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a b s t r a c t

The Community Atmosphere Model (CAM), a 3-dimensional Earth-based climate model, has been mod-
ified to simulate the dynamics of the Venus atmosphere. The most current finite volume version of CAM is
used with Earth-related processes removed, parameters appropriate for Venus introduced, and some
basic physics approximations adopted. A simplified Newtonian cooling approximation has been used
for the radiation scheme. We use a high resolution (1� by 1� in latitude and longitude) to take account
of small-scale dynamical processes that might be important on Venus. A Rayleigh friction approach is
used at the lower boundary to represent surface drag, and a similar approach is implemented in the
uppermost few model levels providing a ‘sponge layer’ to prevent wave reflection from the upper bound-
ary. The simulations generate superrotation with wind velocities comparable to those measured in the
Venus atmosphere by probes and around 50–60% of those measured by cloud tracking. At cloud heights
and above the atmosphere is always superrotating with mid-latitude zonal jets that wax and wane on an
approximate 10 year cycle. However, below the clouds, the zonal winds vary periodically on a decadal
timescale between superrotation and subrotation. Both subrotating and superrotating mid-latitude jets
are found in the approximate 40–60 km altitude range. The growth and decay of the sub-cloud level jets
also occur on the decadal timescale. Though subrotating zonal winds are found below the clouds, the
total angular momentum of the atmosphere is always in the sense of superrotation. The global relative
angular momentum of the atmosphere oscillates with an amplitude of about 5% on the approximate
10 year timescale. Symmetric instability in the near surface equatorial atmosphere might be the source
of the decadal oscillation in the atmospheric state. Analyses of angular momentum transport show that
all the jets are built up by poleward transport by a meridional circulation while angular momentum is
redistributed to lower latitudes primarily by transient eddies. Possible changes in the structure of Venus’
cloud level mid-latitude jets measured by Mariner 10, Pioneer Venus, and Venus Express suggest that a
cyclic variation similar to that found in the model might occur in the real Venus atmosphere, although no
subrotating winds below the cloud level have been observed to date. Venus’ atmosphere must be
observed over multi-year timescales and below the clouds if we are to understand its dynamics.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

It is known from the earliest measurements using probes and
orbiters that Venus’ atmosphere is an extreme environment, with
surface atmospheric pressure 92 times that on the Earth and sur-
face temperatures around 740 K (Schubert, 1983; Seiff, 1983).
Observations of Venus’ atmosphere from Mariner 10 and the Ven-
era probes (Marov et al., 1973; Murray et al., 1974) showed strong
ll rights reserved.

.

winds, with equatorial velocities more than 100 m s�1 just above
the cloud deck. These winds are strongly superrotating, encircling
the planet in around 4 Earth days, compared with the planetary
body rotation period of 243 Earth days (Counselman et al., 1980;
Newman et al., 1984; Rossow et al., 1990; Belton et al., 1991). Re-
views of the physical and dynamical conditions of Venus’ atmo-
spheric environment include those by Gierasch et al. (1997) and
Zasova et al. (2007).

Attempts have been made to determine how these strong winds
are produced. It has been shown that superrotation cannot be
maintained by axisymmetric processes, and eddies or other kinds
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of waves are required to explain the observed wind structure
(Hide, 1969; Schneider, 2006). Several mechanisms have been pro-
posed to generate the measured winds and transport angular
momentum from the planetary body to the equatorial atmosphere
at cloud top altitudes. One suggestion, often referred to as the
Gierasch–Rossow–Williams (GRW) mechanism (Gierasch, 1975;
Rossow and Williams, 1979), involves the transport of angular
momentum upward and poleward from the surface at low lati-
tudes via a Hadley-type circulation, with descending motion at
high latitudes. Angular momentum deposited at high latitudes at
cloud top heights causes zonal jets to form and eddies, perhaps
due to instabilities associated with the jets, transport angular
momentum back toward the equator, producing the observed large
zonal velocities at low latitudes. Many other means of producing
and maintaining superrotation at cloud top heights have been sug-
gested, for example, forcing by: thermal tides (Gold and Soter,
1969; Fels and Lindzen, 1974; Pechman and Ingersoll, 1984;
Newman and Leovy, 1992; Takagi and Matsuda, 2007), the motion
of the solar heating (Schubert and Whitehead, 1969), the effects of
topography (Fels, 1977), planetary scale waves (Covey and
Schubert, 1981; Covey and Schubert, 1982; Yamamoto, 2001), or
small-scale gravity waves (Leroy and Ingersoll, 1995; Baker et al.,
2000a; Baker et al., 2000b). However, the source of the observed
strong superrotation is still not fully explained (see review by
Gierasch et al. (1997)).

An early effort to model Venus’ atmosphere produced superro-
tation with zonal wind magnitudes similar to those observed
(Young and Pollack, 1977), but there may have been problems with
the parameterization of vertical diffusion in this work (Rossow
et al., 1980b; Young and Pollack, 1980). Later simulations of the
Venus atmosphere in general circulation models (GCMs) tended
to produce superrotation with magnitudes significantly smaller
than those observed (Rossow, 1983; Del Genio et al., 1993; Del
Genio and Zhou, 1996). More recent GCMs incorporating a simpli-
fied Newtonian cooling type radiation scheme (Yamamoto and
Takahashi, 2003a,b, 2004, 2006; Lee et al., 2005, 2007; Herrnstein
and Dowling, 2007; Hollingsworth et al., 2007) produce superro-
tating winds with magnitudes closer to those measured. However,
unrealistically large solar heating rates in the lower atmosphere of
Venus compared with the measured heating (Tomasko et al., 1980)
had to be used to produce zonal wind magnitudes similar to those
observed (Hollingsworth et al., 2007; Yamamoto and Takahashi,
2009). Calculations by Lebonnois et al. (2010) with realistic radia-
tive transfer produce superrotation above around 40 km altitude,
with wind magnitudes around 60–70% of those observed in cloud
tracking data (Del Genio and Rossow, 1990) and comparable to
those found in probe measurements (Schubert et al., 1980;
Schubert, 1983). However, below around 40 km altitude, their sim-
ulated wind magnitudes are much smaller than those observed.

The superrotating cloud level winds on Venus show evidence of
variability on timescales of days to years, which may be due to the
influence of several different waves. Analysis of Pioneer Venus Or-
biter Cloud Photopolarimeter (OCPP) ultraviolet images of cloud
top winds over an interval of eight years (Del Genio and Rossow,
1990) shows that Kelvin and Rossby waves with periods around
4–5 Earth days are present; changes in the appearance of these
waves suggest cyclic variability in the atmosphere on a timescale
of around 5–10 years. Variability in the magnitude and structure
of the cloud top winds on timescales of the order of several years
is also suggested by comparisons among measurements made dur-
ing different observing campaigns. Cloud top wind velocities mea-
sured during the Pioneer Venus mission (1978–1979) (Rossow
et al., 1980a) show zonal winds rotating with a nearly constant
angular velocity, with maximum velocities near the equator, but
cloud tracking observations from Mariner 10 (Suomi, 1974;
Limaye, 1977; Limaye and Suomi, 1981) 4–5 years earlier (during
1974) show prominent mid-latitude jets, as well as evidence of
hemispheric asymmetry (Rossow et al., 1980a). However, due to
difficulties related to the relatively low image resolution and tem-
poral sampling, and problems with obtaining accurate wind mea-
surements at high latitudes, these wind observations must be
treated with caution (Limaye, 2007). It is also possible that the
mid-latitude jets appear variable due to irregular intervals of
shielding by H2SO4 haze layers (Moissl et al., 2009). While cloud
top wind velocities provide arguable evidence of variability in Ve-
nus’ atmosphere on time scales of years to tens of years or more,
other observations, including the cloud top concentration of SO2,
show clear evidence of variability on a timescale of tens of years
(Belyaev et al., 2008).

In this paper, we describe the results of simulations using a new
model of Venus’ atmospheric dynamics. Importantly, our model
displays a fundamental oscillation with a 10 year timescale that
might explain the observed multi-decade variability in Venus’
atmosphere. Changes made to convert the Earth-based Community
Atmosphere Model (CAM) to simulate Venus’ atmosphere are dis-
cussed in Section 2, which also describes the physical constants
and parameterizations used in the Venus CAM. The results of mod-
el simulations are presented in Section 3 and discussed in
Section 4.
2. The model

We have modified the National Center for Atmospheric Re-
search (NCAR) Community Atmosphere Model (CAM), an Earth-
based climate model, to produce a new general circulation model
of the Venus atmosphere (Venus CAM). We adopt the most recent
version of the CAM model, which employs a finite volume dynam-
ical core. The CAM model is a nonlinear, hydrostatic, time-depen-
dent model which solves the primitive equations in three
dimensions. The finite volume horizontal discretization is based
on a conservative ‘flux-form semi-Lagrangian’ scheme described
by Lin and Rood (1996, 1997). The time integration within the fi-
nite volume dynamics is fully explicit, using sub-cycling within
the Lagrangian dynamics to stabilize the fastest wave. A full
description of the CAM model is given in Collins et al. (2004). A rel-
atively high horizontal grid resolution of 0.9� in latitude by 1.25� in
longitude has been used in our simulations, with a correspondingly
short dynamics timestep of 150 s. The high resolution allows us to
take into account small-scale features which are important in
maintaining adequate wind speeds in the relatively diffusive finite
volume version of the CAM model (Jablonowski et al., 2008) and
also enables us to more accurately represent the small-scale
dynamical processes, eddies, and other waves that may be impor-
tant in Venus’ atmosphere. The vertical resolution and extent of the
CAM model have been increased for Venus, from 26 levels to 50
levels, giving an upper boundary around 95 km altitude. The verti-
cal level is given by a hybrid sigma-pressure coordinate (Simmons
and Strufing, 1981). In this system, the upper regions of the atmo-
sphere are discretized by pressure P only and lower vertical levels
use the sigma (i.e., P/Ps, where Ps = surface pressure) vertical coor-
dinate smoothly merged in, with the lowest levels being pure sig-
ma. This allows the model to follow the features of the surface
terrain, when present. The model levels have variable spacing, with
a vertical grid spacing around 50 m in the lowest levels, and a spac-
ing around 4 km near the upper boundary. In the model the pres-
sure P at given vertical level index k, latitude index i, and longitude
index j is given by P(i, j,k) = A(k)P0 + B(k)Ps(i, j), where P0, A and B are
constants. The surface pressure is set to 9.2 � 106 Pa (92 bar),
decreasing to around 3 Pa at the upper boundary.

We have removed the ‘physics’ routines in CAM which are
associated with Earth-specific processes and have retained the



Fig. 1. Deviation of applied heating from global mean (T1(h)(cos(u) � c))/tr, where
T1 = peak equator to pole temperature difference, tr = relaxation timescale for
heating, u = latitude, h = vertical coordinate, and c = mean value of cos(u) over the
domain.
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‘dynamics’ routines which apply to any planetary atmosphere. We
also include components for solving the basic primitive equations.
Sufficient numerical diffusion is applied to maintain numerical sta-
bility; we use a del-squared diffusion scheme on the horizontal
velocities (P. Lauritzen, private communication) with diffusion
coefficient 4.9 � 105 m2 s�1 in place of the standard divergence
damping used in the CAM dynamical core. Del-squared diffusion,
which has been used successfully in other GCMs, allows us to
achieve larger wind speeds within the diffusive finite volume ver-
sion of the CAM model. The CAM model uses a vertical mapping
technique to provide vertical numerical diffusion rather than an
explicit parameterized diffusion (Collins et al., 2004). Adjustments
have also been made to change the basic parameters in CAM from
Earth-like to Venus-like values (Table 1). In this simplified model,
there is no topography, no diurnal or seasonal variation in the forc-
ing, and no chemical processes.

2.1. Physics parameterizations

2.1.1. Radiation scheme
The radiation scheme originally included in the CAM model is

Earth-specific and not appropriate for Venus. A simplified thermal
relaxation scheme has been substituted to parameterize both the
heating and cooling processes in the venusian atmosphere. The
scheme is similar to those used by Lee et al. (2007), Hollingsworth
et al. (2007), and Yamamoto and Takahashi (2003b). In future stud-
ies we plan to have an alternate approach available, in which heat-
ing and cooling rates are calculated using an interactive radiation
treatment, based on the radiative transfer model used in the Labo-
ratoire de Meteorologie Dynamique (LMD) Venus GCM (Eymet
et al., 2009). The simplified radiation approach of this paper is a
Newtonian cooling scheme in which the rate of change of temper-
ature is proportional to the difference in temperature between the
current atmospheric state and a relaxed state T0

dT
dt
¼ �ðT � T0Þ

tr
ð1Þ

where T is the current atmospheric temperature and tr is the relax-
ation timescale for the heating. The relaxed state T0, is given by a
combination of a reference global mean temperature Tref, which is
a function of height only and an equator-to-pole temperature differ-
ence which is a function of height and latitude

T0 ¼ TrefðhÞ þ T1ðhÞðcos u� cÞ ð2Þ

where u = latitude, h = vertical coordinate, c = mean value of cosu
over the domain, and T1 = peak equator-to-pole temperature differ-
ence. The reference global mean temperature Tref is based on Venus
temperature measurements (Seiff et al., 1980; Seiff, 1983).

Fig. 1 shows the cross-section of the deviation of the applied
heating from the global mean (T1(h)(cosu � c)/tr, plotted as a func-
tion of latitude, pressure, and approximate height. The relaxation
timescale for the heating tr is equal to 30 Earth days in these sim-
ulations. The radiative time constant is a strong function of altitude
in Venus’ atmosphere, with a factor of 105 variation between
Table 1
Basic properties of the model Venus atmosphere.

Planetary radius 6.052 km
Rotation period (sidereal day) 243 Earth days
Solar day 116.75 Earth days
Gravitational acceleration 8.87 m s�2

Surface pressure 9.2 � 106 Pa
Molecular weight 43.45 kg k mole�1

Specific heat at constant pressure 8.5 � 102 J kg�1 K�1
around 90 km altitude and the surface (Hou and Farrell, 1987).
To allow for faster spin-up of the model we use a constant value
for the radiative timescale, estimated from the measured values
corresponding to a height around 60 km altitude, representative
of the cloud top level. The value we use is in agreement with con-
stant values used by other investigators (e.g., Hollingsworth et al.,
2007; Lee et al., 2007). The global mean solar heating rate is unre-
alistically high below 35 km altitude compared with observations
(Tomasko et al., 1980), which suggests heating rates of the order
of 10�3 K/day. Our approximation for the lower atmosphere heat-
ing rate is consistent with values used in this part of the atmo-
sphere in other modeling efforts (Yamamoto and Takahashi,
2003b; Hollingsworth et al., 2007; Lee et al., 2007).

2.1.2. Boundary layer schemes
2.1.2.1. Surface drag. A simple linear friction parameterization is in-
cluded to represent the processes occurring near the planetary sur-
face that transfer angular momentum between the surface and the
lower atmosphere. In this scheme, the change in horizontal veloc-
ity is given by

du
dt
¼ � u

tf
ð3Þ

where tf is the relaxation period for momentum and u is the hori-
zontal velocity vector. This drag is applied at the lowest atmo-
spheric level only. In these simulations a period of tf = 30 Earth
days has been used. The surface friction time constant of 30 days
was chosen to be comparable to those used in other Venus atmo-
sphere models (Yamamoto and Takahashi, 2003a,b; Hollingsworth
et al., 2007; Lee et al., 2007).

2.1.2.2. Upper boundary sponge layer. A similar linear friction
scheme is used only within the upper three levels of the atmo-
sphere to provide a ‘sponge layer’ to damp any waves that might
reflect from the upper boundary. The friction is of the form
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du
dt
¼ � u

tu
ð4Þ

where tu asymptotes from around 40 days in the 3rd layer from the
top to around 10 days at the upper boundary.

3. Model simulations

The simulations were run from an initial isothermal state with
temperature 400 K and winds at rest. Simulations were run for 200
Earth years (around 625 Venus solar days) (in the following discus-
sions, the term ‘year’ will refer to an Earth year, unless otherwise
specified).

3.1. Results of simulations

3.1.1. Mean state quantities
Fig. 2 shows mean state quantities produced by the simulations

after 175 simulated Earth years, time-averaged over the last 10
years. Fig. 2a shows the zonally averaged temperature, time-aver-
aged over the 10 year interval, plotted as a function of pressure
(mbar) and approximate height (km) versus latitude. The temper-
ature maximizes around 740–750 K at the surface, dropping to
near 200 K around 80 km altitude, and shows little horizontal var-
iation near the surface. The simulated temperature structure is
consistent with probe and orbiter observations (Seiff et al., 1980;
Seiff, 1983).

Figs. 2b and c show, respectively, the corresponding zonally
averaged zonal component of the wind (positive westward) and
the meridional component of the wind (positive northward),
time-averaged over the same 10-year interval. The zonally aver-
aged zonal wind maximizes at the equator in a westward direction
with magnitude over 50 m s�1 at the equator, around the 30 mbar
level (70 km altitude). This is within the region just above the
cloud tops on Venus in which the strong westward superrotating
winds have been observed. The simulated wind magnitudes at this
altitude are within the range of values measured by the Venera and
Pioneer Venus probes (Schubert et al., 1980; Schubert, 1983) and
are around 50–60% of those measured using Pioneer Venus
cloud-tracking techniques (Del Genio and Rossow, 1990). At alti-
tudes below the zonal wind maximum, wind magnitudes are sig-
nificantly smaller than those observed. For example, the zonal
wind speed is around 50 m s�1 at 50 km altitude (Schubert et al.,
1980), but our simulated wind speeds at a similar altitude are less
than 10 m s�1. Other models also generate zonal winds at altitudes
below the zonal wind maximum that are significantly smaller than
those measured (e.g., Hollingsworth et al., 2007; Lebonnois et al.,
2010). The magnitude of the zonally averaged zonal wind was
found to slowly increase over the course of the simulation. The
zonally averaged meridional wind is much smaller in magnitude,
in the range of ±2 m s�1. The meridional wind flows generally away
from the equator in each hemisphere, just below the zonal wind
maximum, with small reversals near the poles. The meridional
wind magnitudes are of the same order as those measured
(Counselman et al., 1980; Belton et al., 1991).

3.1.2. Time variations of zonal winds
Simulated atmospheric parameters are found to show signifi-

cant variations over time. At cloud heights and above strong
mid-latitude zonal jets are sometimes present, while at other times
the zonal flow maximizes near the equator. The changes in the
zonally averaged zonal wind over the time interval from 164 to
175 years are shown in Fig. 3. In year 164, strong westward super-
rotating mid-latitude jets are generated with wind speeds up to
around 70 m s�1 centered around 65 km altitude and maximizing
between ±(40 to 70) degrees latitude. Slightly smaller winds with
speeds up to around 60 m s�1 extend all the way across the equator
in the same height range. Small eastward winds with speeds up to
around 10 m s�1 are seen below about 40 km altitude, and within
the first 10 km or so above the surface there is a band of westward
winds with speeds up to about 10 m s�1.

In the next year, strong mid-latitude jets with wind speeds sim-
ilar to those in the previous year are still seen, but the latitudes of
the jet maxima have moved slightly toward the equator, to be-
tween around ±(40 to 60) degrees latitude, and the centers of the
jets have moved upwards slightly to around 68 km altitude. The re-
gion of eastward winds has moved upwards in altitude and subro-
tating jets have developed in the altitude range of 40–50 km. The
zone of westward winds near the surface has also extended up-
wards from the surface to around 15–20 km altitude. In the follow-
ing year (166), the mid-latitude jets have become slightly weaker
and have moved closer to the equator, with the jet maxima around
±40� latitude. The centers of the jets have also moved upward to
around 70 km altitude. The zones of eastward and westward winds
below the westward jets’ maxima have also moved further up-
ward. The eastward zonal jets at high latitudes within the band
of eastward winds have peak magnitudes of around 20–25 m s�1,
around ±70� latitude and 40 km altitude.

Between years 167 and 170, the westward jets move toward the
equator, coalesce, and decrease in magnitude to around 45–
50 m s�1, while maintaining the same approximate altitude around
70 km. The region of westward surface winds extends upward in
height, and increases in magnitude to a maximum at the equator
around 20 m s�1. Over this period the region of eastward winds de-
creases in vertical extent. From year 168 onwards, a new region of
eastward winds of around 5–10 m s�1 develops at the surface and
expands upward to around 10 km altitude. In year 171, the region
of westward winds, which was initially close to the surface, contin-
ues to move upwards in height, and the maximum westward wind
moves from the equator to high latitudes forming new westward
zonal jets around 70� latitude between 40 and 50 km altitude with
wind speeds up to 40 m s�1, comparable in magnitude with the
equatorial westward jet at around 70 km altitude.

In year 172, the high altitude eastward winds have disappeared,
the high latitude westward jets have intensified with wind speeds
up to around 60 m s�1, and the maximum of the high altitude
equatorial jet has moved downwards to around 65–70 km altitude
and coalesced with the region of large winds in between the high
latitude westward jets. The region of small eastward winds near
the surface has moved upward, and a new region of westward
winds has formed at the surface. Between years 173 and 175 the
high and low latitude westward jets combine to form a band of
westward winds around 65 km altitude, and new westward jets
develop and intensify around 50–60� latitude, reaching wind
speeds of 65–70 m s�1. The region of eastward winds immediately
below the westward maxima, and the westward winds at the
surface begin to extend upwards, and a new cycle begins. The
wind structure in year 175 looks very similar to that in year 164.
Similar cycles of wind variations were found to occur regularly,
from around year 35 onwards, with periods of approximately 10
years.

The repeating pattern of positive and negative westward winds,
combined with the upward motion of these layers over time, sug-
gests that the regions of zonal winds of alternating sign represent
different phases of an upward moving oscillation with a period
close to 10 years. The movement of the zonal wind maxima from
high latitudes to the equator and back occurs in combination with
the apparent upward moving oscillation.

3.1.3. Time variations of meridional winds
The zonally averaged meridional wind (positive northward) is

shown in Fig. 4. The meridional wind shows a general pattern of
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Fig. 2. (a) Zonally averaged temperature, time-averaged over years 165–175. (b) Zonally averaged zonal wind (positive westward), time averaged over years 165–175. (c)
Zonally averaged meridional wind (positive northward), time-averaged over years 165–175.
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poleward winds in each hemisphere between the surface and
around 60 km altitude, with peak magnitudes occurring in the
45–65 km altitude range. At times there appears to be a largely
Hadley-type circulation between the ground and around 65 km
altitude, for example in years 168, 172, and 175, although in these
years some meridional wind reversals are seen below 40 km alti-
tude. At other times there are several meridional wind reversals
between the surface and around 40 km altitude, for example in
years 164, 165, 167, 173, and 174. The circulation is not well ex-
plained as a simple large scale Hadley circulation.

Above the meridional wind maxima at around 65 km altitude
the meridional flow tends to be reversed relative to the basically
poleward circulation below. Above 65 km altitude there is either
a single cell in each hemisphere in which the meridional wind is
reversed, for example in years 173 or 174, or there are multiple
meridional wind reversals, for example in years 170 or 171. The
meridional transport appears to account for the waxing and wan-
ing of the zonal jets. For example, in year 171 the meridional wind
shows a mostly poleward flow between 40 and 70 km altitude, as
the prograde zonal jets are strengthening. In year 172 the poleward
flow around 60 km altitude encounters a strong reversed equator-
ward flow at high latitudes, which may account for the narrowing
of the jet width at high latitudes. The meridional flow acts to re-
duce the magnitude of the prograde flow and move it more toward
the equator, as seen in year 174. The meridional wind structure can
be seen to move upward, for example in years 164–166, consistent
with the upward motion of the zonal winds during the same peri-
od. There is an approximately 10 year variation in the meridional



Fig. 3. Changes in zonally averaged zonal wind over the time interval 164–175 years.
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winds, with a period similar to that found in the zonal winds, as
can be seen in the similarities in structure between years 164
and 174 and years 165 or 166 and 175.

3.1.4. Comparison of time variation of zonal winds with observations
We examine the time variation of the zonally averaged zonal

winds at cloud top heights in our simulations and compare them
with observations. Simulated winds are shown for an altitude
around 70 km at the equator in Fig. 5, for the time interval from
year 164 to 175. This can be compared with time variations of
the zonal winds at cloud top heights at the equator from
measurements by the Pioneer Venus Orbiter Cloud Photopolarim-
eter instrument (OCPP) (Limaye et al., 1988; Rossow et al., 1990),
as given in Del Genio and Rossow (1990). In Fig. 6 of Del Genio
and Rossow (1990), zonal winds are shown for the time interval
of 7 years between 1979 and 1985.

The observed zonal winds show a variation in magnitude over
this interval, with values around 96 m s�1 in 1979, falling to
88 m s�1 in 1982, and increasing to 97 m s�1 in 1985. The average
magnitude of our superrotating cloud top winds is smaller than the



Fig. 4. Changes in zonally averaged meridional wind over the time interval 164–175 years.
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observed winds by around 40 m/s at cloud top heights. The zonal
wind velocity in our simulations varies between around 57.5 and
37.5 m s�1, giving a peak to peak amplitude of around 20 m s�1.
Insufficient measurements are available to determine whether
the observed cloud-tracking wind variation involves a single fluc-
tuation of wind magnitude or a periodic variation. If the variation
in the observed winds is periodic then the peak to peak amplitude
of the oscillation, of around 9 m s�1, is around half the magnitude
of the oscillation found in our simulations, and the period associ-
ated with the observed variation is around 6–7 years rather than
the approximately 10 years we find in our simulations. The
observations therefore suggest the possible presence of a periodic
oscillation in the zonal winds at cloud top heights with a slightly
smaller amplitude than the one we find in our simulations and a
period of several years.

3.1.5. Height versus time cross-sections
The propagation of the simulated long period oscillations is

investigated in Fig. 6, which shows the zonally averaged zonal
wind minus the time average of the zonally averaged zonal wind.
We have subtracted the time independent background zonally
averaged zonal wind to focus on the oscillations. Results are



Fig. 5. Time variation of zonal winds at 70 km altitude at the equator.

b

a

Fig. 6. (a) Zonally averaged zonal wind minus time average of zonally averaged
zonal wind for the time interval 155–200 years, at the equator. (b) Zonally averaged
zonal wind minus time average of zonally averaged zonal wind for the time interval
155–200 years, at 65� latitude.
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plotted as a function of pressure and height versus time at the
equator and 65� latitude, for the interval 155–200 years.

The series of sloping maxima and minima between the surface
and 80 km altitude shows the presence of an oscillation. The max-
ima and minima move upwards in altitude with time, and increase
in amplitude with increasing height, consistent with an upward
traveling oscillation. The oscillation is present at all latitudes. Max-
imum velocities occur between �55 and 65 km altitude, at the
equator and at higher latitudes, with smaller maxima around 75–
80 km altitude at the equator, just above the time-averaged peak
zonal wind at the equator, at 70 km altitude (see Fig. 2b). The oscil-
lation has a similar vertical length scale of about 80–100 km at
both low and high latitudes. Above the magnitude peak the oscil-
lation is strongly dissipated.

There may be a small amount of reflection from the upper
boundary which is difficult to completely eliminate within com-
puter simulations. Above the height of the peak zonal wind magni-
tude, there is a small reverse tilt in the wind variations, although
the oscillation tends to become evanescent above the height of
the magnitude peak. Oscillations travel upward from the lower
boundary, with an approximately 10 year period, but there are
no corresponding oscillations descending down to the lower
boundary. If there is reflection at the upper boundary it does not
produce these upward propagating periodic oscillations which
are generated at the lower boundary, most likely by instabilities
at or near the surface. We note that the oscillations we see here
are not the same as the quasi-biennial oscillations (QBO) found
in the Earth’s atmosphere (Andrews et al., 1987; Baldwin et al.,
2001), which also show a progression of phase with height over
time. The phases of the periodic variations we see here ascend in
altitude with time as opposed to the descending phase fronts char-
acteristic of the QBO, which are driven downward by the interac-
tion of the mean flow with vertically propagating gravity waves
and large scale equatorial waves (Andrews et al., 1987).

3.2. Spectra

Spectra of the zonal wind at a given altitude and latitude calcu-
lated using fast Fourier transform analysis are shown in Fig. 7 for
the time interval from year 155 to 200 at longitude 180� with a
one year resolution. The spectra at a height of 65 km at the equator
and at 65� latitude are shown in Fig. 7a and b, respectively. Fig. 7c
and d show the spectra at the surface for the equator and 65� lat-
itude, respectively. At all altitudes and latitudes, there is a domi-
nant period around 10 years. There are also significant smaller
spectral peaks at periods around 5 years and 2–3 years, which
may be harmonics of the main periodicity.

The exact nature of the long period oscillations we find in our
simulation is somewhat uncertain. However, initial investigations
have determined that the oscillation shows considerable zonal
symmetry as well as evidence of overturning in the levels close
to the surface. Atmospheres with slow rotation rates may be
unstable to symmetric perturbations, where the condition for a
symmetric instability is given by f2(1 � 1/Ri) � fdU/dy < 0
(Andrews et al., 1987), where U = zonally averaged zonal wind,
y = latitudinal distance, f = Coriolis parameter = 2xsin(lat),
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Fig. 7. Spectra of zonal wind for the time interval 155–198 years, with one year time resolution: (a) at 65 km altitude and 0� latitude (b) at 65 km altitude and 65� latitude (c)
at 0 km altitude and 0� latitude (d) at 0 km altitude and 65� latitude.
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x = planetary rotation rate, lat = latitude, and Ri = Richardson
number. This equation approximates to f � dU/dy < 0 for large Ri,
which applies at the surface. We find that the condition for a sym-
metric instability is satisfied at low latitudes at the surface, as illus-
trated for year 164 in Fig. 8.

It is possible that an instability at the surface, combined with a
long period overturning, might excite the periodic oscillations we
find. A possible scenario would be an internal cycle excited by a
symmetric instability near the surface and propagated and modu-
lated by the interplay of the mean zonal flow and the horizontal
and vertical transports of momentum. The condition for symmetric
instability is the same as that for inertial instability for the condi-
tions that apply near the surface within our simulations. Inertial
instabilities were also found by Joshi and Young (2002) in their
simulations of Venus’ atmosphere, and were found to be associated
with wind oscillations with timescales of decades, with periods of
the order of 200 Venus days, or 60–70 Earth years. Their model and
parameterizations differ from ours in that their model is
two-dimensional, uses latitudinally asymmetric surface heating,
and their timescale for thermal relaxation at the lower boundary
is 30 Earth years compared with our 30 day relaxation timescale.
However, the fact that they also find oscillations with periods of
the order of decades related to inertial instabilities lends support
to the results we report here and suggests that Venus’ atmosphere
may be susceptible to inertial instabilities and to oscillations with
periods of the order of decades. The oscillation is also found to have
characteristics of a vacillation cycle with a periodic exchange in
momentum between high and low latitudes (see Webster and
Keller, 1975). Further investigations will be performed to deter-
mine the nature of the eddy processes (whether barotropic or
baroclinic) and whether the observed oscillation is connected with
a symmetric instability or with another process, perhaps related to
atmospheric overturning near the surface.

3.2.1. Global angular momentum
The global relative angular momentum (the angular momen-

tum of the global atmosphere relative to the solid body of the
planet) is shown from the beginning of the simulation to year



Fig. 8. Symmetric instability condition as a function of latitude at the surface in
year 164.

Fig. 9. Global relative angular momentum versus time, between years 1 and 200.

Fig. 10. Global relative angular momentum versus time, between years 164 and
175.
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200 in Fig. 9. The global angular momentum of the atmosphere rel-
ative to the solid planetary body is always positive, indicating that
the zonal winds generated in the simulations are superrotating.
The overall angular momentum increases steadily over time and
levels off after around 150 years, suggesting that some kind of
equilibrium is reached in the atmosphere. After about year 35 a
strong oscillation, superimposed on the gradual increase of the glo-
bal relative angular momentum, sets in with a period (about 10
years) similar to that seen in the zonal wind variations and the
wind spectra. The variation in the angular momentum over a single
cycle is plotted in Fig. 10, for years 165–175. Comparison of Figs. 10
and 3 shows that when the global relative angular momentum
maximizes, around year 167, the zonal wind adjacent to the plan-
etary surface is a maximum in a positive (westward) direction. The
angular momentum starts to decrease when the winds in the layer
immediately next to the surface turn in the eastward direction in
year 168. The angular momentum continues to decrease up to year
171. In year 172, the wind closest to the surface has turned west-
ward and the angular momentum begins to increase again. Thus,
the global angular momentum is related to the phase of the up-
ward propagating oscillation at the surface. The winds closest to
the surface have the most significant effect on the magnitude of
the global angular momentum since the majority of the mass of
the atmosphere is concentrated close to the surface. We describe
our analyses of the transport of angular momentum in our simula-
tions in the next section.

3.2.2. Angular momentum transport
3.2.2.1. Fluxes.

3.2.2.1.1. Meridional transport.
3.2.2.1.1.1. Northward flux of zonal angular momentum due to

time-mean meridional cells. Fig. 11 shows zonal mean cross-
sections of the northward flux of zonal angular momentum due
to time-mean meridional cells (in m2 s�2), given by [hui][hvi],
where u = westward wind velocity, v = northward wind velocity,
[u] denotes a zonal average of u, and hui denotes a time average
of u (see e.g., Peixoto and Oort, 1992). The time mean values are
averages of monthly values within a given year. Values are plotted
as a function of pressure and height versus latitude, for the 12 year
time interval from year 164 to 175.

The largest values of the momentum flux are generally seen
between around 40 and 60 km altitude. During years 170–172 be-
tween around 40 and 55 km altitude the zonal winds are positive
(westward) in both hemispheres (see Fig. 3) and the meridional
winds are poleward in each hemisphere (see Fig. 4). The meridional
flux of zonal angular momentum is positive in the northern hemi-
sphere in this height range, associated with positive (westward)
winds and positive (northward) winds. In the southern hemi-
sphere, the meridional flux of zonal angular momentum is nega-
tive, corresponding to positive westward winds and negative
southward winds. These fluxes represent a buildup of momentum
in the westward zonal jets at middle to high latitudes, with motion
away from the equator in both hemispheres, as seen in the zonal
wind panel in Fig. 3. An upward motion of the momentum flux
peaks is also seen, corresponding to the upward movement of
the zonal wind jets (Fig. 3).

During years 165–169, between around 45 and 65 km, there are
predominantly eastward zonal winds, associated with northward



Fig. 11. Zonal mean cross-sections of the northward flux of zonal angular momentum due to time-mean meridional cells (m2 s�2).
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winds in the northern hemisphere and southward winds in the
southern hemisphere, giving a negative flux of zonal angular
momentum in the northern hemisphere and a positive flux of zonal
angular momentum in the southern hemisphere. This corresponds
to a buildup of eastward jets at high latitudes between years 165
and 169 in this altitude range, as can be seen in Fig. 3, with move-
ment away from the equator in both hemispheres. An upward mo-
tion of the momentum flux peaks is also seen in this interval,
corresponding to the upward movement of the eastward jets seen
in Fig. 3. Below around 40 km altitude the meridional flux shows a
more complicated structure, with several reversals of direction cor-
responding to the reversals in the meridional wind (Fig. 4). Between
years 169 and 170 the zonal winds around 50 km altitude reverse
from eastward to westward, as the decadal oscillation in the zonal
wind moves upward. The sign of the northward flux therefore re-
verses between years 169 and 170 at this altitude. The region be-
tween 50 and 60 km altitude in year 169 in which the zonal winds
are eastward has reduced in vertical extent and moved upward to
around 60 km altitude in year 170, and disappears in year 171 when
the zonal winds are all westward at these altitudes. In years 172 and
173, a reversal of the momentum flux is seen close to the poles
around 60 km altitude, which is associated with a movement of
the westward zonal wind jets from very high latitudes back toward
the equator. The momentum flux variations in Fig. 11 also show evi-
dence of an approximately 10 year periodicity, displaying similari-
ties in structure between year 164 and years 174 to 175.

3.2.2.1.1.2. Northward flux of zonal angular momentum due to
transient eddies. The zonal mean cross-sections of the northward
flux of zonal angular momentum due to transient eddies for the
same time interval are displayed in Fig. 12. The flux due to eddies
is given by [u0v0] (in m2 s�2), where u0 denotes u � <u> (Peixoto and
Oort, 1992).

The flux due to eddies is of similar magnitude or a few times
smaller than the flux due to time-mean meridional cells. The flux
due to stationary perturbations is generally around an order of
magnitude less than that due to transient eddies and is not shown
here. The flux due to transient eddies generally tends to oppose the
flux due to time-mean meridional cells. For example, in years 167–
169 between around 40 and 55 km altitude where there are
eastward zonal wind jets, the meridional flux of momentum due
to eddies is in the opposite direction and peaks at slightly higher
latitudes than the flux peaks in the same altitude range due to
time-mean meridional cells, and tends to transfer momentum to-
ward the equator. The flux peaks can also be seen to move upward
with the upward motion of the zonal wind jets. Similarly, around
50–60 km altitude in years 164–166, the momentum flux associ-
ated with the westward zonal jets due to eddies opposes the
momentum flux due to time-mean meridional cells, and tends to
drive the wind maxima back toward the equator. The momentum
flux due to eddies also follows the upward motion of the westward
zonal jets. Below 40 km altitude the flux due to transient eddies
also transports angular momentum toward the equator for both
westward and eastward winds. For example, in year 167 the eddy
momentum fluxes (Fig. 12) are of opposite sign above and below
30 km, corresponding to the eastward winds above 30 km and
westward winds below. In both cases this indicates transport of
angular momentum back toward the equator. In years 168 and
169, a region of eastward winds has started to appear near the sur-
face below the westward winds (see Fig. 3). A corresponding band
of flux of opposite sign appears near the surface (see Fig. 12), again
indicating transport of angular momentum back toward the
equator.

3.2.2.1.2. Vertical transport.
3.2.2.1.2.1. Vertical flux of zonal angular momentum due to time-

mean meridional cells. Fig. 13 shows zonal mean cross-sections of
the vertical flux of zonal angular momentum per unit mass due
to time-mean meridional cells, given by �H[hui][hwi]/p (in
m2 s�2), where w = vertical velocity in pressure coordinates (=dp/
dt where t is time), p = pressure, H = scale height, for the time inter-
val from year 164 to 175. The flux in pressure coordinates has been
multiplied by �H/P to give quantities approximately in terms of
the vertical velocity in physical height coordinates (dz/dt, where
z is height) rather than in pressure coordinates.

The vertical fluxes due to time-mean meridional cells are signif-
icantly smaller than the corresponding horizontal fluxes. Within
around ±40� latitude of the equator the vertical flux of zonal
momentum is generally positive in regions where the zonal winds
are westward (positive) and negative where the zonal winds are
eastward (negative), corresponding to the upward (positive) verti-
cal winds in this latitude range, and an upward motion of zonal
angular momentum. For example, in years 170–172 between
around 40 and 50 km altitude, where zonal winds are generally
westward, there is a positive flux at low latitudes, corresponding
to upward vertical winds. These regions of positive fluxes move
upward as the westward zonal wind moves upward in years
170–172 (see Fig. 3). Similarly in years 167–169 between 40 and
50 km altitude for latitudes less than 40�, the fluxes are negative,
corresponding to eastward (negative) winds and upward (positive)
vertical winds, corresponding to an upward motion of zonal angu-
lar momentum at low latitudes in these years. Below 40 km alti-
tude there is also a generally upward motion of angular
momentum within around ±40� latitude of the equator (fluxes
are positive where zonal winds are westward and negative where
zonal winds are eastward). However, below 40 km within this lat-
itude range, the circulation appears more complex, with small re-
gions of downward motion of angular momentum within the
regions of overall upward motion. At latitudes higher than 40�,
there is a generally downward vertical wind, giving positive fluxes
in the regions of negative (eastward) winds and negative fluxes in
the regions of positive (westward) winds. For example, in years
170–172 negative fluxes are seen at latitudes above around 40� be-
tween around 40 and 60 km altitude, corresponding to westward
(positive) zonal winds and downward (negative) vertical winds,
giving a downward motion of zonal angular momentum. Below
around 40 km altitude at high latitudes there are also generally
downward vertical winds and downward motion of angular
momentum, with small regions of upward movement within the
regions of overall downward motion.

3.2.2.1.2.2. Vertical flux of zonal angular momentum due to tran-
sient eddies. Fig. 14 shows zonal mean cross-sections of the vertical
flux of momentum per unit mass due to transient eddies for years
164–175, where the eddy flux is given by �H[u0w0]/p.

The vertical fluxes due to transient eddies are significantly
smaller than the corresponding horizontal fluxes. The vertical
fluxes due to transient eddies also tend to be smaller than the ver-
tical fluxes due to time-mean meridional cells. The vertical fluxes
due to eddies are generally largest at high latitudes, where they
tend to act in the opposite direction to the time-mean fluxes and
they show variations with approximately the same 10 year period
as the zonal wind variations. The peak fluxes show upward motion
consistent with the upward movement of the zonal wind structure.
The flux due to stationary perturbations is generally around an or-
der of magnitude smaller than that due to eddies and is not shown
here.

The regions of upward motion of westward momentum at low
latitudes and downward motion at higher latitudes in combination
with the meridional fluxes illustrated in Fig. 11 suggest the pres-
ence of a simple Hadley-type circulation within the altitude region
where the mid-latitude jets form, where the vertical fluxes at low
latitudes due to time-mean meridional cells transports angular
momentum to higher altitudes and meridional fluxes transport
angular momentum toward the poles. The effects of waves,



Fig. 12. Zonal mean cross-sections of the northward flux of zonal angular momentum due to transient eddies (m2 s�2).
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Fig. 13. Zonal mean cross-sections of the vertical flux of zonal angular momentum due to time-mean meridional cells (m2 s�2).
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Fig. 14. Zonal mean cross-sections of the vertical flux of zonal angular momentum due to transient eddies (m2 s�2).
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primarily transient eddies in our simulations, transport angular
momentum back toward the equator. There is also an overall
upward motion of momentum at low latitudes and downward mo-
tion of momentum at higher latitudes below around 30 km alti-
tude, although a few small reversals of the generally upward or
downward motion are seen at these altitudes.
3.2.2.2. Flux convergences.
3.2.2.2.1. Convergence of meridional flux of zonal angular momentum.

3.2.2.2.1.1. Convergence by time-mean meridional cells. Flux con-
vergences represent the instantaneous rate of accumulation of angu-
lar momentum due to fluxes in particular directions. Fig. 15 shows
the convergence of the meridional flux of zonal angular momentum
due to time-mean meridional cells (in m2 s�2) given by

�1=ðR cosðuÞÞ d
du
ðR cos2ðuÞ½< u >�½< v >�Þ ð5Þ

where R = mean planetary radius (Peixoto and Oort, 1992).
Between years 170 and 172 there is a convergence of momen-

tum flux at high latitudes between around 50 and 60 km altitude,
which accelerates the westward winds and leads to the buildup of
westward wind jets at high latitudes (Fig. 3). These regions of con-
vergence move upward and to higher latitudes in each hemisphere
as the zonal wind jets also build up and move upward and to high-
er latitudes. Between years 164 and 166 there are regions of con-
vergence of the angular momentum flux at high latitudes
between around 55 and 60 km altitude that move upward and to-
ward lower latitudes during this interval and correspond to the
movement of the westward zonal wind jets upward and toward
the equator. There is also convergence closer to the equator at this
altitude and above, and a tendency for the regions of convergence
to move to higher altitudes during this time interval, associated
with a corresponding movement of the westward jets from high
latitudes toward the equator and upward in altitude. During years
171–173, negative flux convergences (divergences) of the momen-
tum flux build up close to the poles around 55–60 km altitude,
decelerate the westward wind, and are associated with a move-
ment of the westward zonal wind jets away from very high lati-
tudes back toward the equator, as seen in Fig. 3. During years
166–169 there are divergences of momentum flux at high latitudes
between around 50 and 60 km altitude. These divergences acceler-
ate the eastward winds and move to higher altitudes during this
interval, corresponding to the buildup of the eastward zonal jets
at high latitudes. The eastward jets also show an upward move-
ment during this time interval.

3.2.2.2.1.2. Convergence due to transient eddies. Fig. 16 shows the
convergence of the meridional flux of zonal angular momentum
due to transient eddies (in m2 s�2) given by �1/(Rcos(u))d/du
(Rcos2(u)[u0v0]).

The convergences due to eddies are generally a few times smal-
ler than those due to time-mean meridional cells and those due to
stationary perturbations are from a few times to an order of mag-
nitude smaller than those due to eddies, so only the convergences
due to transient eddies are shown here. In general the flux conver-
gences due to transient eddies act in the opposite sense to the con-
vergences due to time-mean meridional cells.

The momentum flux convergences due to transient eddies,
which correspond to acceleration of the westward winds, are seen
near the equator around 50–60 km altitude in year 164, as well as
in years 174 and 175, corresponding to the movement of the west-
ward wind jets toward the equator. The convergences tend to
move upward between years 164 to 166 and between years 174
and 175, corresponding to the upward motion of the region of
westward winds above around 60 km altitude during these times.
Divergences, which tend to decelerate the westward winds, are
also seen at high latitudes around 50–60 km altitude during years
164–166 and years 174–175, and correspond to the movement of
the westward wind jets from high latitudes toward the equator
during these times (see Fig. 3). During year 170, convergences of
momentum flux at high latitudes around 60 km altitude decelerate
the eastward winds and reduce the magnitude of the high latitude
eastward zonal jets. During years 171–172, convergences of
momentum flux at high latitudes around 50–60 km altitude build
up the westward zonal wind jets at high latitudes, while diver-
gences of momentum flux close to the poles in the same altitude
range oppose the buildup of the high latitude westward zonal wind
jets and transport them back toward the equator.

3.2.2.2.2. Convergence of vertical flux of zonal angular momentum.
3.2.2.2.2.1. Convergence by time-mean meridional cells. Fig. 17

shows the convergence of the vertical flux of zonal angular
momentum due to time-mean meridional cells (in m2 s�2) given
by �d/dP (Rcos(u)[hui][hwi]), where w = vertical velocity in pres-
sure coordinates (=dP/dt).

The convergences of vertical flux of zonal angular momentum
due to time-mean meridional cells are generally an order of mag-
nitude or more larger than the corresponding convergences of
meridional flux due to time-mean meridional cells. During years
165 and 169 between around 50 and 60 km altitude there are
divergences of the vertical flux of zonal momentum at latitudes be-
low around ±40� and convergences at higher latitudes. These cor-
respond to the regions of upward motion of zonal momentum at
low latitudes and downward motion of zonal momentum at higher
latitudes associated with the vertical fluxes due to time-mean
meridional cells seen in Fig. 13 in the regions of eastward winds.
The convergences and divergences maximize toward the top of
these regions, corresponding to the tendency of these regions to
move upward between years 165 and 169. Similarly, during years
170–171, between around 50 and 60 km altitude there are conver-
gences of the vertical flux of zonal momentum at latitudes below
around ±40�, and divergences at higher latitudes. These correspond
to the regions of upward motion of zonal momentum at low lati-
tudes and downward motion of zonal momentum at higher lati-
tudes associated with the vertical fluxes due to time-mean
meridional cells in the regions of westward winds. The conver-
gences and divergences between 50 and 60 km altitude in years
170–171 also maximize toward the top of these regions, corre-
sponding to the tendency of these regions to move upward during
this time interval. During years 170 and 172 there is a divergence
of the vertical flux of zonal angular momentum near the equator
between around 70 and 75 km altitude. This divergence moves
downward during this time interval and corresponds to decreasing
westward winds around 75 km altitude at the equator. This corre-
sponds to a movement of the westward wind maximum at the
equator downward from around 75 to 65 km altitude during this
time interval. During years 164–165 (and years 174–175) above
around 60 km altitude there is a convergence of momentum flux
near the equator, moving upward with time, consistent with the
upward motion of the westward winds between around 60 and
70 km altitude during these times.

3.2.2.2.2.2. Convergence due to transient eddies. Fig. 18 shows the
convergence of the vertical flux of zonal angular momentum due to
transient eddies (in m2 s�2) given by �d/dP(Rcos(u)[u0w0]).

The convergence of the vertical flux of zonal angular momen-
tum by transient eddies tends to be a few times smaller in magni-
tude than the corresponding flux due to time-mean meridional
cells. During years 164–168, between around 75 and 80 km alti-
tude and during years 172–175 between around 70 and 75 km alti-
tude, there are convergences of the vertical flux of zonal
momentum due to transient eddies, which accelerate the west-
ward winds at these altitudes and correspond to the upward mo-
tion of the westward jets between 60 and 75 km altitude.



Fig. 15. Convergence of the meridional flux of zonal angular momentum due to time-mean meridional cells (m2 s�2).
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Fig. 16. Convergence of the meridional flux of zonal angular momentum due to transient eddies (m2 s�2).
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Fig. 17. Convergence of the vertical flux of zonal angular momentum due to time-mean meridional cells (m2 s�2).
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Fig. 18. Convergence of the vertical flux of zonal angular momentum due to transient eddies (m2 s�2).
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Similarly, during years 165–169 there are divergences of the verti-
cal flux of zonal momentum at low latitudes between around 55
and 70 km altitude, that move upward during this interval. These
divergences increase the eastward winds at these altitudes and
lead to the upward motion of the eastward jets between 30 and
65 km altitude over this time interval. The convergences of the sta-
tionary perturbations of the vertical flux of zonal momentum tend
to act in the same sense as the eddy flux convergence, but with val-
ues around an order of magnitude smaller, and are not shown here.
4. Discussion

Our model simulations generate superrotating long term mean
zonal winds with magnitudes at cloud top heights that are within
the range of observations from the Venera and Pioneer Venus probes
(Schubert et al., 1980; Schubert, 1983). However, our cloud top
winds are around 30–50% smaller than cloud-tracking wind obser-
vations (Del Genio and Rossow, 1990). Our wind magnitudes are also
significantly smaller than those observed below the simulated zonal
wind maximum, at altitudes less than about 50 km. Our yearly re-
sults display significant regions of subrotation, which have not been
found in any measurements to date. However, regions of subrotation
in our model occur only below the clouds and there are limited
observations of subcloud wind velocities in the Venus atmosphere.

The decadal periodicity exhibited by the model may or may not
represent a realistic state of the Venus atmosphere since we have
made a number of simplifying assumptions in our simulations,
including the simplified radiative forcing, no surface topography,
and no diurnal or seasonal cycles. However, the simulated winds
represent a possible dynamical state of an atmosphere with the ba-
sic characteristics of the Venus atmosphere and physical processes
occurring in the simulations could also be present within the real
Venus atmosphere. Examination of the circulation and the period-
icities in the simulation could help to elucidate the mechanisms
responsible for superrotation in the Venus atmosphere.

Our simulations suggest that there is no single simple Hadley
cell that transports angular momentum from the surface to cloud
top level. Multiple meridional wind reversals and local reversals
of the net upward or downward motion are often present at alti-
tudes less than around 40 km. However, a simple Hadley-type cir-
culation occurs within the regions where westward or eastward
jets form between around 40 and 65 km altitude. We see evidence
of a vacillation cycle in the westward winds, in which mid-latitude
jets form in some years and an equatorial maximum forms in other
years. We emphasize that the model atmosphere at cloud heights
and above is always superrotating though regions of subrotation
occur at lower altitudes. At cloud heights and above the superro-
tating atmosphere oscillates between a state with mid-latitude jets
and one without jets but with an equatorial maximum in the zonal
wind. Given the present observational data base, it is not possible
to rule out sub-cloud regions of subrotating zonal winds at some
times in the Venus atmosphere. If our model had produced super-
rotating winds which were larger in magnitude, it is also possible
that the decadal cycle might be present but not produce any net
subrotating winds, i.e., the oscillatory momentum exchange with
the surface might simply modulate the superrotating flow but
not completely reverse it.

Observations suggest that there may be significant variability
within the superrotating winds on Venus. Measurements from
Mariner 10 (made during early 1974) (Limaye, 1977; Travis,
1978; Limaye and Suomi, 1981), Pioneer Venus (made between
1978 and 1982) (Rossow et al., 1980a; Schubert et al., 1980;
Limaye, 2007), and more recent Venus Express measurements
(made during 2007) (Markiewicz et al., 2007) suggest possible
variations in latitudinal wind structure over time, including
differences in the strength of the mid-latitude jets and the latitude
of the maximum zonal wind velocities. However, the details of
these observations must be treated with caution due to the diffi-
culties inherent in resolving the winds accurately with the avail-
able instrumentation and viewing geometries (Limaye, 2007) and
possible obscuration of the mid-latitude jets by haze layers (Moissl
et al., 2009). Regions of subrotating winds below the cloud deck,
such as those we find in our simulations, have not been observed
in Venus’ atmosphere but, as stated above, such observations are
limited in space and time.

Measurements of Venus’ atmospheric composition and temper-
ature also suggest the presence of periodicities with multi-year
timescales. Ground-based microwave spectral line observations
of CO from year 1982 to year 1990 between 75 and 105 km altitude
show a significant cyclic variation in both the CO composition and
the temperature (Clancy and Muhleman, 1991). Clancy and
Muhleman (1991) find that these cyclic variations have a period
around 10 years, i.e., they find a decadal variation with approxi-
mately the same timescale as the one we produce in our simula-
tions. Our decadal oscillation might provide a possible dynamical
source for these observed variations. Clancy and Muhleman
(1991) find that the long term variations in their mesospheric tem-
perature measurements are consistent with observations of meso-
spheric temperatures from Pioneer Venus and Venera probes.
Clancy and Muhleman (1991) suggest that variations in the global
scale dynamics within and above the cloud layers of Venus’ atmo-
sphere may be the source of the observed periodicity.

Long term variations with timescales of the order of tens of
years are also found above the cloud tops in SO2 observations by
balloons, rockets, the Hubble Space Telescope, the International Ul-
tra Violet explorer, Pioneer Venus, and Venus Express, over a time
interval of around 40 years (Belyaev et al., 2008). The SO2 content
was found to rise sharply between 1967 and 1979, followed by a
downward trend between 1979 and 1995. Recent observations
from Venus Express show that the SO2 content has risen again sig-
nificantly in 2006 and 2007 (Belyaev et al., 2008), suggesting that
this may be a cyclic variation rather than a single perturbation,
with a period of around 20–25 years. Our decadal oscillation may
also provide a possible source for this observed cycle. Belyaev
et al. (2008) suggest changes in atmospheric dynamics as a possi-
ble cause for the large observed variations in SO2, as an alternative
explanation to changes in eddy diffusion (Krasnopolsky, 1986) or
volcanism (Esposito, 1984) which have been suggested previously
to explain the observed SO2 variations.

Oscillations with very long periods of the order of years are
common within planetary atmospheres. For example, the
quasi-biennial oscillation (QBO) of stratospheric zonal winds is a
regularly observed feature within the Earth’s atmosphere (Andrews
et al., 1987; Baldwin et al., 2001). The decadal oscillations we find
in our simulations differ from the QBO. The QBO is understood in
terms of Doppler effects causing waves such as gravity waves,
which transfer momentum upward, to be preferentially absorbed
below the wind maximum, so that the winds are accelerated below
the wind maximum, giving downward propagation of the oscilla-
tion. For a QBO-like mechanism to force the upward propagation
of the zonal wind system on Venus the waves would have to orig-
inate above the upward-propagating structure, for which there is
no obvious source, or the waves would have to be absorbed above
the peak while escaping absorption below, which is not explicable
in terms of Doppler effects. A 4.5 (Earth) year periodicity in winds
and temperature has been found within the stratosphere of Jupiter
(Leovy et al., 1991; Friedson, 1999; Flasar et al., 2004), and a 13–16
(Earth) year oscillation has recently been found on Saturn (Fouchet
et al., 2008; Orton et al., 2008). While these oscillations occur
within atmospheres with widely varying physical conditions,
including radiative heating, diurnal and seasonal variations, etc.,
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their presence demonstrates that periodic variations on timescales
of several years are possible states of many planetary atmospheres.

Variations with periods of the order of a few years have also
been found in model simulations of the Venus atmosphere by other
investigators. Variabilities with timescales of less than a year to
several years with smaller magnitudes than we find in our simula-
tions are seen at 69 km altitude close to the equator within a 250
(Earth) year time series of zonally averaged zonal winds in simula-
tions by Yamamoto and Takahashi (2007). Within their time-vary-
ing winds Yamamoto and Takahashi (2007) find a correlation
between the magnitude of the superrotating zonal winds and the
strength of the meridional circulation. We also find that the stron-
gest superrotating zonal winds tend to be associated with a larger
meridional flow. Changes in the cloud top level zonal wind veloc-
ities, in which the maximum superrotating wind varies between
a mid-latitude jet structure and a maximum spread across low lat-
itudes, are also found to occur over multi-year time periods within
the Laboratoire Meteorologie Dynamique (LMD) Venus model
when a simplified radiative forcing is applied, although they do
not see associated long period upward propagating oscillations.

Various kinds of waves, with relatively short periods have been
observed within the Venus atmosphere. For example, Kelvin waves
and Rossby waves have been observed (Del Genio and Rossow,
1990). The oscillations we find do not have the characteristics of
either of these kinds of waves. Further investigation is needed to
determine the exact nature of the temporal variations seen in
our model. Since Venus atmospheric observing campaigns to date
have only been of relatively short duration, it is difficult to deter-
mine whether such multi-year periodicities are present in the Ve-
nus atmosphere. It is important to measure the characteristics of
the Venus atmosphere on multi-year timescales to understand
the true nature of its superrotation. It is also necessary to acquire
more data on the winds in the lower atmosphere.

The CAM model is not specifically designed to conserve angular
momentum, and we find that angular momentum is only approx-
imately conserved within our simulations. Commonly, Earth cli-
mate models do not conserve angular momentum, as discussed
in Shaw et al. (2009). These authors note that for simulations in
which there is a relatively ‘‘high’’ upper boundary, where the pres-
sure at the lower boundary is around 106 times as large as the pres-
sure at the upper boundary, as is the case in our CAM model
simulations, imposition of momentum conservation does not have
a significant effect on the simulated results. No extra periodicities
were found by Shaw et al. (2009) for model simulations in which
momentum conservation was not imposed compared with simula-
tions in which conservation was imposed. Thus there is no reason
to think that the oscillations we see are a product of the lack of
conservation of angular momentum within the CAM model.

The exact nature of the decadal oscillations we find in our sim-
ulations is still uncertain. However, initial investigations have
determined that the oscillation shows considerable zonal symme-
try in the lowest few model levels, and we find that the condition
for a symmetric instability is satisfied at low latitudes at the sur-
face in our simulations. We also see evidence of atmospheric over-
turning in the levels close to the surface. The oscillation also has
characteristics of a vacillation cycle with a periodic exchange in
momentum between high and low latitudes. Our calculations of
angular momentum fluxes and convergences suggest that the ver-
tical propagation of the zonal wind pattern is related to the vertical
transport of momentum. It may be that an internal cycle is excited
by a symmetric instability near the surface and propagated and
modulated by the mean zonal flow and the horizontal and vertical
transports of momentum. Momentum is transferred from the solid
planet to the atmosphere via the surface–atmosphere interaction.
Superrotational flow near the surface is transported upward pri-
marily by the vertical flux due to time-mean meridional cells.
The meridional momentum flux due to time-mean meridional cells
transports momentum poleward and the meridional momentum
flux due to transient eddies transports momentum back towards
the equator. As this process continues, the region of superrotating
flow grows in height over time, and continues to be transported
upward, eventually reaching cloud level. An instability such as
the symmetric instability, coupled with the flow near the surface,
produces the opposite phase of the oscillation and angular momen-
tum is transported upward mainly due to time-mean meridional
cells, poleward by time-mean meridional cells and back to the
equator by transient eddies, transporting a region of eastward
winds upward. The exact mechanism will be investigated further
in future work. Further investigations will be performed in future
work to determine the nature of barotropic or baroclinic eddy pro-
cesses and whether the observed oscillation is connected with a
symmetric instability or with another process, possibly related to
atmospheric overturning near the surface.

Maintenance of the superrotation in our Venus atmosphere
simulations involves elements of previously described processes,
but the complete mechanism operative in our model has not been
identified heretofore. In our model angular momentum from the
solid planet is fed into the near surface region of the atmosphere
and this atmospheric mass rises upward and expands. Our analyses
of angular momentum fluxes and convergences show that the
meridional circulation within an air mass redistributes the angular
momentum and feeds into the formation of the mid-latitude jets.
Our analyses show that the jets become unstable, primarily due
to the effects of eddies, and to a much smaller extent due to sta-
tionary perturbations. The eddies return the angular momentum
in the jets equatorward producing a broad superrotating cloud le-
vel zonal circulation. A similar process involving subrotating air
masses occurs in between intervals of superrotation, but the subro-
tating air masses have relatively small angular momentum and zo-
nal wind velocities. The net consequence of the periodic processes
is to establish a globally superrotating atmosphere. The physics of
angular momentum transport in our model is generally consistent
with the GRW mechanism as a means of transporting angular
momentum to the cloud level. However, our results suggest that
this is accomplished not by a single simple Hadley cell between
the surface and the cloud level, but that there is a more complex
flow within around 40 km of the surface in which there are multi-
ple meridional wind reversals, and some reversals of the net up-
ward or downward motion. We also see a vacillation cycle
associated with the upward moving decadal oscillations in which
westward jets form in some years and a single equatorward west-
ward maximum forms in other years.
5. Conclusions

With our modified version of the CAM model, including a sim-
plified radiative forcing and other simplifications such as no topog-
raphy and no seasonal or diurnal cycle, we generate superrotating
mean winds that are comparable in magnitude to probe measure-
ments, though smaller than cloud-tracking wind observations. Our
wind magnitudes below the cloud top region are significantly
smaller than those measured. In our time-dependent results, we
find a significant decadal oscillation in the zonal winds, which in-
cludes regions of superrotation and regions of smaller subrotating
winds traveling upward from the lower boundary. The oscillation
also involves a vacillation cycle in which the zonal wind maxima
at cloud top heights move periodically from high to low latitudes,
alternating between mid-latitude zonal jets and a single equatorial
zonal wind maximum. Observations reveal variability in the winds
at cloud top heights with timescales of 5–10 years, although the
measured variations are only around half the magnitude of the
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wind variations we find in our simulations at a similar altitude and
latitude. Also, regions of subrotation below the clouds have not
been found in measurements to date. Some variability in cloud
top wind magnitudes with timescales of several years has been
found in other modeling studies, but with smaller magnitudes
and these do not appear to have the same characteristics as the
oscillation we find in our simulations. The results of our simula-
tions may or may not represent a realistic state of Venus’ atmo-
sphere, since we have made a number of simplifying
assumptions, but they may elucidate processes which can occur
within a Venus-like atmosphere. The exact nature of the oscillation
is still uncertain, but may be related to some kind of instability
coupled with a periodic overturning process. The winds near the
lower boundary show considerable zonal symmetry and we find
that the conditions for a symmetric instability to occur are satisfied
at the lower boundary at low latitudes. The lowest few atmo-
spheric levels also show evidence of atmospheric overturning.

Analyses of the meridional circulation suggest that the atmo-
spheric circulation does not conform to a simple single large
Hadley cell circulation from the surface to cloud top level. The
meridional winds show stacked meridional cells in the atmosphere
below around 40 km altitude, with alternating meridional wind
directions between different layers. However, there may be regions
between around 40 and 60 km altitude in which a simple Hadley-
type circulation exists together with westward or eastward zonal
jets. Calculations of the angular momentum fluxes and conver-
gences show that the time-mean meridional circulation transports
zonal angular momentum upward at latitudes within around ±40�
of the equator and downward at higher latitudes. Within the alti-
tude regions where mid-latitude zonal jets form, the time mean
meridional circulation is found to transport angular momentum
to high latitudes where the zonal jets are formed, and waves, pri-
marily transient eddies (and to a much smaller extent stationary
perturbations), transport angular momentum back from the jets
toward the equator. Our results are generally consistent with the
GRW mechanism as a means of transporting momentum to the
cloud level. However, our results suggest that this is accomplished
not by a single simple Hadley cell between the surface and the
cloud level, but that there is a more complex flow within around
40 km of the surface in which there are multiple meridional rever-
sals, and some reversals of the net upward or downward flow. We
also find the presence of a vacillation cycle associated with the dec-
adal variations, in which mid-latitude jets appear in some years
and a single equatorial maximum is generated in other years,
and in which angular momentum is transported periodically from
high to low latitudes and back. More long term measurements of
Venus’ atmosphere are needed to determine the presence of varia-
tions in the atmosphere with periods of the order of several to 10
years. More measurements are also needed to better determine the
nature of the circulation below cloud top altitudes.
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