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ABSTRACT

Planetary stratospheres are characterized by a subtle interplay between dynamics, radiation, and chemistry. Ob-
servations of Saturn’s stratosphere revealed a semi-annual equatorial oscillation of temperature and hinted at an
inter-hemispheric circulation of hydrocarbon species. Both the forcing mechanisms of the former and the existence
of the latter have remained debated. Here we use a new troposphere-to-stratosphere Saturn global climate model to
argue that those two open questions are intimately connected. Our Saturn climate model reproduces a stratospheric
oscillation exhibiting the observed semi-annual period, amplitude, and downward propagation. In the same Saturn
simulation, a prominent stratospheric summer-to-winter hemispheric circulation develops at solstices, controlled
by both the seasonal radiative gradients and Rossby-wave pumping in the winter subsiding branch, analogous to
Earth’s Brewer-Dobson circulation. Furthermore, we show that Saturn’s equatorial oscillation is driven by the sea-
sonal variability of both the resolved planetary-scale wave activity and the inter-hemispheric circulation, akin to
Earth’s Semi-Annual Oscillation.

An important recent finding in Saturn’s atmospheric science is the discovery of an equatorial oscillation in its stratosphere!=>.
Temperature retrievals by infrared spectroscopy revealed a semi-annual oscillation consisting in a downward propagation of
local extrema of equatorial stratospheric temperatures and inferred winds over seasonal timescales>~S.

Saturn’s semi-annual equatorial oscillation (=15 Earth years for its ~30 Earth year orbital period) is reminiscent of the
Earth’s stratospheric Quasi-Biennial Oscillation (QBO) and Semi-Annual Oscillation (SAO)*~!! and Jupiter’s equatorial quasi-
quadrennial oscillation (QQO)'>~!3. While the Earth’s QBO extends from the lower stratosphere down to the tropopause, the
Earth’s SAO occurs from the mesosphere down to the high stratosphere. Equatorial oscillations result from interactions between
the mean zonal flow and planetary waves — such as Rossby, Kelvin, inertia-gravity, Rossby-gravity waves — and mesoscale
gravity waves’ ' 16-18  Furthermore, the Earth’s SAO undergoes a seasonal forcing originating from the Brewer-Dobson
circulation, a summer-to-winter hemispheric circulation, that forces the westward phase during solstitial cross-equatorial
transport and the eastward phase during equinoctial overturns.

The nature of Saturn’s equatorial oscillation remains uncertain, hence the variety of names given in the literature: QBO-
like'”, SAO-like?, or quasi-periodic®”. This is mainly due to its similarities with both the Earth’s QBO and SAO*°-!!. On
the one hand, the downward propagation of Saturn’s equatorial oscillation extends, akin to Earth’s QBO, almost down to
the tropopause’. On the other hand, its semi-annual periodicity advocates for a seasonal forcing and hints at an SAO-like
mechanism?®. The conditions for upward propagation of planetary-scale waves, together with their seasonal variations, has been
partly characterized>2!22, but the wave-mean flow interactions remain to be quantified to address the open question of the
nature of Saturn’s equatorial oscillation.

The existence of an analog of the Earth’s Brewer-Dobson circulation in Saturn’s stratosphere has remained elusive.
Observations of anomalies in temperature and hydrocarbons concentration at the winter tropics”>~>’ were interpreted as the
downwelling branch of a seasonally-dependent meridional stratospheric circulation®>??, reminiscent of the Earth’s Brewer-
Dobson circulation. However, both the overall structure of this putative meridional circulation in Saturn’s stratosphere, and its



possible role in the forcing of the oscillation, remain completely unknown.

To characterize the nature and leading mechanisms of Saturn’s stratospheric dynamics, modeling is of key importance.
Three-dimensional modeling using artificial eddy forcing?® featured a seasonal equator-to-subtropics cell qualitatively consistent
with the measured anomalies in the winter tropics, but without reproducing any kind of periodic equatorial oscillation. Idealized
three-dimensional Global Climate Model (GCM) for brown dwarfs and gas giants using a simple random forcing to generate
waves'? demonstrated the emergence of a stratospheric equatorial oscillation driven by planetary and meso-scale waves. A
previous version of our three-dimensional Saturn GCM?? showed an equatorial oscillation forced by resolved planetary-scale
waves, maintained by seasonal cycle and influenced by ring shadowing. Nevertheless, the coarse vertical resolution in this GCM
produced an irregular periodicity which prevented demonstrating the nature of Saturn’s equatorial oscillation and exploring the
possibility of stratospheric inter-hemispheric circulation.

Here we propose to address these open questions with new simulations with the DYNAMICO-Saturn GCM?%3! (see
Methods). Our methodology is a combination of fine scale dynamics permitting a spontaneous emergence of eddies and
planetary-scale waves, tailored seasonal radiative transfer for Saturn, and adequate stratospheric vertical resolution (96 instead
of 61 levels for the same pressure domain than ref.*’, 3 bar to 1 ubar). We provide, in a single simulation, a consistent picture of
key dynamics in Saturn’s stratosphere: we report on the nature of the stratospheric oscillation that develops without prescribed
wave forcing; we describe the seasonal inter-hemispheric circulation obtained in our model; and we eventually highlight
interactions in between.

Saturn’s stratospheric equatorial oscillation

An equatorial oscillation close to the observed Saturn equatorial oscillation is reproduced by our model. The modeled equatorial
zonal wind displays a stack of alternating eastward and westward wind direction over the vertical (Figure 1a). This wind
structure moves downward with time with a semi-annual periodicity, from 0.5 to 103 Pa, with a “staircase” behavior (Figure
1b): between two descent episodes, the zonal wind undergoes a plateau phase, locked at a given pressure level for almost a
quarter of year, as in the 11th and 12th simulated Saturn years. Eastward and westward wind maxima (hereafter named phases)
exhibit a shear of 140 m s~! over a decade of pressure (Figure 1c), which is slightly less than an implied vertical zonal wind
shear of the order of 150 to 250 m s~! derived, using the thermal-wind equation, from the observed temperatures between the
equator and 15° of latitude®. Overall, the oscillation of eastward and westward phases is recurring over the last four simulated
Saturn years. The periodicity of this wind oscillation depends on the pressure level: 0.5-year period at altitudes of 5 and
10 Pa and closer to 1-year at altitudes ranging between 20 to 100 Pa. A stack of alternating local temperature extrema at the
equator and £20° of planetocentric latitude (Figures A.1 and A.2), which propagate downward over time (Figure A.3) is also
reproduced by our model. These strong meridional temperature gradients, changing sign with altitude, are consistent with
the strong vertical shear of zonal wind at the equator (Figures 1b and Ic), and are reminiscent of Cassini observations®. The
temperature oscillation has the same periodicity as the zonal wind oscillation. This periodic evolution is comparable to the one
observed from ground-based telescopes” (Figure A.4).

Both the vertical structure and the downward propagation of the equatorial oscillation phases are controlled by the forcing of
waves resolved by the model. To highlight this effect, we compute the acceleration of the zonal wind driven by wave saturation
or breaking (given by the Eliassen-Palm Flux divergence that represent eddy forcing, hereafter named EPF) and by the residual
mean circulation (hereafter named RMC), the two main dynamical forcing sources, using the Transformed Eulerian Mean
(TEM) formalism (see Eq 3 and Methods for detail). As an example, the descent from 2 to 5 Pa of the westward jet during the
9th simulated Saturn year (Figure 1c) is due to an eastward forcing from EPF and RMC in this pressure interval (Figure 1d).
These cumulative eastward forcings during 1000 Saturn days before year 9.5 drive the zonal-mean zonal wind in eastward
direction and produce the eastward phase change at 9.5-year between 2 and 5 Pa. Moreover from 5 to 11 Pa, RMC induces a
westward forcing on the zonal wind that produces a westward phase peaking at -90 m s~!. Around 2 Pa, the above eastward
forcing slows down the westward jet, while the westward forcing just below the 2-to-5-Pa westward jet accelerates the flow
around 10 Pa, resulting in the downward propagation of the westward phase.

Planetary-scale waves resolved by our DYNAMICO-Saturn model drive the equatorial oscillation phases and its downward
propagation, as is partly the case for the Earth’s QBO and SAO. We demonstrate this with two-dimensional Fourier transforms
of zonal and meridional winds®” in which we identify the waves involved in driving the equatorial oscillation (see Methods
for details). Planetary-scale Rossby waves (lowest frequency and westward in Figure 1f) are the main source of westward
wave forcing; other key wave forcing is provided by Rossby-gravity waves (highest frequency and westward in Figure 1g) and
inertia-gravity waves (highest frequency in Figure 1f). Inertia-gravity waves are a westward and eastward forcing source for the
mean flow. The main eastward wave forcing comes from the Kelvin waves (lowest frequency and eastward in Figure 1f).
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Figure 1. Eddy-to-mean flow interactions at the origin of the time evolution of Saturn’s equatorial oscillation.

la, Altitude-latitude cross-section of the zonal-mean zonal wind at Ls=180° of the tenth simulated Saturn year. 1b,
Altitude-time cross-section of the zonal-mean zonal wind at the equator for the last four simulated Saturn years. Ic,
Zonal-mean zonal wind profiles at 9.3 simulated Saturn year (blue line) and at 9.5 simulated Saturn year (red line). These
profiles are averaged between £2° of latitude. 1d, One-thousand-day temporal mean of the zonal-mean eddy-induced
acceleration (blue line, term EPF of Eq. 3) and of the zonal-mean RMC-induced acceleration (orange line, term RMC of Eq. 3)
profiles to highlight dynamical forcing responsible of the 9.5-year zonal-mean zonal wind profile.These profiles are averaged
between +3° of latitude. le, same as 1d but multiply by the atmospheric layers’ mass. 1f-1g Two-dimensional Fourier
transform at 22 Pa of the symmetric and antisymmetric component of the zonal wind to highlight equatorial planetary-scale
waves>? involved in the equatorial oscillation forcing. Gray shaded areas depicts the waves identified by the spectral analysis.
Color curves represent dispersion relation from the linear theory. Seven equivalent depths are used for theoretical curves: 5 km
(cyan), 10 km (blue), 20 km (purple), 50 km (magenta), 100 km (red), 200 km (light green), 500 km (dark green).
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Saturn’s stratospheric inter-hemispheric circulation

Our model simulations for Saturn exhibit clear-cut inter-hemispheric transport in the stratosphere. At northern winter solstice
(Figure 2a), DYNAMICO-Saturn develops a circulation from the southern hemisphere to the northern hemisphere; this
circulation is reversed at northern summer solstice (Figure 2e). Although they have the same vertical extent (from 103 to 10'Pa),
the solstice circulations differ by their intensity: the northern winter amplitude peaks at about 45 Pa m s~! while the southern
winter amplitude only at 20 Pa m s~!. This asymmetry in the circulation intensity may result from the orbital eccentricity,
which produces a southern summer warmer than the northern summer, inducing a more significant south-to-north circulation.
At solstices, the main descending branch of the inter-hemispheric circulation modeled by DYNAMICO-Saturn (Figure 2a and
Figure 2e) is located in the same latitude region (15 to 25°) as the warm temperature anomaly and the high concentration of
hydrocarbons observed by Cassini>*~?’ that is, at low winter latitudes. Regarding the higher latitudes, several small-scale cells,
with a circulation intensity under 5 Pa m s~!, are associated to high-latitude jets extending to 10? Pa.

The downwelling branch of the inter-hemispheric circulation at mid-winter latitudes results from planetary-scale Rossby
waves producing a westward wave forcing in the winter hemisphere. During the northern winter (Figure 2b), a peak of negative
eddy-induced acceleration (EPF term in equation 3), culminating at -0.8 < 10> m s~2 at 10 Pa, occurs at the same latitudes
as the descending branch of the inter-hemispheric circulation. Similar behavior happens during the northern summer (Figure
2f), where the descending branch is correlated to a powerful westward wave forcing, about -1x 10~ m s~2. The downwelling
branches of the meridional circulation appear to originate from westward wave forcing. This interpretation is reinforced by the
seasonality of the Rossby waves (Figure A.5). During northern winter, the Rossby wave activity is much higher in the northern
tropics (Figure A.5b) than in the southern hemisphere (Figure A.5a). This asymmetry is reversed at the northern summer, where
the Rossby wave activity is enhanced in the southern (winter) tropics (Figure A.5e) and reduced in the summer tropics (Figure
A.5%). Together with the westward wave forcing occurring for the descending branch, the presence of Rossby waves at these
latitudes shows the Rossby waves breaking and hints for the “Rossby-wave pump”3-3¢ involved in the poleward flow forcing of
the Brewer-Dobson circulation on Earth. In short, the “Rossby-wave pump” is a westward drag at mid- to high winter latitudes
induced by the dominant Rossby waves, causing the descent at middle winter latitudes (to conserve angular momentum).

The overturning of the inter-hemispheric circulation occurs twice a year, at the equinoxes. At northern spring equinox
(Figure 2c), the DYNAMICO-Saturn model depicts two symmetric cells composed by a single, common, upwelling branch
centered at the equator and two downwelling branches located around 40°N and 40°S. The two symmetric cells represent a
mass flux which does not exceed 10 Pam s~! per unit of density. The single equatorial upwelling is associated to a pronounced
shear of westward and eastward eddy-induced acceleration (EPF term in equation 3, in Figure 2d), between +1.5x 107> m s 2,
from 10? and 10! Pa. The stack of westward and eastward acceleration is characteristic of a vertical stack of eastward- and
westward-forcing waves at the equator. This configuration is reminiscent of the stratospheric circulation on Earth’s northern
spring, with a single equatorial ascending branch?? 3336, The northern autumn overturning is disturbed by the persistence of
the cross-equatorial circulation established during the northern summer, which induces a temporal shift in the development
of this reversal. A circulation equivalent to the northern summer solstice persists, if we consider a seasonal average centered
at Ls=210°. However, if we consider the average between Ls=190° and Ls=280° (Figure 2g), a similar configuration to the
northern spring equinox (Figure 2c) is evidenced with a slight enhancement in equator-to-south circulation intensity (peaked at
-30 Pa m s~ 1), but focused on a narrower pressure range (between 103 to 10? Pa), and a single ascending branch moved to
10°N. This suggests that there is a temporal lag of 30 to 60° of Ls in the autumnal reversal. Analysis of wave forcing during
the northern autumn equinox (Figure 2h) depicts a significant negative drag from southern tropical to southern high latitudes,
which is similar to the summer solstice configuration (Figure 2f), with a slight decrease in the eastward and westward wave
forcing at the equator. The persistence of solstice-like forcing during the northern autumn equinox implies that the expected
inter-hemispheric circulation overturning is incomplete during this season (Figure 2g).

4/21



(a) (b)

Ls=250 to Ls=340
g

—_—
==\

1
50 10

102 102

| P00
ROOOOOoONROLO

cmoni

Pressure (Pa)
o
m
Pressure (Pa)

| |
107> m s~2

ol A

I1WTH7RNY/A L A :
—80-60-40-20 0 20 40 60 80 —-80-60 -40 —20 0 20 40 60 80
Latitude (deg N) Latitude (deg N)

(c) (d)

10! —~r 101 — Ls=30toLs=70
— ‘ 50 ===
W//zﬂrﬂm % 40 y

103 H@A J -50 103 Am

-80 —60—40—20 0 20 4060 80 -80-60-40-20 0 20 40 60 80

Latitude (deg N) Latitude (deg N)

| 2000~
RPOOOOONRMLO

CON

102 102

Pressure (Pa)
o
m
Pressure (Pa)

10> m s~2

(e) (f)

10!

Ls=70 to Ls=160_
.

102 102

| o000
RPOOOOoOoONROLO

S

Pressure (Pa)
o
m
Pressure (Pa)
| 1
107> ms2

AR AA\

f 1 v\ L ! X
-80-60-40-20 0 20 40 60 80 -80 -60-40-20 0 20 40 60 80
Latitude (deg N) Latitude (deg N)

103 -50 103

(9) (h)

Jot . Ls=190 to Ls=280 101

:|.02 102

| Peooom
—OOOOONRNPO

CON

Pressure (Pa)
o
m
Pressure (Pa)

10> m s~2

ﬁlﬁ\' 50 103

-80 —60 —40 =20 0 0 40 60 80 -80-60-40-20 0 20 40 60 80

Latitude (deg N) Latitude (deg N)

103

Figure 2. Circulation during different seasons and the main acceleration terms driving it. Seasonal- and zonal-mean
Transformed Eulerian Mean stream function (2a, 2c, 2e, 2g) and eddy-induced acceleration (2b, 2d, 2f, 2h) for the northern:
winter solstice (2a and 2b) from Ls=250° to Ls=340°, spring equinox (2c and 2d) from Ls=340° to Ls=70°, summer solstice
(2e and 2f) from Ls=70° to Ls=160° and autumn equinox (2g and 2h) from Ls=190° to Ls=280°. The seasonal mean for the
autumn equinox is shifted by 30° of Ls to clearly bring out the fall overturn that occurs later in the season compared to the
spring overturn. The TEM stream function is calculated by integrating Eq. 1 (normalized by the density pg) downward from
the top level, assuming v* is zero above that level®>. The sign of the TEM stream function defines the direction of circulation:
positive values correspond to a south-to-north circulation and negative values correspond to a north -to-south circulation. Also,
the sign of the eddy-induced acceleration defines the direction of the forcing: positive values correspond to an eastward forcing
and negative values correspond to a westward forcing. Superimposed streamlines represent the residual mean circulation (v*,
®*; Methods). TEM stream functions, eddy-induced acceleration and residual mean circulation are displayed for a typica/21
simulated year, defined by the average of the last nine simulated Saturn years. We also used a 20-grid-point running mean
across latitudes to smooth the small-scale dynamics and highlight the residual mean circulation.



The interplay between the equatorial oscillation and the inter-hemispheric circulation

Analyzing further our Saturn simulation results, we highlight an intimate link between the two main stratospheric phenomena
discussed thus far: equatorial oscillations and inter-hemispheric circulations. To that end, we combine dynamical forcing
analysis (with EPF and RMC) with a seasonal wave activity study depicted by spectral and eddy kinetic analysis at the equator
(see Figures A.6, A.7, A.8 and A.9). From this, we design the schematic representation of the seasonal Saturn’s stratospheric
dynamics in Figure 3.

During solstice seasons (Figure 3a), the westward phase of the equatorial oscillation results from both the westward forcing
of the trapped Rossby waves at the equator and the forcing of Rossby waves generated at mid-latitudes (also involved in the
“Rossby-wave pump”’) whose westward deposition of momentum is carried out by the interhemispheric circulation transporting
mass and momentum flux from the summer tropics to the equator (Figures A.6 and A.8). As an example, during the northern
winter, the westward phase of the equatorial oscillation, around 10 Pa, is correlated to a negative RMC-induced acceleration at
summer tropics and a positive RMC-induced acceleration at winter tropics, associated to the summer-to-winter circulation. The
equator acts as a frontier, where the entire westward momentum transported from the highest summer latitudes is deposited.
Beyond the equator towards the highest winter latitudes, the inter-hemispheric circulation carries only eastward momentum
which forces a strong prograde jet correlated to the rings’ shadow (already noticed in ref.3?). The location of the rings’ shadow
(and associated abrupt change in radiative heating) is correlated with the location of the main downwelling branch of the
seasonal circulation in our model, as well as with the associated high Rossby wave activity (Figure A.5). Spectral analysis at
the equator demonstrates a wave activity mainly composed of westward-forcing Rossby waves (Figure A.6c). The northern
summer solstice exhibits in our simulation the same behavior as the northern winter solstice (see Additional Data Figure A.8).

As is the case on the Earth’s stratosphere, the reversals of the modeled inter-hemispheric circulation near the equinoxes are
associated to the transition to the eastward phase of Saturn’s equatorial oscillation, through the transport and deposition of
eastward momentum from Kelvin waves from the troposphere. The combination of the two equinoctial shear zone on either side
of the equator in the RMC-induced acceleration (Figures A.7a and A.9a) and the wave forcing EPF shear centered at the equator
(Figures 2d and 2h) are characteristic of a phase change of the equatorial oscillation in the upper stratosphere. Furthermore, an
eddy kinetic energy maximum is located at the equator (Figure A.7b), which is consistent with the fact that at equinoxes, the
equatorial oscillation is driven by planetary waves, with insignificant contribution from the RMC. The development of the
eastward phase, just below 10 Pa at northern spring equinox, results from a dissipation of westward-forcing Rossby waves and
an enhancement of eastward-forcing Kelvin waves (Figure A.7c), whose propagation is facilitated by the upwelling centered at
the equator’’#°. Kelvin waves drive the equatorial zonal wind because of the absence of the residual mean circulation crossing
the equator and depositing westward momentum originating from mid-latitudes. A similar behavior as the northern spring
equinox is observed at the northern autumn equinox (see additional Figures A.9b to A.9c¢).
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Figure 3. Schematic of the inter-connection between Saturn’s equatorial oscillation and its seasonal
inter-hemispheric circulation. 3a Saturn’s stratospheric dynamics during the northern winter. During the solstices, the
forcing of the westward phase of the equatorial oscillation results both from Rossby waves trapped at the equator and from
Rossby waves generated at mid-latitudes (also involved in the "Rossby wave pump") whose forcing is carried by the
inter-hemispheric circulation. 3b Saturn’s stratospheric dynamics during equinoctial seasons (spring and fall). During these
seasons, the eastward-phase forcing of the equatorial oscillation occurs during the inter-hemispheric circulation reversal that
allow the transport and deposition of the eastward momentum of tropospheric Kelvin waves. Size of arrows shows an
approximate propagation of the waves before they reach their breaking altitude.
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Conclusion

In our GCM simulations, Saturn’s stratospheric equatorial oscillation is reproduced with a periodicity and a vertical extent
consistent with observations. This oscillation is mainly driven by planetary-scale waves and the inter-hemispheric circulation.
Furthermore, our modeling results exhibit solsticial inter-hemispheric circulations that offer a natural explanation for transport
processes suggested from stratospheric Cassini observations. The two phenomena arise naturally from the wave-mean flow
dynamics in the stratosphere and their respective seasonality appears closely connected. This leads us to conclude that Saturn’s
equatorial oscillation bears more resemblance with the Earth’s SAO than the Earth’s QBO, as it is forced by planetary-scale
waves and by the seasonal inter-hemispheric circulation.

Our simulations did not require gravity waves to reproduce an oscillation similar to Saturn’s, and its half-year period is well
related to seasonal effects. On Jupiter, conversely, the role of gravity waves in forcing the QQO'> 13:41:42 could be dominant*?,
similarly to the QBO forcing on Earth. The modeling approach developed here for Saturn would be beneficial to the study
of Jupiter’s equatorial oscillation, too. Moreover, simulating the stratospheric dynamics of Jupiter and Saturn with the same
modeling platform would open perspectives for comparative studies between the two gas giants.

The DYNAMICO-Saturn model is thus able to emulate a plausible stratospheric dynamics leading to the observed signatures.
As a follow-up, such a modeling tool could allow us to broaden our understanding of the major dynamical changes caused by
exceptional events observed by Cassini and ground-based telescopes, such as the warm stratospheric temperature anomaly*4+—+6
and the disruption of the equatorial oscillation?® both resulting from Great White Storms. Our simulations could also provide
guidance for future observations of temperature and wind in gas giants’ stratosphere*’-48.

Methods

DYNAMICO-Saturn GCM

We employ the DYNAMICO-Saturn®! Global Climate Model (GCM) developed at Laboratoire de Météorologie Dynamique.
A Global Climate Model is composed of a dynamical core coupled with physical packages (also named parameterizations).
The dynamical core used in our GCM is DYNAMICO, a dynamical core tailored for massively parallel computational
resources*’. DYNAMICO solves the primitive equations assuming a shallow atmosphere. Horizontal discretization is set over
an quasi-uniform icosahedral C-grid. A three-dimensional Hamiltonian approach is employed to formulate DYNAMICO spatial
discretization, respecting energy conservation. An explicit Runge-Kutta scheme for the time integration is chosen because of it
stability and accuracy. Vertical coordinates are sigma levels, mass-based coordinates defined as p/p;,, where p;, is the pressure
at the bottom of the model.

Another characteristic of DYNAMICO enhancing the efficiency of numerical computation is the XIOS library (XML
Input/Output Server>*-3!). The XIOS library manages all input/output operations independently from the numerical integrations.
In particular, directly at model runtime, XIOS converts the dynamic fields computed in the non-conformal icosahedral
DYNAMICO grid to a regular latitude-longitude grid, using finite-volume weighting functions.

The DYNAMICO dynamical core is interfaced to physical packages designed for Saturn, particularly its seasonal radiative
transfer’2. Radiative computations are based on a versatile correlated-k method>3->3 | with k-coefficient derived from detailed
line-by-line computations based on HITRAN spectroscopy database’®. Methane, ethane and acetylene (the three main
hydrocarbons accounting for heating and cooling in the stratosphere) are taken into account in radiative contributions, as well
as Hp-H, and H,-He collision-induced absorption®’ and tropospheric and stratospheric aerosols layers. Radiative computations
account for ring shadowing as well as internal heat flux independent with latitude’>. At mid and high latitudes, GCM
temperature outputs are very close to the radiative-convective model ref.’> with a 40-K meridional gradient between summer
and winter hemispheres.

To mitigate the sub-grid scale (unresolved) turbulent cascade of energy towards the smaller scales in the horizontal
dimension, an additional hyperdiffusion term is added in the vorticity, divergence and temperature equations. Along the
vertical dimension, the sub-grid scale energy cascade is processed by a combination of a diffusion scheme’® for the small-scale
turbulence and a dry convective adjustment scheme” for the organized turbulence (for instance, convective plumes).

The simulations analyzed in this study are performed using DYNAMICO-Saturn with a horizontal resolution of 1/2° in
latitude and longitude. This resolution is justified by the need to resolve small-scale eddy arising and the inverse energetic
cascade to obtain jets driven by geostrophic turbulence?!-%". Vertical coordinate is discretized over 96 vertical sigma-level,
corresponding to the pressure range of 3x 10 Pa to 10~! Pa. The bottom boundary condition at 3x 10° Pa uses Rayleigh
drag and the top boundary condition does not use a sponge layer, as is explained and detailed in ref>!. We performed a 13
Saturn years duration simulation, starting with a 7 Saturn years spin-up>%3!. Following the standard of previous papers using
DYNAMICO-Saturn, winds are initialized to zero and temperature is initialized to a typical one-dimensional profile obtained
with the radiative model of 2.
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Transformed Eulerian Mean formalism

Zonal mean circulations, such as the equatorial oscillation and the inter-hemispheric circulation, are driven, on the one hand,
by eddy forcing and wave saturation/breaking, and on the other hand, by momentum transport by large-scale meridional
circulations. To assess the relative contributions from each phenomena, we analyze results from our GCM by using the
Transformed Eulerian Mean (TEM) formalism'?. The TEM formalism is based on the decomposition of a field as the sum
of the zonal mean (denoted by overline in the following equations) and the perturbations (i.e. eddy component, denoted by
prime symbol) from this zonal mean. By defining the TEM zonal-mean residual circulation (composed of zonal-mean residual

meridional v* velocity in m s~! and vertical @* velocity in Pa s~!) as follows*:

— _ 0 (Ve 1 dy

7= 55 (%) = e 30 W
— 1 d [cospv'0"\ 1 oy

“""*acosm( o )apocos¢a¢ @

with Saturn’s radius a, density pg, potential temperature 0, latitude ¢, pressure P and stream function y, we obtain the
momentum equation in the TEM formalism:

om 1 Jd(ucos(¢)) — —ou 1 =
at_X[aCOS(p ¢ f}v @ 8P+acos¢?'F )

RMC EPF

Acceleration ‘3—? on the mean zonal flow % can result from either the residual mean circulation v*, ®* (hereafter named RMC

term), the eddy forcing and wave breaking/saturation®>3> expressed by the divergence of the Eliassen-Palm flux ? (hereafter

named EPF term), or the non-conservative friction X. Components of the Eliassen-Palm flux ? = (F?,FP) are defined in
equation 4 below.

____di
F? = poacos¢ v’@"”’—u’v’)

o . 4)
P puacost (78 (1 sy Mn)) i)

In the absence of friction X and wave driving EPF, v* = @* = 0 and the flow is in steady state (i.e. ‘;—f =0). In other words,
the terrestrial Brewer-Dobson circulation®*3%:3¢ described by v*, @* is non-zero to maintain steady-state conditions under
non-zero wave forcing terms (X or EPF) in the momentum equation 3. Hence, the Brewer-Dobson circulation is considered as a
wave-driven inter-hemispheric circulation.

Spectral analysis of planetary-scale waves

The characterization of planetary-waves is a key diagnostic to evidence the kind of wave forcing stratospheric circulations. In
order to do so in Saturn’s stratospheric modeling framework, we use the Wheeler and Kiladis method>?, commonly employed
to study terrestrial equatorial waves in the stratosphere®-2. This method consists of a two-dimensional Fourier transform,
from the longitude - time space to the zonal wavenumber s - frequency o space of the symmetric (Xs) and antisymmetric (X4)
component of a geophysical field about the equator.

Xs = 5 (Xioon +Xioes)
_ 1 )
Xa = 5 Xioen —Xioes)

To capture a representative wave sample of the entire equatorial oscillation, we realize several additional 1000-day-long 1/2°
DYNAMICO-Saturn runs, spaced out by 5000 Saturn days, over the 3 last simulated Saturn years. These runs have a daily
output frequency, which is 20 times greater than an usual Saturn simulation. For each 1000-day-long runs, we perform the
Fourier analysis, then we stack all Fourier transforms power in the complex plane for realizing a combined power signal at a
specific frequency, for the last three years of simulation (Figures 1f and 1g) or by seasons (Figures A.5, A.6¢c, A.7¢c, A.8c and
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A.9c), to obtain a Fourier analysis representative of the equatorial oscillation forcing or mid-latitude waves activity. Contrary to
previous work®%-3!, which performed Fourier analysis over a single 1000-day-long run, we are able by the stacking technique to
clearly identify all kind of waves involved in the equatorial oscillation forcing, even the weakest ones. It is necessary in theory
to treat all components of wind and temperature fields because each kind of wave has a different signature in each field. In
practice, in the spectral (s, o) space:

e the symmetric component of zonal wind is commonly used to evidence planetary-scale Rossby, inertia-gravity and Kelvin
waves,

* the antisymmetric component of zonal wind is commonly used to evidence Rossby-gravity waves,
¢ the symmetric component of meridional wind is commonly used to evidence inertia-gravity waves,

¢ the symmetric component of vertical wind is commonly used to evidence inertia-gravity and Kelvin waves (but this field
is often noisy).

In our GCM outputs, the 2D FFT of the symmetric and antisymmetric components of u have clearly shown all these different
waves in the stratosphere ( displayed in Figure 1f-1g). Symmetric and antisymmetric components of the meridional wind
show similar spectral analysis and are not shown here. In practical cases of analysis of stratospheric wave dynamics,the
temperature and vertical wind fields are seldom used to study stratospheric dynamics because their wave spectral power far too
low compared to the wave spectral power deduced from the zonal wind.

To help identify modeled waves, theoretical dispersion relations for a sample of equivalent fluid layer depth (color lines)
are superimposed on Fourier transforms. These theoretical lines are based on the linear waves theory®>%*, which defines the
way used to resolve momentum equations to determine wave types involved in atmospheric motion. For this purpose, we
commonly use the Rotating Shallow Water (RSW) model (but assumptions made for the RSW model are also valid for the 3D
Primitive Equations) for a thin layer of fluid (of height h) with constant density with a free surface. Consider a spectrum of
small perturbations (1) to the state of the rest for a RSW fluid (of constant height H), one can define the free surface height as
h = H + 1. For sufficiently small components of the wind u, v and perturbations 1), one can neglect non-linear terms of the
momentum eguations. Following the Fourier method, which consist in an eigenvalue problem for harmonic waves solutions for
U= uoei(wtf K.%)
momentum equations. Theoretical dispersion relations for equatorial waves

‘ Lo
, v =vpe =k ¥) and n = e~k '7), one obtains an algebraic system after substitution into linearized
62 are the following:

VI2v+1) = yo?-s>—s/o
_ 4PQ? (6)
Y = Ta

where v is the meridional mode number, ¥ is named the Lamb parameter, and h is an equivalent depth associated with the
vertical wavenumber m:

, NP1
m=——-—-
gh 4H?

Values of v defines the considered wave, for example, Rossby waves are defined for v = +1, +2, ..., Rossby-gravity waves for v
=0 and Kelvin waves for v =-1, -2,...

These colored lines describe different “equivalent depth” corresponding to the RSW model constant height H, which is
imposed to introduce the small perturbation and the harmonic waves solution. These “equivalent depths” indicate the order
of magnitude of the vertical wavenumber (linked to vertical wavelength) of waves in our GCM. To choose these theoretical
“equivalent depths”, we created a sample of values that encircle the vertical discretization of the GCM to only consider resolved
waves.

(N

Data availability

Simulation outputs are too heavy to be shared in a public DOI-based repository. Nevertheless, minimal dataset derived from
simulation outputs (zonal averaged eddy-to-mean interaction diagnostics) are made available at the DOI-based data center
IPSL-ESPRI at the following link:
https://doi.org/10.14768/6494348c-3304-4838-a379-a7ccfefac872.

Code Availability
The Python codes developed to produce the Transformed Eulerian Mean formalism diagnostics are available in the online
repository at https://github.com/aymeric—-spiga/dynanalysis
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A Extended data figures
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Figure A.1. Temperature phase of modelled Saturn’s equatorial oscillation. Zonal-mean temperature profiles for two
different times to highlight temperature oscillation phases change. These profiles are averaged between £2° of latitude.
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Figure A.2. Descent over time of equatorial temperature anomalies. Altitude/latitude sections of zonal-mean temperature
departures from mean temperature, which varies with seasons in Saturn’s stratosphere at six dates for the ninth simulated Saturn
year. To see the variations of the descent of the temperature anomalies over 10 Saturn years, we refer the reader to the video in
additional data available here: https://doi.org/10.14768/6494348¢c-3304-4838-a379-a7ccfefac872
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Figure A.3. Vertical structure of temperature anomalies at and surrounding the equator. Altitude-time cross section of
the zonal-mean temperature anomalies at (A.3a) 11°N, at (A.3b) the equator and at (A.3c) 11°S for the tenth simulated Saturn

ears.
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Figure A.4. Differences of zonal-mean temperature at two different planetocentric latitudes over time to highlight
the equatorial oscillation periodicity. These figures were produced so as to be comparable to ground-based observations and
can be compared to ref.?: the temperature was averaged between 100 and 200 Pa to account for the coarse vertical resolution of
nadir observations, and were also averaged from 0 to £3° and from £10 and 4-12° of latitude to emulate the 3° spatial
resolution of these observations. Then, we compute temperature differences between the average 0-3°N and the average
10-12°N (denoted by blue line) and between the average 0-3°S and the average 10-12°S (denoted by red line).
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Figure A.5. Seasonal activity of planetary-scale waves around +30° of latitude to highlight Rossby waves surf zones
driving the main downward branch of the seasonal inter-hemispheric circulation. Two-dimensional Fourier transforms>>
of the symmetric component of u — A.5a and A.5b northern winter from Ls=250° to Ls=340°, A.5c and A.5d northern spring
from Ls=340° to Ls=70°, A.5e and A.5f northern summer from Ls=70° to Ls=160° and A.5g and A.5h northern autumn from
Ls=160° to Ls=250° — at 100 Pa. Gray shaded areas depict the waves identified by the spectral analysis. Color curves represent
relation dispersion from the linear theory. Seven equivalent depths are used for theoretical curves: 5 km (cyan), 10 km (blue),
20 km (purple), 50 km (magenta), 100 km (red), 200 km (light green), 500 km (dark green).
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Figure A.6. Equatorial eddy- and RMC-forcing during the northern winter season. Northern winter seasonal mean
(Ls=250° to Ls=340°) of RMC (A.6a) and of the eddy-kinetic energy (A.6b), defined by EKE = 1 (u +1/2), superimposed to
the residual mean circulation (v*, @* in streamlines) for a typical simulated year from DYNAMICO-Saturn. The associated

spectra is shown in A.6¢ to identify waves involved in the interplay between Saturn’s equatorial oscillation and Saturn’s
inter-hemispheric circulation.
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Figure A.7. Equatorial eddy- and RMC-forcing during the northern spring season. Same as Figure A.6 for northern
spring seasonal mean (Ls=340° to Ls=70°).
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Figure A.8. Equatorial eddy- and RMC-forcing during the northern summer season. Same as Figure A.6 for northern
summer seasonal mean (Ls=70° to Ls=160°).
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Figure A.9. Equatorial eddy- and RMC-forcing during the northern autumn season. Same as Figure A.6 for northern
autumn seasonal mean (Ls=190° to Ls=280°). The seasonal mean for the autumn equinox is shift by 30° of Ls to clearly
brought out the fall overturn, that occurs later is the season compared to the spring overturn.
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