmospheric fields in the equatorial region also

have a contribution from the MRG-like wave, visible in the
northward wind field of Figure 11 and Figure 12. In the
temperature field (and the eastward wind field), an addi-
tional wave mode is found with a period of approximately
9 Earth days at 100 kPa, centered on the equator and with an
amplitude which increases with height but decreases away
from the equator. The lack of a significant signal in the
northward wind field and the equatorial confinement of the
wave suggest that this mode is a Kelvin wave. Both of these
wave modes have been identified in cloud observations by
Pioneer Venus [Del Genio and Rossow, 1990]. In this
experiment, the period of the Kelvin mode is 9 ± 1 Earth

days in the middle atmosphere. The latitude-pressure struc-
ture of the 9 day Kelvin wave indicates the growing
amplitude of the Kelvin wave with decreasing pressure.
[33] Any acceleration of the equatorial jet caused by the

Kelvin mode would most likely be present in the contribu-
tion of the vertical component of E to the EP flux diver-
gence (r � E). But this contribution is negligible compared
to the contribution to r � E from the horizontal component
of E. The Kelvin mode does not therefore appear to
contribute significantly to the momentum transport in the
GCM.
[34] The slope of the phase surface of the Kelvin mode

(in longitude-height) changes sign at 100 kPa, such that at
altitudes above this level the slope is westward with
increasing height (on a westward rotating planet), and
below this the slope is westward with decreasing height.
The ageostrophic dispersion relation for the Kelvin wave
[Andrews et al., 1987] gives the relationship between the
slope of the Kelvin wave and its direction of vertical
propagation as

@z

@x
¼ kx

kz
; ð10Þ

where kx and kz are the horizontal and vertical wave number
of the mode. An upward (downward) propagating Kelvin

Figure 11. Periodogram of the waves in temperature (top)
and northward wind at 60N. The dashed line on each plot is
the time and longitude mean eastward wind, given in units
of ‘‘equivalent period’’ (i.e., t = 2p cos f/av) in Earth days.
The sampling rate is 1/day, resulting in a Nyquist sampling
limit of 2 days. The background shading on each plot is the
wave amplitude at each pressure (Pa) and period (days); for
temperature the amplitude range is 0 K-1 K (light-dark) in
steps of 0.1 K, and for northward wind the amplitude range
is 0 m s�1�6 m s�1 in steps of 0.6 m s�1. The solid black
line-contour gives the 95% confidence level described in
Appendix A.

Figure 12. As Figure 11, on the equator.

E04S11 LEE ET AL.: SUPERROTATION IN A VENUS GCM

7 of 10

E04S11



wave has a westward slope on Venus with increasing
(decreasing) height.
[35] The equatorial Kelvin wave in this GCM propagates

away from its apparent source located between 500 kPa and
100 kPa. The downward propagating Kelvin wave has a
weaker temperature signal as it propagates into a region of
increasingly dense atmosphere, but is found to have a
slightly longer period (11 ± 2.5 days) than the upward
propagating wave.
[36] The layer of atmosphere between 500 kPa and

100 kPa (within 30 degrees of the equator) is inertially
unstable for more than 50% of the 3 year sample analyzed
and is a likely source of the Kelvin waves in the GCM
atmosphere. In the Earth’s atmosphere, inertial instability is
found to induce wave activity near the equator [Hayashi et
al., 2002]. For Venus-like conditions, Iga and Matsuda
[2005] analyze the effect of latitudinal shear of westward
wind on the stability in the lower atmosphere and find that
in an inertially stable circulation a shear instability can
generate growing Kelvin modes, suggesting that the inertial
instability found in this experiment is not the only possible
source of the observed Kelvin mode.

4. Polar Structure

[37] The latitudinal temperature structure in Figure 5
shows a number of features which have been observed in
the polar temperature fields on Venus [Taylor et al., 1983].
In the lower atmosphere, the latitudinal temperature gradient
is negative (positive) in the northern (southern) hemisphere,
which is related to the direct meridional circulation in this
region. Below 100 kPa the polar region is colder than the
equator at all pressures (in the mean fields). In the upper
atmosphere (at about 1 kPa), the latitudinal gradient is
inverted so that the gradient is positive (negative) in the
northern (southern) hemisphere. Between 10 kPa and 1 kPa
the atmosphere poleward of 60 degrees is typically warmer
than the equatorial region.
[38] This effect has been observed by the Pioneer Venus

OIR instrument [Taylor et al., 1983] and is referred to as the
‘‘warm pole.’’ The region between 100 kPa and 10 kPa is a
transition region between the two extremes, and has a
relatively warm pole and equator, resulting in a band of
relatively cold air surrounding the pole at 60 degrees in both
hemispheres. This feature has also been observed by the
OIR instrument and is referred to as the ‘‘cold collar.’’ The
‘‘warm pole’’ feature is associated with the vertical shear of
the jets through the cyclostrophic thermal wind balance
[Walterscheid et al., 1985],

2u
@u

@z
¼ � R

tanf
@T

@f

� �
P

; ð11Þ

where z = �ln P
P0

	 

, f is latitude, and R is the specific gas

constant of the Venus atmosphere. An increasing westward
zonal jet speed with altitude (z) corresponds to a negative
(positive) latitudinal temperature gradient in the northern
(southern) hemisphere, and vice versa. The warm pole is
thus related to the closing of the westward jet near 1 kPa.
The cold collar in the GCM is present in the transition
region between these two regimes and is correlated with the

peak westward winds at each latitude. These features are
also familiar in the atmospheres of Earth and Mars [e.g.,
Read and Lewis, 2004].
[39] The magnitudes of the ‘‘warm pole’’ and ‘‘cold

collar’’ in the GCM (8K and 4K, respectively) are lower
than in the observations (15K and 40K, respectively) so it is
likely that the model is missing a dominant feedback
mechanism in the polar region (e.g., a thermochemical
feedback related to the lowering of cloud and hot dipole
in the polar regions [Esposito et al., 1983]) but it does
suggest a possible mechanism which may contribute to the
structure of the polar temperature structures. It is possible
that increasing the horizontal resolution of the GCM will
allow larger latitudinal gradients to exist in the atmosphere
and increase the mean westward wind speed in the jets. For
example, the Yamamoto and Takahashi [2003b] model uses
the same GCM core as the Yamamoto and Takahashi
[2003a] model but with a higher resolution, and the authors
report a ~20% increase in the peak westward jet speed,
although this may not be exclusively attributable to the
increase in horizontal resolution.

5. Comparison With Recent Venus GCMs

[40] A number of GCMs have been successfully applied
to the atmosphere of Venus recently. For example, the
GCMs of Yamamoto and Takahashi [2003a] and Herrnstein
and Dowling [2007] both achieve a significant equatorial
superrotation using similar parameterizations for the radia-
tive forcing of the atmosphere. In particular the Yamamoto
and Takahashi [2003a] GCM reproduces a midlatitude jet of
100 m s�1, with substantial equatorial superrotation and
wave activity with period of 5–7 days.
[41] The GCM presented here and the Yamamoto and

Takahashi [2003a] GCM both maintain a superrotation by a
similar mechanism. A single meridional overturning cell
extends from the surface to the jet region, providing the
angular momentum necessary to maintain the midlatitude
jet. Instabilities in the midlatitude jets generate planetary
scale waves which transport angular momentum from these
midlatitude jets toward the equator, where they maintain a
strong superrotating flow. In the Yamamoto and Takahashi
[2003a] GCM the midlatitude wave is a Rossby-like wave,
with a period of 7.1 days.
[42] In the equatorial region, we find a Kelvin mode in

agreement with the cloud tracking observations [Del Genio
and Rossow, 1990], in contrast to Yamamoto and Takahashi
[2003a], who find high wave number gravity waves
(a planetary wave number of 4 or more). In a higher
resolution (T21) version of the GCM, Yamamoto and
Takahashi [2003b] identify a Kelvin wave with a period
of 3–5 days and an inertially unstable lower atmosphere
near the equator, as we report here. Neither of these GCMs
suggest that the equatorial waves are significant in main-
taining the equatorial superrotation.
[43] Herrnstein and Dowling [2007] find that topography

affects the mean circulation and eddies in the atmosphere. In
particular, the midlatitude jets become asymmetric with a
slower jet in the northern hemisphere. Preliminary experi-
ments with the topography in our GCM produce a much
smaller change in the midlatitude jets (5 m s�1 compared to
20 m s�1 in the Herrnstein and Dowling [2007] GCM), and
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the northern hemisphere jet is stronger than the southern
hemisphere jet.

6. Summary and Conclusions

[44] The atmospheric circulation in this GCM shows a
number of characteristic features of the Venus atmosphere,
such as the midlatitude jets and equatorial superrotation, the
MRG/Rossby-like midlatitude wave and the equatorial
Kelvin wave, and qualitative analogs the polar temperature
structures.
[45] The midlatitude jets are maintained by a single

meridional overturning (Hadley-like) cell in each hemi-
sphere, with peak westward wind speeds of 45 m s�1,
which are about half the magnitude measured by Pioneer
Venus [e.g., Seiff, 1983]. It is not clear why the winds are
much slower in this GCM experiment than in observations,
but given the simplifications made in the linearized heating
parameterization it is unlikely that the exact quantitative
winds would be reproduced in the GCM. Further tuning of
the heating parameterization tends to alter the jet structure
and local superrotation in the GCM, but does not appear to
change the global superrotation significantly.
[46] An equatorial superrotation is found in the GCM

simulated atmosphere with peak westward winds of
30 m s�1 (about 20 times faster than the underlying surface,
relative to an inertial rest frame). This superrotation is
maintained by the planetary scale MRG/Rossby-like wave
which transports momentum from the midlatitude jets to the
equator.
[47] The MRG wave in the GCM is found to have a

period of 30 ± 2 days, much slower than the �5 day period
for the observed waves in the Venus cloud decks [Del Genio
and Rossow, 1990]. A similar difference in period is found
in the equatorial Kelvin wave, which is 9 ± 1 days in the
model compared to �4 days in the observations.
[48] This difference in wave propagation speeds may be

explained by a Doppler shift of the wave and wind speeds
in the model to match the observations. Figure 11 and
Figure 12 show that the wave periods are related to the
zonal wind speeds, which supports this hypothesis. The
Yamamoto and Takahashi [2003a] GCM, which has a
100 m s�1 equatorial jet, has correspondingly faster mid-
latitude and equatorial waves with periods of about 7 days.

Appendix A: Fourier Transform Significance
Levels

[49] The significance levels in Figures 11 and 12 are
calculated using a lag-1 autoregressive, AR(1), red noise
process [Allen and Smith, 1996; Torrence and Compo,
1998]. The power spectrum of an AR(1) process is given by

Pk ¼
1� a2

1þ a2 � 2a cos 2pk=Nð Þ ; ðA1Þ

where a is the lag-1 autocorrelation value, N is the number
of points in the sample, k is the frequency index. The 95%
confidence level for the power spectrum of the AR(1)
process then calculated as

C95 ¼
1

2
Pkc2

2s
2; ðA2Þ

where s2 is the variance of the data, c2
2 is the chi-square

value for a process with two degrees of freedom (because
we use a complex Fourier transform). To produce Figure 11
and Figure 12 the lag-1 autocorrelation, a, is calculated for
each pressure and latitude and used to generate the AR(1)
power spectrum. Amplitudes in the power spectrum which
are above the 95% confidence level for the AR(1) process
are considered significant at the 5% level. Care should be
taken in interpreting the fine structure along the period axis,
however, such as in the equatorial temperature periodogram
(Figure 11, top), as these features are a result of the power
spectrum having single frequency points above the
confidence level. These narrow features can be sensitive
to the sampling rate and tend to become broader in period
with higher sampling rates.
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