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ABSTRACT

Context. Thanks to the Venus Express Mission, new data on the properties of Venus could be obtained, in particular concerning its
rotation.
Aims. In view of these upcoming results, the purpose of this paper is to determine and compare the major physical processes influ-
encing the rotation of Venus and, more particularly, the angular rotation rate.
Methods. Applying models already used for Earth, the effect of the triaxiality of a rigid Venus on its period of rotation are computed.
Then the variations of Venus rotation caused by the elasticity, the atmosphere, and the core of the planet are evaluated.
Results. Although the largest irregularities in the rotation rate of the Earth on short time scales are caused by its atmosphere and
elastic deformations, we show that the irregularities for Venus are dominated by the tidal torque exerted by the Sun on its solid body.
Indeed, as Venus has a slow rotation, these effects have a large amplitude of two minutes of time (mn). These variations in the rotation
rate are greater than the one induced by atmospheric wind variations that can reach 25–50 s of time (s), depending on the simulation
used. The variations due to the core effects that vary with its size between 3 and 20 s are smaller. Compared to these effects, the
influence of the elastic deformation caused by the zonal tidal potential is negligible.
Conclusions. As the variations in the rotation of Venus reported here are close to 3 mn peak to peak, they should influence past,
present, and future observations, thereby providing further constraints on the planet’s internal structure and atmosphere.
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1. Introduction

The study of the irregularities in the rotation of a planet pro-
vides astronomers and geophysicists with physical contraints on
the models describing this planet and leads to better understand-
ing of its global properties. Although Venus is the planet that
shares the most similarities with the Earth in terms of size and
density, some of its characteristics are poorly understood, such
as its atmospheric winds and its superrotation. With its thick
atmosphere, determinating the period of rotation of Venus has
been and still is a very challenging task. Today, thanks to Venus
Express (the first spacecraft orbiting Venus since the Magellan
Mission in 1994) and Earth-based radar measurements, the pe-
riod of rotation of Venus can be revised and its variations evalu-
ated, so here for the first time we present a complete theoretical
study of the variations in the rotation of Venus on a short time
scale, as well as its implications for the observations.

There have already been many studies on the rotation of
Venus. Several authors have studied this rotation on a long time
scale to understand why Venus’ spin is retrograde and why its
spin axis has low obliquity (Goldstein 1964; Carpenter 1964;
Goldreich & Peale 1970; Lago & Cazenave 1979; Dobrovoskis
1980; Yoder 1995; Correia & Laskar 2001, 2003). Others stud-
ied the possible resonance between the Earth and Venus (Gold
& Soter 1979; Bills 2005; Bazsó et al. 2010). But few stud-
ies have been made comparing the major physical processes

influencing the rotation of Venus at short time scale. Karatekin
et al. (2010) show that the variations in the rotation of Venus due
to the atmosphere should be approximatively ten seconds for the
117 day time span characterizing the planet’s solar day, but they
neglected the main effect of the impact of gravitational torques
on the solid body of the planet. Here, applying different mod-
els already used for the Earth, the irregularities in the rotation of
Venus are computed. After clarifying the link between the length
of day (LOD) and the rotation rate of the planet, the effects of the
triaxiality of a rigid Venus on its period of rotation are evaluated.
This model is based on Kinoshita’s theory (1977) and uses the
Andoyer variables (Andoyer 1923). Because Venus has a very
slow rotation (–243.020 d), these effects have a large amplitude
(2 mn peak to peak) and should be observed as shown in Sect. 3.

As we know, the variation in the period of rotation of the
Earth of about 0.6 ms (ms) for the seasonal component, are
mainly caused by the tidal zonal potential, the atmosphere, and
the oceans (Munk & MacDonald 1960; Lambeck 1980; Barnes
et al. 1983). Hereafter quantifying the effect of the zonal compo-
nent of the solar tides on Venus (Sect. 4), the effects of its atmo-
sphere (Sect. 5), and the impact of its internal structure (Sect. 6)
are presented.

To conclude, a comparison of the properties and amplitudes
of these various processes is analyzed (Sect. 7). Their observ-
ability and their implications concerning the properties of Venus
are also discussed. We find that, in contrast to what is often
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assumed, the atmosphere should not be the most important cause
of variations of in rotation rate of Venus. Indeed, the tidal torque
exerted by the Sun on the solid body of the planet should be
greater by more than a factor of two.

2. Rotation rate and LOD definition

A day is defined as the time between two consecutive crossings
of a reference meridian by a reference point or body. While these
periods vary with respect to time, we can use their average val-
ues for the purpose. For the Earth, the solar day (24 h) and the
sidereal day (23.56 h) are defined, respectively, as the Sun and
a star are taken as reference. They are very close because the
Earth’s period of rotation is far shorter than its period of rev-
olution around the Sun. In contrast, because Venus has a slow
rotation, its solar and sideral days are quite different. Indeed,
the canonical value taken for its rotational period (sideral day)
is 243.02 d (Konopliv et al. 1999), whereas its solar day varies
around 117 d. In the following, we fix the value of the solar venu-
sian day at 117 d to be consistent with the physical inputs in the
global circulation model (GCM) simulations. There are mainly
two methods of measuring the rotation period and its variations.
The radar Doppler measurements give direct access to the in-
stantaneous rotation rate ω(t) that we can translate into an in-
stantaneous period of rotation LOD(t) by

LOD(t) =
2π
ω(t)
· (1)

Because we are interested in variation around a mean value, we
further define Δω(t) = ω(t) − ω and ΔLOD(t) = LOD(t) − LOD
where LOD = 243.02 d and ω = 2π

LOD
· At first order Δω

ω
(t) =

−ΔLOD
LOD

(t). Thanks to infrared images of the surface of the planet,
we can also measure the longitude of a reference point φ1 with
respect to a given reference system at several epochs where
φ̇1 = ω(t). As we discuss in Sect. 7, because ω(t) has periodic
variations, fitting φ1 by a linear function could lead to a wrong
estimation of ω̄.

3. Effect of the solid potential on the rotation rate

A first and simplified model to describe the variation in the rota-
tion of Venus is to consider that the atmosphere, mantle, and core
of Venus are rotating as a unique solid body. This model enables
us to use Kinoshita’s theory (1977) with the Andoyer variables
(1923) as those describing the rotation of the Earth. The rotation
of Venus is then described by three action variables (G, L,H) and
their conjugate variables (g, l, h). These G represents the ampli-
tude of the angular momentum, and L and H respectively its
projections on the figure axis and on the inertial axis (axis of the
reference plane), such as

L = G cos J and H = G cos I (2)

where I and J correspond respectively to the angles between
the angular momentum axis and the inertial axis and between
the angular momentum axis and the figure axis. Here the figure
axis coincides with the axis of the largest moment of inertia and
the inertial axis with the axis of the orbit of Venus at J2000.0.
Angle J is still unknown. As shown in Appendix A, for a plausi-
ble value of this angle, its impact on the rotation is weaker than
the other effects taken into account in this article. For the sake

of clarity, J is set to 0 in the following. In this coordinate sys-
tem, the Hamiltonian related to the rotational motion of Venus is
(Cottereau & Souchay 2009)

K = F0 + E + E′ + U, (3)

where F0 is the Hamiltonian for the free rotational motion de-
fined by

F0 =
1
2

(
sin2 l

A
+

cos2 l
B

)
(G2 − L2) +

1
2

L2

C
, (4)

where A, B,C are the principal moments of inertia of Venus and
E, E′ are the components related to the motion of the orbit of
Venus, which is caused by planetary perturbations (Kinoshita
1977) and to the choice of the “departure point” as reference
point (Cottereau & Souchay 2009). Here U is the disturbing po-
tential of the Sun, considered as a point mass, and is given at first
order by

U =
GM′

r3

[[
2C − A − B

2

]
P2(sin δ)

+

[A − B
4

]
P2

2(sin δ) cos 2α
]
, (5)

where G is the gravitational constant, M′ the mass of de Sun, r
the distance between its barycenter and the barycenter of Venus
and α and δ are the planetocentric longitude and latitude of the
Sun with respect to the mean equator of Venus and a merid-
ian origin (not to be confused with the usual equatorial coordi-
nates defined with respect to the Earth). The Pm

n are the classical
Legendre functions given by

Pm
n (x) =

(−1)m
(
1 − x2

) m
2

2nn!

dn+m
(
x2 − 1

)n

dxn+m
· (6)

The Hamiltonian equations are

d
dt

(L,G,H) = − ∂K
∂(l, g, h)

(7)

d
dt

(l, g, h) =
∂K

∂(L,G,H)
· (8)

Because the components ω1 and ω2 of the rotation of Venus
are supposed to be negligible with respect to the component ω3
along the figure axis at first approximation, this yields

G =
√

(Aω1)2 + (Bω2)2 + (Cω3)2 ≈ Cω3 (9)

and

d
dt

(Cω3) ≈ d
dt

(Cω) ≈ −∂K
∂g
· (10)

After splitting ω into its mean value ω and a variation Δω, ω is
given by

d
dt

(CΔω) = −∂K
∂g
· (11)

We notice here that F0 and E + E′ do not contain g, so that the
variations in the rotation of solid Venus are only caused by the
tidal torque of the Sun included in the disturbing potential U. To
make the dependence on the variable g explicit, we express U
as a function of the longitude λ and the latitude β of the Sun
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with respect to the orbit of Venus at the date t with the transfor-
mations described by Kinoshita (1977) and based on the Jacobi
polynomials, such as

d(CΔω)
dt

= − ∂
∂g

GM′

r3

[
2C − A − B

2

(
− 1

4
(3 cos2 I − 1)

− 3
4

sin2 I cos 2(λ − h)

)
+

A − B
4

×
[
3
2

sin2 I cos(2l + 2g) +
∑
ε=±1

3
4

(1 + ε cos I)2

× cos 2(λ − h − εl − εg)
]]
, (12)

where β is, by definition, equal to 0 in this case. The first com-
ponent on the righthand side of Eq. (12) does not depend on the
variable g, so that this yields

Δω = − 1
C

∫
∂

∂g

(
n2

(
a
r

)3
A − B

4

[
3
2

sin2 I cos(2l + 2g)

+
∑
ε=±1

3
4

(1 + ε cos I)2

× cos 2(λ − h − εl − εg)
])

dt, (13)

where GM′
r3 has been replaced by n2 · a3

r3 , a and n being the semi-
major axis and the mean motion of Venus defined by the third
Kepler law

n2a3 = GM′. (14)

Differentiating with respect to g in Eq. (13) gives Δω as:

Δω = −
∫

3
A − B

4C
n2

(a
r

)3
[
− sin2 I sin(2l + 2g)

+
∑
ε=±1

1
2
ε(1 + ε cos I)2

× sin 2(λ − h − εl − εg)
]
dt. (15)

We can write l + g ≈ φ (Kinoshita 1977) where φ is the an-
gle between the axis which coincides with the smallest moment
of inertia and a reference point arbitrarly chosen as the “depar-
ture point” on the orbit of Venus at date t (Cottereau & Souchay
2009). The position of this axis is given with respect to the origin
meridian itself defined as the central peak in the crater Adriadne
(Konopliv et al. 1999; Davies et al. 1992). In fact φ is the an-
gle of proper rotation of the planet (φ̇ ≈ ω). In the following, φ
will be used instead of l + g. To solve Eq. (15) analytically, the
developments of ( a

r )3 sin 2φ and ( a
r )3 sin 2(λ − h ± φ) are needed

as a function of time through the variables M and LS (the mean
anomaly and the mean longitude of Venus, respectively) taking
the eccentricity as a small parameter (Kinoshita 1977). In a first
approach, the orbit of Venus can be considered as circular (i.e.
e = 0, instead of: e = 0.0068). This yields

Δω = 3
B − A

4C
n2

[
sin2 I cos(2φ)

1

2φ̇

− 1
2

(1 + cos I)2 cos 2(Ls − φ) 1

2L̇s − 2φ̇

+
1
2

(1 − cos I)2 cos 2(Ls + φ)
1

2L̇s + 2φ̇

]
· (16)

Table 1. Numerical values, with MV and RV the mass and the radius of
Venus.

Venus
Period of revolution 224.70 d (Simon et al. 1994)
Obliquity 2.◦6358 (Cottereau & Souchay 2009)
Mean period of rotation –243.020 d (Konopliv et al. 1999)
Triaxiality: A−B

4C –1.647941 × 10−6 (Konopliv et al. 1999; Yoder 1995)
C

MVR2
V

0.33600 (Yoder 1995)
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Fig. 1. Variation of Δω
ω

during 4 venusian solar days (468 d). One venu-
sian solar day corresponds to 117 d.

This equation is similar to the equation given by Woolard (1953)
in his theory of the Earth’s rotation, using a different formalism
based on classical Euler angles.

With the numerical values of Table 1, the largest terms of the
variation of Δω

ω
are

Δω

ω
= 2.77 × 10−6 cos(2LS − 2φ)

+ 6.12 × 10−9 cos 2φ

− 1.99 × 10−11 cos(2LS + 2φ) (17)

where 2LS−2φ, 2φ, and 2LS+2φ correspond to the leading terms
with respective periods 58 d, 121.80 d, and 1490 d. As the two
last terms scale as the square of the obliquity, they are signifi-
cantly smaller than the term with argument 2LS−2φ (2.77×10−6).
As Venus has a very slow rotation that appears in the scaling
factor 3 B−A

4C
n2

ω , the variations in the rotation rate due to the solid
torque are greater than the Earth’s ones, which correspond to
amplitudes of Δω

ω
≈ 10−10.

Figure 1 shows the relative variations in the speed of rotation
of Venus due to the solid torque exerted by the Sun during a
four venusian day time span (468 d). The orientation of the bulge
of Venus at t = 0 is given with respect to the origin meridian.
The mean orbital elements are given by Simon et al. (1994). The
choice of the time span will allow us to compare the different
effects that act on the rotation of Venus.

The physical meaning of the leading term with argument
2LS − 2φ can be understood using a simple toy model. Consider
a coplanar and circular orbit. At quadrupolar order, the gravi-
tational potential created by the planet in its equatorial plane is
equal to the one created by three point masses, one located at
the center of the planet and of mass Mv − 2μ and two other ones
symmetrically located on the surface of the planet along the axis
of smallest moment of inertia and of mass μ (see Fig. 2), where
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Fig. 2. Diagram of the gravitational force exerted by the Sun in the
frame corotating with Venus. The − and + signs give the sign of the
net torque in each quadrant.
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Fig. 3. Influence of the eccentricity in the variation of the speed of rota-
tion of Venus.

μ = B−A
2R2

V
, RV is the planet mean radius. The torque exerted on

the planet by the Sun can thus be computed using the forces ex-
erted only on these three points. As shown in Fig. 2, the sign of
the resulting torque depends on the quadrant of the x, y plane the
Sun is located in, and thus changes four times during a solar day,
whose the corresponding argument is 2LS − 2φ.

To evaluate the influence of the eccentricity of Venus on its
rotation rate, we show in Fig. 3 the residuals after substraction
of Δωω when the eccentricity is taken into account in the develop-
ment of ( a

r )3 sin 2φ and ( a
r )3 sin 2(λ − h ± φ) with respect to the

simplified expression given by Eq. (17). We can observe that the
eccentricity of Venus acts on Δω

ω
with an amplitude of ≈10−8 for

the terms 2Ls + M − 2φ (46.34 d) and 2Ls − M − 2φ (78.86 d).
These variations are smaller than the leading coefficient seen in
Eq. (17) by two orders and greater than the other coefficients
with arguments 2φ and 2φ + 2Ls.

From the relation Δω
ω

(t) = −ΔLOD
LOD (t), the variations in the

LOD(t) due to the torque of the Sun are 120 s (i.e. 2 mn or
0.0014 d). The implication of these results is discussed in Sect. 7.
These variations are larger than the uncertainties on the pe-
riod of rotation measurements of Venus given by Magellan,
that is to say, 243.0200 ± 0.0002 d in Konopliv et al. (1999) or
243.0185 ± 0.0001 d in Davies et al. (1992), and close to the
amount of their difference.

4. Effects of the elasticity on the rotation rate:
deformation due to the zonal tidal potential

For the Earth, a large variation of the speed of rotation comes
from to the zonal potential, which causes temporal variations in
the moment of inertia C. In this section, these zonal effects are
evaluated for Venus, which is considered as a deformable body.
The zonal part of the potential exerted by the Sun on a point M
at the surface of the planet is given by the classical formula

V2,S(δM, δ) =
9
4
GM′

R2
V

r3

(
sin2 δ − 1

3

)

×
(
sin2 δM − 1

3

)
, (18)

where δ and δM represent the planetocentric latitude of the Sun
(the disturbing body) and of the point M, and r the distance be-
tween the barycenter of the Sun and the Venus one. The corre-
sponding bulge produced has a potential (Melchior 1978):

ΔV2,V(δM, δ, r
′) = k2V2,S

R3
V

r′3
, (19)

where k2 and RV are the Love number and the radius of the
planet. Differentiating the potential produced by Venus at its sur-
face (MacCullagh’s formula), ΔV2,V can be expressed as a func-
tion of the principal moments of inertia

ΔV2,V(δ, r′) =
3
2
G
r′3

(dC − dA)

(
sin2 δ − 1

3

)
, (20)

where we take dA = dB as the deformation is purely zonal. By
identification we obtain

k2
3
4

M′

MV

(
sin2 δ − 1

3

) (
RV

r

)3

=
dC − dA

2
1

MVR2
V

· (21)

Because this deformation does not induce a change in the vol-
ume of the isodensity surfaces in the planet to first order, dI =
1
2 dC + dA = 1

2ΔC + ΔA = 0 (see Melchior 1978, for a rigor-
ous demonstration). Euler’s third equation is Cω = const., and
to first order this yields ΔC

C = −Δωω . Thus the variations in the
angular rate of rotation of Venus are given by

Δω

ω
= −ΔC

C

= −k2

(RV

a

)3 (a
r

)3 M′

MV

(
sin2 δ − 1

3

)
MVR2

V

C
(22)

where MV is the mass of Venus. Expressing sin2 δ1 as a function
of I and λ where I and λ are given in Sect. 3 and represent the
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Fig. 4. Δω
ω

due to the zonal potential during 4 venusian days (468 d).

obliquity of Venus and the true longitude of the Sun, Eq. (22)
becomes

Δω

ω
= −k2

MVR2
V

C
M′

MV

(
RV

a

)3(
a
r

)3

×
(
sin2 I

2
(1 − cos 2λ) − 1

3

)
· (23)

Based on the developments of ( a
r )3 and ( a

r )3 cos 2λ with respect
to time from Cottereau & Souchay (2009), Fig. 4 shows the rel-
ative variation in the speed of rotation of Venus due to the zonal
potential. The numerical values of k2 = 0.295 ± 0.066 and the
ratio C

MVR2
V
= 0.3360 are taken from Konopliv & Yoder (1996) &

Yoder (1995) respectively. The expressions found correspond to
variations in the LOD(t) of 0.019 s peak to peak, which is much
smaller than the contributions studied in Sect. 3. The zonal part
of the potential on a nonrigid Venus thus has little influence on
its very slow rotation, in contrast to the Earth, for which these
variations with annual and semi-annual components are not neg-
ligible (on the order of 10−3 s) with respect to the 1d rotation
(Yoder et al. 1981; Souchay & Folgueira 1998). The semi-annual
components are particularly small for Venus because its eccen-
tricity and obliquity are much lower than their respective value
for the Earth.

5. Atmospheric effects on the rotation of Venus

As Venus has a denser atmosphere than the Earth, and as we now
know that the Earth’s atmosphere acts on its rotation in a signif-
icant manner (Lambeck 1980), it will be interesting to study the
corresponding effects on Venus. In this section, the core and the
mantle of Venus are supposed to be rigidly coupled, and its at-
mosphere rotates at a different rate. The variations of the speed
of rotation in Venus due to its atmosphere are given by

ΔG
G
=
Δω

ω
, (24)

where G and ΔG represent the angular momentum of the rigid
Venus and its variation due to the atmosphere ΔG = −ΔGatm.
The angular momentum ΔGatm of the atmosphere can be split
into two components:

– the matter term GM, which is the product ofωwith the inertia
momentum of the atmosphere;

0 1 2 3 4
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5.�10�7

Venusian days

�
Ω
�Ω

Fig. 5. Δω
ω

due to the atmosphere during 4 venusian days for the GCM1
(red curve) and the GCM2 (blue curve).

– the current term Gw, which is due to the wind motions with
respect to the frame that is solidly rotating with the planet.

From Lebonnois et al. (2010a) we have

Gatm = (1 + k′2)GM +Gw

= (1 + k′2)
ωR4

V

g

∫ ∫
s

Ps cos3 θdθdφ

+
R3

V

g

∫ ∫ ∫
v

cos2 θvθdhdθdφ, (25)

where θ, φ and RV stand respectively for the latitude, longi-
tude, and radius of Venus, vθ is the zonal wind, and k′2 the load
Love number of degree 2 (Karatekin et al. 2010). To determine
the variations in the angular momentum, two simulations made
with the global circulation model (GCM) of the Laboratoire de
Meteorologie Dynamique (LMD) (Lebonnois et al. 2010b) are
used and compared. These simulations were obtained with the
LMD Venus general circulation model, using conditions simi-
lar to those presented in Lebonnois et al. (2010a), except for the
boundary layer scheme. The first simulation (GCM1) was inte-
grated from a zero wind state and is very close to the simulation
published in Lebonnois et al. (2010a), though the winds in the
deep atmosphere (0 to 40 km altitude) are slightly higher, owing
to the updated boundary layer scheme. The second one (GCM2)
was integrated with initial winds in super rotation where the re-
sulting winds in the deep atmosphere are close to observed val-
ues. The results presented in Fig. 5 were obtained after a 200 day
integration for GCM1 and 130 days for GCM2. Here we calcu-
late the seasonal variation of the angular velocity of Venus in-
duced by the atmospheric winds to compare it with the variation
discussed in Sect. 3. The numerical values of the radius and the
principal moment of inertia are taken in Cottereau & Souchay
(2009).

Figure 5 shows the relative variation in the speed of rotation
of Venus due to the atmosphere for 4 venusian days (470 d) with
the GCM1 (red curve) and GCM2 (blue curve). These variations
have an amplitude of 1.26 × 10−6 peak to peak for GCM1 and
2.44 × 10−6 for GCM2. For the two models, the large amplitude
of Δωω̄ of the order of 10−6 comes from the current term and de-
pends on winds of Venus whereas the matter term GM acts on
the rotation with an amplitude on the order of 10−10.

A45, page 5 of 10

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201116606&pdf_id=4
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201116606&pdf_id=5


A&A 531, A45 (2011)

Using the definition of the LOD(t) given in Sect. 2, the at-
mospheric contributions to Venus rotational speed correspond to
peak to peak variations on the LOD(t) of 27 s with the GCM1
and 51 s with the GCM2. These values are consistent with the
value of LOD(t) for the planet of 7.9 s given by Karatekin et al.
(2009, 2010), who used the simulation presented in Lebonnois
et al. (2010a). The differences are related to the amplitudes of
the zonal winds in the region of maximum angular momentum
(10–30 km of altitude), which vary between the different simula-
tions. The most realistic values for these winds are obtained with
the GCM2 simulation, where the winds are close to the observa-
tional data obtained from the Venera and Pioneer Venus missions
(Schubert 1983). We compared here the results given by GCM1
and GCM2 to give an idea of the uncertainties in our present un-
derstanding of the atmospheric circulation and its modeling. In
the following, only the values obtained with the model GCM2
are compared to the other effects because it is thought to be the
most realistic. The atmospheric effects are nearly two times less
than the solid effects described in Sect. 3.

6. Core effects on the rotation of Venus

The interior of Venus is probably liquid as inferred from the or-
biting spacecraft data (Konopliv & Yoder 1996). The internal
properties of Venus are expected to be like the Earth with a core
radius around 3120 km (Yoder 1995), but with a noteworthy dif-
ference because there is no dynamo effect on Venus (Nimmo
2002). In this section, we investigate the impact of such a core
on the rotational motion of Venus and especially on the varia-
tion of its LOD(t). For that purpose, we numerically integrate
the rotational motion of Venus by taking the inertial pressure
torque into account. The equations governing the rotational mo-
tion of two-layer Venus are the angular momentum balance for
the whole body

dH
dt
+ω ∧ H = Γ (26)

and for the core

dHc

dt
−ωc ∧ Hc = 0, (27)

(Moritz & Mueller 1987) where H,Hc are respectively the angu-
lar momentum of Venus and of the core (see also e.g. Rambaux
et al. 2007). The vector Γ is the gravitational torque acting on
Venus. Here, we assume that the core has a simple motion as
suggested by Poincaré in 1910, and we neglect the core-mantle
friction arising at the core-mantle boundary. Then, the rotational
motion of each layer of Venus is integrated simultaneously with
the gravitational torque due to the Sun acting on the triaxial fig-
ure of Venus. The orbital ephemerides DE421 (Folkner et al.
2008) are used for the purpose.

First we double-checked the good agreement between the
numerical and the analytical solutions given by Eq. (17) for a
simplified model of a one-layer, solid, rigid Venus case. The very
small differences obtained (at the level of a relative 10−10) may
result from using of different ephemerides (DE421 for the nu-
merical approach and VSOP87 for the analytical one). Then we
applied the procedure for the two-layer case. As the moments
of inertia Ic of the core are not yet constrained by measure-
ments, we used internal models (Yoder 1995), for which Ic is
taken from 0.01 to 0.05, according to the size of the core. The
flattening of the core is scaled to the flattening of the mantle by
assuming that the distribution of mass anomalies is the same.

Table 2. Resulting amplitude for Venus Δω
ω

with a fluid core (expressed
in unit of 10−6), with last line computed for a model without a fluid
core.

Period / 58.37 d 46.34 d 78.86 d 121.51 d
Ic 2Ls − 2φ 2Ls − 2φ + M 2Ls − 2φ − M 2φ
0.01 2.859979 0.053456 0.013032 0.006328
0.02 2.950486 0.055147 0.013445 0.006528
0.03 3.046908 0.056950 0.013884 0.006741
0.04 3.149846 0.058874 0.014353 0.006968
0.05 3.259981 0.060932 0.014855 0.007211
– 2.774866 0.052244 0.012726 0.006120
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Fig. 6. Δω
ω

due to the core during 4 venusian days with a Ic = 0.05 (red
curve) and a Ic = 0.01 (blue curve).

Table 2 shows the new amplitudes of Δω
ω

for the four main oscil-
lations with arguments 2Ls − 2φ, 2Ls − 2φ + M, 2Ls − 2φ − M,
2φ and with corresponding periods 58.37 d, 46.34 d, 78.86 d
and 121.51 d. The presence of the fluid core allows a differential
rotation of the mantle and of the interior of the planet. As a con-
sequence in first approximation the mantle is decoupled from the
interior and presents a larger amplitude of libration than in the
solid case. The amplitude of the libration increased with the size
of the core. At maximum, for Ic = 0.05, we obtain an increase in
the oscillation of 2LS − 2φ of 17% corresponding to a variation
of +20.4 s.

Figure 6 shows the relative variation in the speed of rotation
of Venus due to the core during 4 venusian days with Ic = 0.05
and Ic = 0.01. These variations have peak-to-peak amplitudes
of 1.7 × 10−7 and 9.7 × 10−7. Using the definition of the LOD(t)
given in Sect. 2, the core contributions to Venus’ rotational speed
correspond to peak-to-peak variations on the LOD(t) between
3.6 s and 20.4 s. Although the core effects on the rotation of
Venus increase with the core size, they are smaller than the solid
and atmospheric effects. Indeed, when Ic = 0.05, the core effects
are nearly two and six times less than the atmospheric and solid
ones.

7. Comparison and implication for observations

The variations in the rotation of Venus presented in this paper
are quasi-periodic, and they are mainly due to three kinds of ef-
fects: solid, atmospheric, and core. Compared to them, the zonal
potential has a negligible influence. Finally ω(t) can be written
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Table 3. Variation of Δω
ω̄

due to the solid and core effects.

Period Pi Argument Solid as,i Core ac,i
2π
ωi

cosωit cosωit

58 d 2Ls − 2φ 2.77 × 10−6 8.51 × 10−8 < ac < 4.85 × 10−7

46.34 d 2Ls + M − 2φ 5.24 × 10−8 1.01 × 10−9 < ac < 8.5 × 10−9

78.86 d 2Ls − M − 2φ 1.27 × 10−8 3.1 × 10−10 < ac < 2.1 × 10−9

121.80 d 2φ 6.12 × 10−9 2.1 × 10−10 < ac < 1.1 × 10−9

in the form

ω(t) = ω̄ + Δω

= ω̄ +

[∑
i

(as,i + ac,i) cos(ωit + ρi)

+
∑

j

aa, j cos(ω jt + ρ j)

]
ω̄, (28)

where ωi, ρi and as,i, ac,i (see Table 3) are the frequencies, the
phases, and the corresponding amplitudes of the variation of ro-
tation of Venus due to the solid and the core, and ω j, aa, j (see
Table 4) for those due to the atmosphere. The atmospheric coef-
ficients as well as their periods have been obtained from a fast
Fourier transform (FFT) where ρ j are the phases. The power
spectrum of the atmospheric variation is complex and can vary
significantly from one model to another. As a consequence, only
the most important frequencies are shown for the GCM2 model
in Table 4.

Comparing the amplitudes given in Tables 3 and 4, we see
that the greater effect on the rotation rate of Venus is caused by
the solid potential exerted by the Sun on its rigid body. If all
effects are taken into account, the variations in the LOD(t) can
reach 3 mn, which could be observable in the future.

As most past studies used infrared imaging of the surface
to measure the evolution in time of the longitude of reference
points φ1 at Venus surface, let us consider how this variable be-
haves in our model. As φ̇1 ≈ ω(t) we have

φ1(t) = φ1,0 + ωt +
∫ t

t0

Δωdt. (29)

Figure 7 shows the variations Δφ1 during four venusian days,
which are caused by the combined effects of the solid, the core,
and the atmosphere modeled by the GCM2.

Like the variations in the rotation rate, these variations are
periodic with a peak-to-peak amplitude reaching 12 m (time dif-
ferences are converted into distance at the surface). In preceding
studies that measured the mean rotation rate of Venus, these vari-
ations were neglected. This implied fitting the measurements of
the phase angle φ1 with a line of constant slope, this slope giving
the mean rotation rate. Because the variations in the rotation rate
discussed above are not negligible, we show in the following that
this approach can yield large errors in the derived value of ω̄, es-
pecially for a short interval of time. Similar to Laskar & Simon
(1988) let us consider the error made on the mean rotation rate
when fitting the signal given by Eq. (29), keeping only the most
important frequency for simplicity, by a function of the type

φ1(t) = φ1,obs + ωobs t (30)

over a time span [t0, t0 + T ]. For a least square fitting procedure,
the residual is given by

D =
∫ t0+T

t0

(φ1,0 + ω̄t + A sinω1t − (ωobs t + φ1,obs))2dt (31)

Table 4. Variations of Δω
ω̄

due to the atmosphere effects modeled by
GCM2.

Period Pj aa, j ρ j

2Π
ω j

cosω jt + ρ j

117 d 4.17 × 10−7 3.11
266 d 3.22 × 10−7 1.74
5.02 d 1.74 × 10−7 2.39
6.09 d 1.41 × 10−7 3.14
40.6 d 1.28 × 10−7 0.0061
79.5 d 1.21 × 10−7 1.64
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Fig. 7. Variations of Δφ1×RV in meter during a four venusian days time
span.

where A and ω1 =
2π
58 rd/d correspond respectively to the

larger amplitude of Eq. (29) and its corresponding frequency.
Minimizing this residual yields

ωobs = ω̄ − 6A

T 3ω2
1

[
Tω1

[
cos(ω1t0) + cosω1(T + t0)

]

+ 2
[
sin(ω1t0) − sinω1(T + t0)

]]
(32)

φ1,obs = φ1,0 +
2A

T 3ω2
1

[
T (2T + 3t0)ω1 cos(ω1t0)

+ T (T + 3t0)ω1 cosω1(T + t0)

+ 3(T + 2t0)
[
sin(ω1t0) − sinω1(T + t0)

]]
. (33)

We can see that ωobs depends on both the time of the first obser-
vation (t0) (i.e. phase) and interval (T ) between observations. If
the phase of the effect is unknown, the max error made on the
mean rotation rate is given by

ΔLODobs = max
t0
|ωobs(t0, T ) − ω̄| 2π

ω̄2
· (34)

Figure 8 shows this maximum error ΔLODobs in seconds as a
function of the interval T between observations.

As we can see, even if the mean angular velocity is retrieved
for long baseline observations, the error yielded by the linear fit
can be large for observations of short duration. In addition, the
use of such a simple model for φ1 prevents any measurement of
the amplitude of the variations detailed in this paper. To mea-
sure the amplitude of these variations, modeling ω and φ1 with
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Fig. 8. Maximum error of ΔLODobs(T ) in seconds given by Eq. (34).
The dotted line is the uncertainty given by Magellan (Davies 1992) on
the rotation of Venus.

Eqs. (28) and (29), respectively, during the data reduction is nec-
essary.

As the greater effect is due to the torque of the Sun on the
Venus rigid body with a large amplitude on a 58 d interval, it
could be interesting to subtract the measured signal by a fitted
sinusoid of this frequency. The direct measurement of the am-
plitude of the sinusoid would give information on the triaxiality
of Venus at 3 to 17% of error because of the core contribution.

To disentangle atmospheric effects, a multifrequency analy-
sis of the data will be necessary. Indeed, after having determined
the larger amplitude on 58 d as explained previously, it could
be subtracted from the analysis. Then as the atmospheric winds
(described by Eq. (25)) are the second most important effects
on the rotation of Venus, the residuals obtained could constrain
their strength. In parallel it should also be interesting to fit the
signal obtained by a sinusoid on the period of 117 d because
only the atmosphere acts on the rotation with this periodicity.
This period is also present when using an alternative atmospheric
model GCM1 (Lebonnois 2010a), so the corresponding ampli-
tude could directly give indications on the atmospheric winds.
Fitting the signal with additional sinusoids with other periods
given in Table 4 could also increase the constraints.

At last, as the core does not make the same contribution on
each period presented in Table 3, fitted the signal by Eq. (28)
(or by Eq. (29)) could confirm the presence of a fluid core. Of
course, such a detection is only possible if the precision of the
measurements is of the same order of magnitude as the core ef-
fects and if the atmospheric effects that add noise in the signal
are better modeled in the future.

Many values of the mean rotation of Venus have been esti-
mated since 1975. Figure 9 shows all these values, as well as
their error bars. The latter value of 243.023 ± 0.001 d has been
recently estimated from Venus express VIRTIS images (Mueller
et al. 2010, submitted). The dotted lines represent variations of
0.00197 d around a mean value of 243.020± 0.0002d (Konopliv
et al. 1999) caused by solid, atmospheric (GCM2), and core
(Ic = 0.05) effects presented in this paper. The value of Davies
et al. (1992) set to 243.0185 ± 0.0001 d has been recommended
by the IAU (Seidelmann et al. 2002).

As we can see from Fig. 9:

– the variations of the period in rotation (0.00197 d) presented
in this paper are consistent with most of the mean rotation
periods measured so far;
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Fig. 9. Values of the period of rotation of Venus and their error bars
given since 1975. The dotted lines represent variations of 0.00197 d
around the mean values of 243.020 d caused by the effects presented
in this paper.

– if the true mean value of the period of rotation of Venus is
close to the IAU value, the variations cannot explain the most
recent value obtained by VIRTIS (Mueller et al. 2010, sub-
mitted). Indeed, the difference between them of 7 mn implies
larger variations.

The different values of the rotation of Venus since 1975 could
be explained by the variations of 0.00197 d due to the solid, at-
mospheric, and core effects. Despite the value of Davies et al.
(1992) having recommended by the IAU because of its small
published error bars (±0.0001), its large difference with the re-
cent VIRTIS value (7 mn) and the other measurements, does not
agree with the variations presented in this paper. It seems dif-
ficult to explain these large variations, which would imply an
increase of more than 50% of the effects discussed here, with
the current models, so it would be interesting to compare in de-
tail the different rotation rate measurement methods and to de-
termine with a better accuracy the mean value of the rotation of
Venus.

8. Conclusion

The purpose of this paper was to detemine and to compare the
major physical processes influencing the angular speed of rota-
tion of Venus. We Applied different theories already used for the
Earth to evaluate the variation of the rotation rate as well as of
the LOD.

We computed the effect of the solid potential exerted by the
Sun on a rigid Venus using the theory derived from Kinoshita
(1977). Considering in the first step that the orbit of Venus is cir-
cular, we found that the variations in the rotation rate have a large
amplitude of 2.77× 10−6 with argument 2Ls − 2φ (58 d). Taking
the eccentricity of the orbit into account adds periodic variations
with a 10−8 amplitude. Unlike Earth, because Venus has a very
slow rotation, the solid potential has a leading influence on the
rotation rate that corresponds to peak-to-peak variations in the
LOD of 120 s

Considering Venus as an elastic body, we then evaluated the
impact of the zonal tidal potential of the Sun. These variations
correspond to peak-to-peak variations in the LOD of 0.014 s,
which are very small with respect to the contributions of the solid
effect.
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Then we computed the effects of both the core and the at-
mosphere (modeled by two different simulations of the LMD
global circulation model). According to our computation the at-
mospheric and core contributions to Venus rotational speed cor-
respond to peak-to-peak variations of the LOD of 25–50 s and
3.5–20.4 s, respectively, at different periods. Despite its thick-
ness, the impact of the venusian atmosphere modeled by our
most realistic simulation on the rotation is 2.4 times less than
the contribution of the solid torque exerted by the Sun. The vari-
ations in the LOD due to the core, which increase with its size,
are still smaller.

Finally we have shown that the variations of ω and RVφ1,
which reach 3 mn and 12 m, need to be taken into account when
reducting the observations. Ignoring these variations could lead
to an incorrect estimation of ω̄. With the steadily increasing pre-
cision of the measurements, carrying a frequency analysis of the
data modeled by either Eqs. (28) or (29) will hopefully put phys-
ical constraints on the physical properties of Venus (triaxiality,
atmosphere, core).

To conclude, the variations shown in this paper would ex-
plain different values of the mean rotation of Venus given since
1975. The difference of 7 mn between the IAU value (243.0185,
Davies et al. 1992) and the VIRTIS one (243.023 ± 0.001,
Mueller et al. 2010, submitted) implies larger variations, not
found here, probably due to systematic errors in the measure-
ments of the rotation. In view of these new results and the recent
study of Mueller et al. (2010, submitted), it would be interest-
ing to compare the different methods in measuring the rotation
of Venus, so as to identify the error sources with better accuracy
and to revise the value of the mean rotation.

Acknowledgements. L.C. wishes to thank Pierre Drossart, Thomas Widemann,
Jean-Luc Margot and Jeremy Leconte for discussions about Venus.

Appendix A: Influence of the angle J on the rotation
rate

In Sect. 3, we assumed that the angle J between the angular mo-
mentum axis and the figure axis of Venus can be neglected. Here
we reject this hypothesis of the coincidence of the poles and we
evaluate the impact of J on the rotation. According to Eq. (5) the
variations of Δω is given by

d
dt

(CΔω) = −∂U
∂g
, (A.1)

where

U=
GM′

r3

[ [
2C − A − B

2

]
P2(sin δ)+

[A − B
4

]
P2

2(sin δ) cos 2α

]
,

(A.2)

As in Sect. 3, we express P2(sin δ) and P2
2(sin δ) cos 2α as func-

tions of the longitude λ and the latitude β of the Sun with the
transformation described by Kinoshita (1977) without supposing

J = 0, such as

P2(sin δ) =
1
2

(3 cos2 J − 1)

[
1
2

(3 cos2 I − 1)P2(sin β)

− 1
2

sin 2I sin(λ − h)P2
1(sin β)

− 1
4

sin 2IP1
2(sin β) cos 2(λ − h)

]

+ sin 2J

[
− 3

4
sin 2IP2(sin β) cos g

−
∑
ε=±1

1
4

(1 + ε cos I)(−1 + 2ε cos I)

× P1
2(sin β) sin(λ − h − εg)

−
∑
ε=±1

1
8
ε sin I(1 + ε cos I)

× P2
2(sin β) cos(2λ − 2h − εg)

]

+ sin2 J

[
3
4

sin2 IP2(sin β) cos 2g +
1
4

∑
ε=±1

ε sin I

× (1 + ε cos I)P1
2(sin β) sin(λ − h − 2εg) − 1

16

×
∑
ε=±1

(1 + ε cos I)2P2
2(sin β) cos 2(λ − h − εg)

]

(A.3)

and

P2
2(sin δ) cos 2α = 3 sin2 J

[
− 1

2
(3 cos2 I − 1)P2(sin β) cos 2l

+
1
4

∑
ε=±1

sin 2IP1
2(sin β) sin(λ − h − 2εl)

+
1
8

sin2 IP2
2(sin β) cos 2(λ − h − εl)

]

+
∑
ρ=±1

ρ sin J(1 + ρ cos J)

×
[
− 3

2
sin 2IP2(sin β) cos(2ρl + g)

−
∑
ε=±1

1
2

(1 + ε cos I)(−1 + 2ε cos I)

× P1
2(sin β) sin(λ − h − 2ρεl − εg)

−
∑
ε=±1

1
4
ε sin I(1 + ε cos I)

× P2
2(sin β) cos(2λ − 2h − 2ρεl − εg)

]

+
∑
ρ=±1

1
4

(1 + ρ cos J)2

[
− 3 sin2 IP2(sin β)

× cos(2l + 2ρg)
∑
ε=±1

ε sin I(1 + ε cos I)

× P1
2(sin β) sin(λ − h − 2ρεl − 2εg)

+
∑
ε=±1

1
4

(1 + ε cos I)2

× P2
2(sin β) cos 2(λ − h − ρεl − εg)

]
. (A.4)
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Fig. A.1. Influence of the angle J = 0.5◦ in the variation of the speed of
rotation of Venus.

Assuming that β = 0 and removing the components which do
not depend on the variable g this yields:

d(CΔω)
dt

= − ∂
∂g

GM′

a3

(a
r

)3
[
2C − A − B

2

×
(

sin 2J
[3
4

sin 2I
1
2

cos g

−
∑
ε=±1

1
8
ε sin I(1 + ε cos I)

× 3 cos(2λ − 2h − εg)
]

+ sin2 J
[
− 3

4
sin2 I

1
2

cos 2g − 1
16

×
∑
ε=±1

(1 + ε cos I)23 cos 2(λ − h − εg)
])

+
A − B

4

( ∑
ρ=±1

ρ sin J(1 + ρ cos J)

×
[
3
2

sin 2I
1
2

cos(2ρl + g)

−
∑
ε=±1

1
4
ε sin I(1 + ε cos I)

× 3 cos(2λ − 2h − 2ρεl − εg)
]

+
∑
ρ=±1

1
4

(1 + ρ cos J)2

[
3 sin2 I

1
2

× cos(2l + 2ρg) +
∑
ε=±1

1
4

(1 + ε cos I)2

× 3 cos 2(λ − h − ρεl − εg)
])]
, (A.5)

where GM′
r3 has been replaced by n2( a

r )3.
The variations in the speed of rotation of Venus due to

the solid torque exerted by the Sun are obtained by devel-
oping Eq. (A.5) as functions of time through the variables M

and Ls, taking the eccentricity as a small parameter (Kinoshita
1977). Figure A.1 shows the residuals after substracting of Δωω
obtained by the Eq. (A.5) when the angle J = is taken into ac-
count and e = 0 with respect to the variations given by Eq. (17)
in Sect. 3. We arbitrarily take the angle J = 0.5◦.

The influence of the angle J = 0.5◦ on the rotation with
amplitudes of ≈10−9 is less than the leading coefficients seen
in Eq. (17) by three orders of magnitude and than the influence
of the eccentricity of Venus by one order of magnitude. As J is
probably much smaller than 0.5◦ as is the case for the Earth (1′′),
its influence on the rotation can be neglected with respect to the
other effects considered in this paper.

References

Andoyer, H. 1923 (Paris: Gauthier-Villars & cie), 1923
Barnes, R. T. H., Hide, R., White, A. A., & Wilson, C. A. 1983, Roy. Soc. London

Proc. Ser. A, 387, 31
Bazsó, Á., Dvorak, R., Pilat-Lohinger, E., Eybl, V., & Lhotka, C. 2010, Cel.

Mech. Dyn. Astron., 107, 63
Bills, B. G. 2005, J. Geophys. Res. (Planets), 110, 11007
Carpenter, R. L. 1964, AJ, 69, 2
Correia, A. C. M., & Laskar, J. 2001, Nature, 411, 767
Correia, A. C. M., & Laskar, J. 2003, Icarus, 163, 24
Cottereau, L., & Souchay, J. 2009, A&A, 507, 1635
Davies, M. E., Abalakin, V. K., Bursa, M., et al. 1987, Celestial Mechanics, 39,

103
Davies, M. E., Colvin, T. R., Rogers, P. G., Chodas, P. W., & Sjogren, W. L.

1992, LPI Contributions, 789, 27
Dobrovolskis, A. R. 1980, Icarus, 41, 18
Folkner, W. M., Williams, J. G., & Boggs, D. H. 2008, The planetary and lunar

ephemeris DE421 JPL IOM 343R-08-003, March 31
Gold, T., & Soter, S. 1979, Nature, 277, 280
Goldreich, P., & Peale, S. J. 1970, AJ, 75, 273
Goldstein, R. M. 1964, AJ, 69, 12
Karatekin, O., Dehant, V., & Lebonnois, S. 2009, BAAS., 41, 561
Karatekin, Ö., deViron, O., Lambert, S., et al. 2010, Planet. Space Sci., 10.1016
Kinoshita, H. 1977, Cel. Mech., 15, 277
Konopliv, A. S., & Yoder, C. F. 1996, Geophys. Res. Lett., 23, 1857
Konopliv, A. S., Banerdt, W. B., & Sjogren, W. L. 1999, Icarus, 139, 3
Lago, B., & Cazenave, A. 1979, Moon and Planets, 21, 127
Lambeck, K. 1980, Research supported by the Université de Paris VI,

Universite de Paris VII, Institut National d’Astronomie et de Geophysique,
DGRST, CNES, and Australian National University. (Cambridge, New York:
Cambridge University Press), 458

Laskar, J., & Simon, J. L. 1988, Celest. Mech., 43, 37
Lebonnois, S., Hourdin, F., Eymet, V., et al. 2010a, J. Geophys. Res. (Planets),

115, 6006
Lebonnois, S., Hourdin, F., Forget, F., Eymet, V., & Fournier, R. 2010b, Venus

Express Science Workshop, Aussois, France, June 20–26
Melchior, P. 1978 (Oxford: Pergamon Press)
Moritz, H., & Mueller, I. 1987 (Ungarn: Publ. Comp.)
Munk, W. H., & MacDonald, G. J. F. 1960 (Cambridge University Press)
Nimmo, F. 2002, Geology, 30, 987
Poincaré, H. 1910, Bull. Astron., 27, 321
Rambaux, N., Van Hoolst, T., Dehant, V., & Bois, E. 2007, A&A, 468, 711
Schubert, G. 1983, Venus, 681
Seidelmann, P. K., Abalakin, V. K., Bursa, M., et al. 2002, Cel. Mech. Dyn.

Astronomy, 82, 83
Simon, J. L., Bretagnon, P., Chapront, J., et al. 1994, A&A, 282, 663
Souchay, J., & Folgueira, M. 1998, Earth Moon and Planets, 81, 201
Woolard, E. W. 1953, Astronomical papers prepared for the use of the American

ephemeris and nautical almanac (Washington, US: Govt. Print. Off.), 165,
illus. 29 cm., 15, 1

Yoder, C. F. 1995, Icarus, 117, 250
Yoder, C. F., Williams, J. G., & Parke, M. E. 1981, J. Geophys. Res., 86, 881

A45, page 10 of 10

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201116606&pdf_id=10

	Introduction
	Rotation rate and LOD definition
	Effect of the solid potential on the rotation rate
	Effects of the elasticity on the rotation rate: deformation due to the zonal tidal potential
	Atmospheric effects on the rotation of Venus
	Core effects on the rotation of Venus
	Comparison and implication for observations
	Conclusion
	Influence of the angle J on the rotation rate
	References 

