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Introduction:  Magnetometer data from Galileo 

flybys of Callisto indicate that Callisto has a subsurface 
ocean beneath an ice shell [1]. Given its orbital inclina-
tion of 0.19° and an expected comparable obliquity [2], 
there should be obliquity tides in the subsurface ocean. 
Energy dissipation in the ocean due to obliquity tides 
damps both obliquity and inclination since the two are 
connected [3].  [2] provides analytical expressions for 
the rate of energy dissipation in a subsurface ocean due 
to obliquity tides. Taking these rates and the inclina-
tions of icy satellites in our solar system, we can ap-
proximate inclination damping timescales in Fig. 1. 
Callisto should damp its inclination in less than 1 Gyr, 
meaning that the inclination cannot be primordial. The 
question  we address here is why does Callisto still 
have a non-zero inclination?  

  
Figure 1: Inclination damping timescales calculated from 
[2]’s obliquity tide dissipation rates in a subsurface ocean. 
The blue and orange dashed lines are the 4.56 Gyr and 1 Gyr 
marks. Callisto’s inclination should decay in <1 Gyr. 

 
Slow inclination damping rate:  One explanation 

for why Callisto has a non-zero inclination is that tides 
are actually damping inclination more slowly than ex-
pected.  Tidal energy dissipation rates in an ocean are 
reduced if the overlying shell is rigid [4]. The effect of 
the ice shell can be quantified by the Love numbers, 
which depend on Callisto’s ice shell thickness and ice 
shell viscosity. Using the relations derived in [5], we 
vary the ice shell thickness within its upper bound of 
300 km [1] and get inclination damping timescales 
under a few Gyr (Fig. 2). Using the numerical model in 
[6], Fig. 3 assumes a two-layer ice shell model where 
the upper rigid lid thickness can vary, and the viscosity 
of the lower, less viscous layer can vary. Here Callis-
to’s inclination damping timescale stays under 1 Gyr.  

Another way for tides to damp Callisto’s inclination 
slowly is for the drag coefficient at the ice shell-ocean 
interface to be higher or lower than expected. On 

Earth, the bottom drag coefficient for ice is 2x10-3, so 
the same quantity would have to be an order of magni-
tude larger or smaller on Callisto for the inclination 
damping timescale to be above a few Gyr, an improba-
ble scenario (Fig. 4). We conclude that changing Cal-
listo’s physical properties to within their uncertainties 
does not resolve the problem of Callisto’s non-zero 
inclination. 

 
Figure 2: Callisto’s inclination lifetime varies with ice shell 
thickness by way of its relationship to Love numbers in [5]. 

 
Figure 3: Callisto’s inclination lifetime in a two-layer ice 
shell model varies with the thickness of the rigid upper lid, d, 
and the viscosity of the lower layer. The total lid thickness is 
220 km, and the viscosity of the upper layer is 1019 Pa s.  

 
Figure 4: Callisto’s ocean dissipation rate depends on the 
bottom drag coefficient at the boundary between the ocean 
and the ice shell, which for ice on Earth is 2x10-3. 
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Recent inclination excitation:  If tides on Callisto 

are indeed damping Callisto’s inclination as expected, 
then a recent event had to excite its inclination to ex-
plain why it is non-zero at present. 

There is evidence to suggest that moons of the giant 
outer planets are migrating outwards from their planets 
at faster rates than previously thought [7]. A moon mi-
grates outwards because of tides raised on the planet. 
Tides on the planet are governed by the tidal quality 
factor, Q, which [8] argues changes with the moon’s 
orbital frequency. Therefore, the greater a moon’s or-
bital distance, the faster it will be migrating outwards.  

Under this frequency-dependent Q model and using 
the migration timescale observations and estimates for 
the Jovian system from [7, 8], Callisto could have 
passed through several semi-major axis points corre-
sponding to orbital resonances with the inner moons 
(Fig. 5). [9] provides expressions for how much Callis-
to’s inclination would have increased by had it passed 
through an orbital resonance with the inner moons. 
Almost all scenarios would have increased Callisto’s 
inclination to above its current value (Fig. 6). The last 
step is to recreate Callisto’s inclination evolution, 
where it spikes after passing through an orbital reso-
nance and then it decays due to obliquity tides in Cal-
listo’s subsurface ocean (Fig. 7). Summing the effects 
of the two inclination-type resonances that affect Cal-
listo’s inclination, i-Ganymede-i-Callisto and i2-
Callisto, at each resonance crossing, we can reproduce 
Callisto’s present-day value with some fine-tuning of 
the migration timescale. Note that only the most recent 
resonance crossing at 0.5 Gya is needed to reproduce 
Callisto’s inclination.  

 
Figure 5: The semi-major axis migration of the Jovian 
moons in the frequency-dependent Q scenario in [8]. Be-
cause Io, Europa, and Ganymede are in a Laplace resonance, 
they have the same migration timescale, which was observed 
by astrometry [7,8]. Callisto’s migration timescale comes 
from [8] and was fine-tuned so that the inclination evolution 
arrived at the present-day inclination value.  

 
Figure 6: Callisto’s inclination excitation as it passes 
through orbital resonances with the inner Galilean moons 
[9]. The x-axis is the semi-major axis ratio of Callisto to the 
other moon. Only second-order (i.e., p:p+2) inclination-type 
resonances are shown. p starts at 1, increasing to the right.  

 
Figure 7: Callisto’s inclination evolution as it passes 
through orbital resonances with the inner Galilean satellites, 
increasing its inclination according to Fig. 6. Once inclina-
tion increases, it decays due to obliquity tides. 
 

Conclusion: Callisto’s present-day inclination can 
be accounted for by an orbital resonance crossing 0.5 
Gya. Callisto’s migration timescale in the frequency-
dependent Q of Jupiter model was a free parameter 
here, but astrometry in future missions (e.g., JUICE) 
would be able to put constraints on this. Further con-
straints to be investigated include Callisto’s eccentrici-
ty evolution and surface heat flux.  
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