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THE IMPORTANCE OF IMPLEMENTING THE FULL CORIOLIS ACCELERATION
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Abstract. With the ongoing characterisation of the atmospheres of exoplanets by the JWST, we are
unveiling a large diversity of planetary atmospheres, both in terms of composition and dynamics. As such,
it is necessary to build coherent atmospheric models for exoplanetary atmospheres to study their dynamics
in any regime of thickness, stratification and rotation. However, many models only partially include the
Coriolis acceleration with only taking into account the local projection of the rotation vector along the
vertical direction (this is the so-called ”Traditional Approximation of Rotation”) and do not accurately
model the effects of the rotation when it dominates the stratification.

In this contribution, we report the ongoing efforts to take the full Coriolis acceleration into account for
the transport of momentum and the mixing of chemicals. First, we show how the horizontal local component
of the rotation vector can deeply modifies the instabilities of horizontal sheared flows and the turbulence they
can trigger. Next, we show how the interaction between waves and zonal winds can be drastically modified
because of the modification of the wave damping or breaking when taking into account the full Coriolis
acceleration. These works are devoted to improve the parameterization of waves and turbulent processes in
global atmospheric models.

Keywords: hydrodynamics, instabilities, turbulence, waves, planets and satellites: atmospheres

Introduction

Since the first successful exoplanet detection in 1995 (Mayor & Queloz||1995), the number of planets identified
outside of our solar system has been growing, to reach more than thousands today. Their detection is accom-
panied by the characterisation of their atmospheres, a task first undertaken by the Spitzer and Hubble space
telescopes, that the JWST is now bringing to a unprecedented level of precision (e.g. |Dyrek et al.|[2024; Bell
et al.[2024). As our solar system on its own already harbors an impressive diversity of planetary atmospheres
(see tab. , we expect these efforts to unveil a significant number of new possible atmospheric configurations

in the coming years.

Understanding the atmospheric dynamics of (exo)planets is key for our interpretation of satellite observations,

Chemical Components

Brunt-Viisild frequency, Nyax [371)
Rotation rate, 29 [rad.s™!]

Earth Venus Jupiter Titan
NQ, OQ COZ, N HQ, He Ng, CH4
100 300 5000 200

3x1072 3x 1072 2x1072 4x10°3
1.4x107* 36x107° 35x107* 1x10°°
214 834 57 400

Table 1. Characteristics of a few planetary atmospheres in our solar system: main chemical composition, thickness,
maximum Brunt-Vaisala frequency, rotation rate and their ratio Nmax/(2€2). N/(2Q) ranges from 0 to Nmax/(292).

like that of radiative thermal emissions or of abundances of chemical elements, and to determine their climate
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and habitability (e.g. Kodama & Turbet|2024; Teinturier et al|[2024). To do so, we use Global Circulation
Models (GCM) as they allow a coherent treatment of all physical processes occurring in these atmospheres. In
this framework, the large-scale dynamics (like the zonal flows, the circulation cells, the pressure and temperature
profiles,...) is well resolved by GCMs but the smaller, sub-grid processes (the dynamics of waves, instabilities,
turbulence, convection,...) need to be parametrized.

Planetary atmospheres can be modelled as rotating layers of stratified fluid but current GCM often use the
Traditional Approximation of the rotation (TA), where the rotation is only partially implemented through its
projection on the local vertical direction (see the discussion in|Tort & Dubos|2014)). This approach is only valid
in the case where the buoyancy force strongly dominates the Coriolis acceleration along the vertical direction.
|Gerkema et al.| (2008)) have however shown how the TA overly simplifies the dynamics in some cases, especially
when the rotation modifies the dynamics as significantly as the stratification. Considering the large diversity
of planetary atmospheres that we expect to uncover, our dynamical models of atmospheres need to be robust
enough to adapt to any regime of stratification, rotation and thickness. Parametrizations, in particular, need
to include the full Coriolis acceleration to be able to tackle any value of the ratio N /29, where N, the Brunt-
Viiséla frequency measures the intensity of the stratification and 22, the rotation rate, that of the rotation.
Investigations in this direction are beginning to appear (e.g. |Gerkema & Shriral[2005} Zeitlin| 2018} [Park et al.
[2021} Toghraei & Billant|[2022). Our work focuses on providing prescriptions for the transport and mixing
for any N /2€): we provide a new understanding of the instability of horizontally sheared zonal flows and new
parametrizations for the damping and breaking of inertia-gravity waves.

2 Non-traditional and non-linear dynamics of the instability of horizontally sheared zonal flows

We study the impact of the full Coriolis acceleration over the non-linear horizontal shear instability exploring
different values of the stratification, via the buoyancy frequency N, and the non-traditional Coriolis parameter
f =20 cos(¢), where ¢ is the latitude. We use the pseudo-spectral code NS3D to monitor,
via DNS, the growth and development of the instability of a zonal flow sheared with an hyperbolic tangent
latitudinal profile in a local Cartesian horizontal plane (e.g. . The code solves the 2D Navier-
Stokes equations using the Boussinesq approximation. The Reynolds number is fixed to Re = 2000 with the
Prandtl number Pr = v/k = 1, where v and & are the kinematic viscosity and thermal diffusivity, respectively.
The impact of the Reynolds and Prandtl numbers will be explored in future studies.

We identified three different scenarios of non-linear evolution of the instability (see fig. [I). When the
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Fig. 1. Field of 2D vertical vorticity (with x the zonal and y the latitudinal coordinates) for different values of N and
f: Left: Strongly stratified regime (N, f)=(5, 1). Middle: (N, f)=(1, 0.5). Right: Weakly stratified regime (N,
f)=(0.5, 0.5). Taken from Moisset et al., in prep.

stratification largely dominates the rotation (fig. left panel): the flow evolves towards a stable and quasi-
stationary vortex as observed when using the Traditional Approximation. For a weaker stratification, the vortex
still forms but is perturbed by localised secondary instabilities (fig. [I} middle panel). Then, when rotation is
comparable to the stratification, the vortex is subjected to very strong secondary instabilities and the flow
becomes fully turbulent (fig. [1} right panel).

As such, stratification and rotation have competing effects: the stratification favors the ”stable” vortex regime
while the non-traditional effects act to destroy that structure via secondary instabilities. We observed that,
non-traditional effects stretch the vortex along the latitudinal direction when the non-linear dynamics sets in.
These stretched vorticity braids become thinner and new inflection points appear : secondary instabilities are
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then more likely to develop and lead to turbulence.

Therefore, we show that the non-traditional part of the Coriolis acceleration leads to a strongly different non
linear evolution of the shear instability, that should impact the transport of heat and chemicals: when the
full rotation competes with the stratification, it leads to turbulent mixing that would be completely missed by
prescriptions within the framework of the Traditional Approximation.

3 Non-traditional inertia-gravity waves damping and non-linear breaking

In planetary atmospheres, viscous and heat diffusion or convective breaking are two channels through which
inertia-gravity waves are able to locally deposit angular momentum (e.g. Lott & Guez/[2013)). These processes
are at the heart of atmospheric wave-mean flow interactions and are able to significantly alter the wind field
and general circulation (e.g. [Liu et al.|[2023). In this work, we follow [Vadas & Fritts| (2005) and we assume
that the momentum and heat diffusion are first-order perturbations. We take the full Coriolis acceleration into
account following |Gerkema & Shriral (2005]) and [Mathis et al.| (2014]).

Figure [2| clearly shows how the TA drastically underestimates the vertical wave number (i.e. underestimates
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the vertical wavelength) and the damping for inertia gravity waves of frequency close to and below 2 (which
is the so-called ”sub-inertial regime”, cf. |Gerkema et al.| (2008])). As a consequence, we predict with the TA a
deposit of the momentum by inertia-gravity waves farther away from their excitation region than when taking
the full Coriolis acceleration into account. As a consequence, with TA, prescriptions regarding the vertical
deposit of momentum by waves expect the flux of momentum to penetrates higher in the atmosphere than what
we found when the full rotation is implemented. As a result, should the wave interact with mean flows, it would
be at lower altitude than what we found using the TA. It becomes relevant then, to implement a non traditional
parametrisation in GCM (Mathis, in prep.).

For the model of the breaking of inertia-gravity waves, we follow the method of the work of |[Lindzen| (1981])
and |Lott & Guez (2013) to determine the threshold at which the convective instability that generates the
breaking sets up. From this, we derive a saturation condition on the velocity field that we use to compute the
transported flux of angular momentum.

Figure [3] shows how the flux of angular momentum caused by the breaking of inertia gravity waves are
overestimated by the TA. Indeed, for waves of frequency comparable to the rotation, in particular at the
equator, the TA prescribes that the action of the Coriolis acceleration vanishes. It then underestimates the
action of the rotation which, among other mechanisms, stabilize the convective instability that leads to the
breaking. As such, the TA prescribes an effect of the breaking that is more important than what we predict it
to be when implementing the complete rotation.

For the dynamics of an atmosphere, it means that the deposition of angular momentum by sub-inertial waves
around the Equator is likely to be overestimated in current prescription, which would lead to interactions with
mean flows and circulations that may be weaker in the reality (Mathis, in prep.).

4 Conclusions

As we anticipate the growing number of exoplanet detection and the characterization of their atmosphere, we
highlight the need of general and robust models of their dynamics for any rotation, stratification and thickness.
In particular, we examine the key differences in the transport of momentum by the instabilities of latitudinally
sheared flows and by the damping and breaking of inertia gravity waves when the full Coriolis acceleration is
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Fig. 3. Left: Vertical flux of angular momentum computed using TA compared with the non-rotating case, for a given
Froude number (w/N, where w is the frequency of the wave), as a function of the co-latitude 6. Profiles are given for
different waves’ Rossby numbers Ro=w/2Q (Ro< 1 being the sub-inertial regime). Right: Same as in the left but the
flux is computed with the full Coriolis acceleration and compared with the non-rotating case (Mathis, in prep.).

implemented.

We have showed that the TA can mask the turbulence and mixing occurring due to the shear instability when
the rotation becomes comparable to the stratification as for instance in equatorial regions and in weakly stably
stratified layers.

Concerning inertia-gravity waves, we have demonstrated that the TA underestimates the effect of the damping
but also tends to overestimate that of the breaking. This can drastically affect the strength of wave-mean flows
interactions and the altitude at which they occur, especially in the sub-inertial regime. For both mechanisms,
it would impact the interaction between these waves and mean flows, especially in the lower range of allowed
frequencies.

All of this demonstrates how it is necessary to go beyond the traditional approximation when modeling and
simulating the dynamics of planetary atmospheres. In both cases, the difference brought by the full implemen-
tation of the rotation is bond to modify the dynamics of the transport processes and consequently the structures
of the modelled atmospheres.
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