nature |
gCOSCIGIlCC

ARTICLES

https://doi.org/10.1038/541561-018-0157-x

Atmospheric mountain wave generation on Venus
and its influence on the solid planet’s rotation rate

T. Navarro™, G. Schubert' and S. Lebonnois ©?

The Akatsuki spacecraft observed a 10,000-km-long meridional structure at the top of the cloud deck of Venus that appeared
stationary with respect to the surface and was interpreted as a gravity wave. Additionally, over four Venus solar days of obser-
vations, other such waves were observed to appear in the afternoon over equatorial highland regions. This indicates a direct
influence of the solid planet on the whole Venusian atmosphere despite dissimilar rotation rates of 243 and 4 days, respec-
tively. How such gravity waves might be generated on Venus is not understood. Here, we use general circulation model simula-
tions of the Venusian atmosphere to show that the observations are consistent with stationary gravity waves over topographic
highs—or mountain waves—that are generated in the afternoon in equatorial regions by the diurnal cycle of near-surface atmo-
spheric stability. We find that these mountain waves substantially contribute to the total atmospheric torque that acts on the
planet's surface. We estimate that mountain waves, along with the thermal tide and baroclinic waves, can produce a change
in the rotation rate of the solid body of about 2 minutes per solar day. This interplay between the solid planet and atmosphere
may explain some of the difference in rotation rates (equivalent to a change in the length of day of about 7 minutes) measured

by spacecraft over the past 40 years.

the detection by the Akatsuki spacecraft of a planetary-scale

temperature perturbation at the top of the cloud layer (65km
altitude)'. This structure is stationary with the surface, despite the
discrepancy between the rotation of the surface and the superro-
tation of the cloud deck, with rotation periods of 243 and 4 days,
respectively’. The perturbation is stationary, located above the
equatorial elevated terrain of Aphrodite and shaped like a bow.
These elements suggest that it corresponds to a mountain wave',
a particular type of atmospheric gravity wave induced by topogra-
phy. However, this perturbation is 10,000 km long in the meridional
direction, a puzzling, huge extent never seen before in any planetary
atmosphere. Furthermore, the altitude of observation at the cloud
top contradicts at first glance our knowledge of the vertical struc-
ture of the Venusian atmosphere. Indeed, there is a neutral layer
at the bottom of the cloud deck’ that would not allow the vertical
propagation of a gravity wave. Even more mysterious is the appear-
ance of this wave on the dayside alone, generally in the afternoon’.

To investigate the physical origin of this observation, we con-
ducted a study with a numerical model of the atmosphere of Venus.
We ran simulations of the Institut Pierre-Simon Laplace (IPSL)
Venus general circulation model (GCM)**, a full-physics model
taking into account all known physical phenomena taking place in
the atmosphere of Venus (see Methods). The initial state is obtained
after convergence of the angular momentum over hundreds of days
of simulation”.

A planetary-scale structure as seen by Akatsuki has never been
produced by a GCM, the IPSL Venus GCM included. The only
exception is a simulation produced by a rather crude model of the
atmosphere’' that was produced after the discovery of the struc-
ture and obtained a gravity wave exhibiting a striking resemblance
to the observations. However, this simulation included neither a
parameterization of the physics (radiative transfer, convection), nor

Q major surprise in the recent exploration of Venus has been

topography, and an arbitrary perturbation was imposed at 10km
of altitude of unphysical origin as the source of the gravity wave.
Nevertheless, it opened the possibility that a more advanced, com-
prehensive numerical model might be able to obtain similar results
with added realism, with the advantage to point out the physical
mechanisms involved.

Planetary-scale gravity waves reproduced by modelling
The IPSL Venus GCM is utilized with a latitude-longitude grid with
a resolution of 96 by 96 points; a 96 by 96 points on a latitude-
longitude grid; hence, the horizontal resolution at the equator is
approximately 200km in the meridional direction and 400km in
the zonal direction. The topography of Venus shows variations at
a much shorter horizontal scale, so that the topography used in the
GCM is substantially smoothed. To resolve mountains and slopes
at a finer scale that could play a role in the formation of mountain
waves, one solution could be to increase the horizontal resolution,
but the simulations would be too computationally intensive, prohib-
iting any long-term global simulation. Instead, we implemented a
subgrid-scale parameterization of the topography, as is usually done
for Earth®® and Mars”"° studies. An adaptation of existing subgrid
schemes for the case of Venus is necessary though. The usual ratio-
nale of a subgrid scheme is that gravity waves exist below the model
resolution, and their effect on the flow has to be parameterized.
Here, we simulate a gravity wave far greater than the model resolu-
tion, but for which the source is smaller than the resolution. To dif-
ferentiate waves that reach the model resolution from the ones that
stay at a subgrid scale, we consider the intensity of the mountain
stress (see Methods).

In Fig. 1, the results with the IPSL Venus GCM and the newly
included parameterization of subgrid topography show large-
scale gravity waves, over four high topographic equatorial regions
(Aphrodite Terra, Phoebe Regio, Beta Regio and Atla Regio),
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Fig. 1| Planetary-scale gravity waves simulated with a GCM. a-d, Simulated temperature at the cloud top (70 km altitude) 8 (a), 19 (b), 43 (¢) and 100
(d) Earth days after the beginning of the simulation. Mountain waves are seen as bow-shaped temperature disturbances. Topography is indicated in
contours at altitudes 1, 2, 3 and 4 km. Supplementary Fig. 8 shows similarly the vertical and zonal winds.

a remarkable agreement with the observations over four Venus solar
days from 2015 to 2017° (see also the Supplementary Movie).

At the cloud top (here, at 70km in the GCM), the perturba-
tion in temperature ranges from 1 to 3K, a value similar to the
observed 3K perturbation in brightness temperature seen by
Akatsuki. The cloud top is known to vary with latitude'’, and this
structure is very similar at altitudes between 60 and 70 km.

Mechanism of the mountain wave generation
A notable aspect of the simulation is the dependence of mountain
waves on local time, as seen in observations’. They appear in the
simulation around noon, persist throughout the afternoon and
quickly vanish with dusk. The exception is Beta Regio, where the
wave appears earlier in the morning, in line with observations’.
Opverall, the behaviour with local time is very repeatable over the
two Venus solar days of simulation.

All other things being equal, the mountain stress is maximum for
N=UH"', where N is the near-surface Brunt-Viiséla frequency, H is
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the mountain height and U is the near-surface horizontal wind (see
detailed explanations in the Supplementary Information). Stability
conditions cause the mountain stress to be maximum during the
afternoon (Supplementary Fig. 1).

In Fig. 2, this behaviour is illustrated with the example of Aphrodite
Terra. As the Sun rises, the surface temperature increases slightly by
2K, decreasing the near-surface stability N. As a result, the whole flow
from the bottom of the mountain is able to pass the ridge and the
blocked flow vanishes. The thickness of the gravity wave flow is lim-
ited by H. As the stability increases again in the afternoon due to mix-
ing in the boundary layer, the mountain stress increases to a value of
5Pa, with a maximum value in the afternoon. When the sun sets, the
conditions are very stable, and most of the flow is blocked.

A second effect plays a role in the local time dependence of
the total mountain stress. In the afternoon, the horizontal near-
surface wind is greater, due to convective motions in the bound-
ary layer, with a maximum value typically of 3ms™, generating
the planetary-scale gravity waves. In increased stable conditions at
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Fig. 2 | Surface conditions. a, Map of the maximum value of the mountain stress for two Venus solar days of simulation. b-d, lllustrative example over
Aphrodite Terra (red box in a) as a function of local time. Topography is the same as in Fig. 1.

night or in the morning, the wind is less than 1 ms™. Hence, the
maximal value of the blocked flow stress is substantially smaller
than the maximal value of the gravity wave stress. This result differs
from Earth, where generally a significant part of the total mountain
stress is due to the blocked flow'.

Over Beta Regio, the wave appears earlier in the day than for
the other locations, in both observations and the simulations. The
earliest occurrence of the wave from Akatsuki observations is 11:00,
and 7:00 in the simulations. This early occurrence can be explained
by the higher latitude of Beta Regio at 30°N, where two different
effects play a complementary role to produce a strong surface stress
earlier in the morning. First, the near-surface winds are stronger
due to the jet present at the mid-latitudes, but absent at the equator
(Supplementary Fig. 3). Second, the diurnal cycle of surface temper-
ature and zonal wind is weaker at the latitude of Beta Regio than at
the equator (Supplementary Fig. 3). The weaker diurnal cycle over
Beta Regio limits the drop of stability in the morning, while sus-
tained zonal winds persist in the morning (Supplementary Fig. 2).
All in all, the morning conditions are such that a mountain wave is
seen above Beta Regio, but not the equatorial mountains.

Atmospheric torque and length of day

The mountain stress at the subgrid scale creates a torque by the
atmosphere on the solid body, never accounted for in previous stud-
ies of Venus. As seen in Fig. 3, the total torque exerted by the atmo-
sphere can be split into a mountain torque and a friction torque’.
Additional terms, of unphysical origin and model-dependent, are
the residual tendency from the dynamical core, and, not shown
here, the sponge layer torque and the dissipation torque.

It is worth noting that the highest regions of Venus, Ishtar Terra,
located northward of 60°N, do not create planetary-scale gravity
waves because they are disrupted by the wind shear of the polar
vortex. However, Ishtar Terra has the highest mountain stress of
the whole planet with a maximum of 8.5Pa (Fig. 2). The torque
exerted by the atmosphere on Ishtar Terra is nevertheless quite
small, since this mountain range is located closer to the rotation
axis than the equatorial ones.
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In a simulation without the subgrid parameterization, the
total torque fluctuates around zero, with values of typically
+5.10"kgm?s™2. When the subgrid parameterization is imple-
mented, there is a substantial additional term of mountain torque
by unresolved mountains, with two fundamental characteristics.
First, the subgrid mountain torque is positive on average, since the
flow interacting with mountains tends to be in the same direction
as the superrotation. The positive net torque indicates a transient
response from one equilibrium (without subgrid parameteriza-
tion) to the other (with parameterization). However, this tran-
sient response leads to an unrealistic state of the atmosphere, with
retrograde winds, as detailed below and in the Supplementary
Information. Second, the subgrid mountain torque peaks whenever
high topographic regions (Aphrodite Terra, Beta Regio, Phoebe
Regio and Atla Regio) are in the afternoon quadrant, associated
with the presence of a planetary-scale gravity wave.

The budget of torques is given in Table 1, with dM/dt+GW +
T+F+e+S+D=0, where M is the total atmospheric angular
momentum, GW is the subgrid mountain torque, T is the resolved
mountain torque, F is the friction torque, € is the residual from con-
servation errors in the dynamical core, and S and D are the resid-
ual torques due to the sponge layer at the top of the model and the
dissipation”. The terms S and D are negligible in this equation'.

Without the subgrid parameterization, the total atmospheric
angular momentum is quite stable, although it varies within a solar
day. Sixteen years apart, the Magellan and Venus Express missions
measured a length of day (LOD) difference of 7 minutes'*. This long-
term trend can be partially explained by the intradiurnal change of
LOD due to atmospheric motions. The effect of the atmosphere
on the LOD changes is comparable to the effect of the tidal torque
exerted by the Sun on the solid body, in contrast to the conclusion
that the LOD variations are due entirely to the solid-body torque®.
The reason for this revised atmosphere-induced LOD change is the
resolved mountain torque variability, which is higher than in pre-
vious simulations due to recent improvements of the IPSL GCM”,
in particular horizontal resolution. The fluctuation of surface pres-
sure, and thus of the resolved mountain torque, is mostly due to two
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Fig. 3 | Atmospheric torques on the surface and length of day. a,b, Budget of torques, without (a) and with (b) subgrid parameterization, exerted by the
atmosphere on the solid surface, and the resulting change in atmospheric angular momentum and length of day. The horizontal dashed line is the zero torque
value. ¢, Intradiurnal fluctuations of length of sidereal day shown with their long-term trend removed. Inset: the total change of length of day shows the
sustained loss of atmospheric momentum induced by mountain waves, leading to an unrealistic vertical profile of zonal wind (Supplementary Figs. 4 and 5).

Table 1| Atmospheric torque budget

dM/dt GW T F €
Without parameterization 0.2 (90.5) 0(0) 19.2 (131.1) 9.3 —28.8
With parameterization —40.5 (97.8) 27.2 (120.9) 28.4 (146.1) 1.5 —26.6

Average of terms of the total angular momentum budget (units are 10" kg m?s=% peak-to-peak amplitude is given in parenthesis). M is the total atmospheric angular momentum; hence dM/dt is the total
atmospheric torque. The torques exerted by the atmosphere on the surface are the subgrid mountain torque (GW), the resolved mountain torque (T) and the friction torque (F). € is the residual rate of

angular momentum due to conservation errors in the dynamical core”.

effects: a diurnal tide fixed with local time, and weaker baroclinic
waves with a roughly five Earth days period carried by the atmo-
spheric superrotation (Supplementary Fig. 7). These two effects
are clearly apparent in the resolved mountain torque in Fig. 3 and
Supplementary Fig. 7.

With the subgrid parameterization, a substantial contribution to
the total atmospheric torque on the surface is the subgrid mountain
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torque. The subgrid mountain torque brings an additional posi-
tive contribution to the torques exerted on the surface. This torque
would result in a change of LOD about 15minutes if the torque
exerted by the gravity wave were sustainable over a full solar day.
The non-zero value of dM /dt shows that the simulation with the
subgrid parameterization is not sustainable, and the atmosphere
transfers most of its angular momentum to the solid body in a few
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gating baroclinic waves with a period of five Earth days induced by the Models of superrotating atmospheres: a critical diagnostic. J. Geophys. Res.
atmospheric superrotation at upper altitudes. 117, 12004 (2012).
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exerted by the Sun on the solid—body tide and on the atmospheric period of Venus estimated from Venus Express VIRTIS images and Magellan

: . 16-19 altimetry. Icarus 217, 474-483 (2012).
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Due to the mOdeHing limitations of atmospheric angular momen- contributions in Venus rotation rate and LOD. Astron. Astrophys. 531,
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of planets hosting atmospheric tides: from Venus to habitable super-Earths.
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far), probing its interior, discovering the nature of its core, assessing
the mechanisms involved in creating and maintaining the atmospheric
superrotation, and exploring the evolution of the spin—orbit of Venus®.
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Methods

GCM. The IPSL Venus GCM is a full-physics GCM". Its dynamical core is a finite-
difference scheme on a latitude-longitude grid with a resolution of 96 by 96 points
for this study. The vertical coordinates are sigma hybrid coordinates, with 50 levels
extending from the surface to 5Pa (100km). At the poles, a classical Fourier filter
is applied longitudinally poleward of 60° to limit the numerical instabilities of

the coarse resolution in longitude. Horizontal dissipation is done with an iterated
Laplacian, and a sponge layer absorbs reflection on the top of the model in the four
uppermost layers. In the dynamical core and the physical parameterizations, the
specific heat varies with temperature. The physics include a realistic topography,
with data from Magellan at the model resolution. A Mellor and Yamada scheme

is used for the boundary layer, improving the agreement with observations of
temperature and winds from the surface to the bottom of the cloud deck’. The dry
convection is parameterized, with the mixing of potential enthalpy. The radiative
transfer is performed with look-up tables for solar radiation, and net exchange
rate matrices for thermal radiation. The cloud structure is imposed between

47km and its top, whose altitude is varying from the equator to the poles between
60km and 70km (ref.?'). The thermal conduction in the soil is simulated with 11
underground layers with a constant thermal inertia (2,000 SI).

Subgrid-scale orographic parameterization. We implemented the effect of the
subgrid-scale orography in the Venus GCM. We adapted an existing scheme’ with
the topography at a 4km horizontal resolution from the Magellan radar mission*.
At each model grid point, this scheme computes four parameters from the high-
resolution topography found inside the boundaries of a model grid point: its
standard deviation, anisotropy, slope and orientation (see Supplementary Fig. 9).
For each grid point, near-surface quantities are defined as the average between the
surface and half the standard deviation of the subgrid topography. From these four
parameters, an ensemble of identical, idealized, elliptical mountains® is derived.
The mountain stress is computed for this ensemble of mountains. Unlike other
subgrid-scale schemes developed for Earth GCMs®*, the rationale for Venus is
also to resolve at the GCM resolution large gravity waves induced by topographic
obstacles not resolved by the GCM.

For that purpose, we modified this existing scheme’, by considering that a
gravity wave can be eventually resolved by the GCM. The value of the mountain
stress is used as the criterion to determine whether a wave is resolved at the GCM
resolution. Above a certain threshold, the wave can be resolved to the GCM
dynamics by deposition of momentum at a fixed altitude. Below the threshold,
complex and various processes can occur, with dispersion and superposition of
subgrid waves that might eventually break. Assessing wave breaking is especially
challenging for Venus, as the background flow generally increases with altitude.
Incidentally, our initial tests of the implementation of this parameterization
showed that the criterion for wave breaking used in an Earth GCM (when the
Richardson number is smaller than 0.25) was often not satisfied on the whole
atmospheric column.

Thus, two values need to be to chosen for this modified parameterization.

The first value is the threshold on the surface mountain stress to separate waves
that are resolved by the GCM and waves that are not. From visual inspection of
the mountain stress obtained from simulations, we chose this threshold to be 2 Pa,
although dedicated theoretical studies could be done to fix this value. A value of
2 Pa distinguishes well the stress of high elevated terrains from the one of the plains
(see Fig. 2 and Supplementary Fig. 2), and eventually make a good match with the
time and location of the observed large-scale gravity waves.

The second value is the altitude at which a mountain wave is resolved by the
GCM. This altitude is at the 19th layer of the model (that is, approximately 35km).
This particular altitude can be understood by a simple rule of thumb. The energy
of the wave is concentrated along a parabola®:

2 _ Nzax
U

y

This gives the-three dimensional shape of the mountain wave, where N is the
Brunt-Viisila frequency, U is the horizontal wind in the x-coordinates direction,
and a is the size of the subgrid mountain. In this parameterization, a is given by
the subgrid slope divided by the standard deviation. If x and y are taken as the
horizontal resolution (that is, ~400km), N and U as the averaged value in the deep
atmosphere’ (respectively 3.107s™! and 10ms™"), and with a having a typical size
of 40km, one finds an altitude z=33 km. This altitude depends on the horizontal
resolution of the model. At this altitude and above, the perturbation caused by the
gravity wave mountain stress is wide enough to be resolved at the model resolution.
As a result of the fact that the horizontal dimension of mountain wave perturbation
grows with altitude, an increased (decreased) horizontal resolution would require a
lower (higher) altitude.

However, U and N vary with height, and the wave actually extends
outside the region of the parabola, although most of its energy is confined
to it. Therefore, this rule of thumb only simply and crudely justifies the
retained altitude of 35km. Other values for this altitude are investigated (see
Supplementary Information), and a lower altitude does not create a planetary-
scale wave observed at the cloud top.

In the end, the gravity wave mountain stress of the parameterization is released
at 35km for values greater than 2 Pa, as follows:

i—l; = —gcos(a)Aip (1)
% = —gsin(a)Aip 2)

where 7 is the stress, Ap is the pressure difference between the mid-layers above
and below the altitude of stress release, g is the gravitational acceleration and a
is the angle between the near-surface wind and the direction of the stress. The
tunable parameters of this parameterization are the gravity wave drag coefficient
G (ref.?"), the inverse critical Froude number H,, and the drag coefficient C,.

G is a scalar defined for an elliptically shaped mountain and depends solely

on the mountain sharpness. H,  defines the maximal altitude z, at which the
blocked-flow stress is applied, via z,=H — UN™'H, . C, is the classical drag
coefficient, and the blocked flow stress is proportional to it. The retained values
are the same as for Earth’, with H,, C,=1, and Mars’, with G=1. A fourth
parameter, the critical Richardson number, is not present for this adaptation

to Venus, since the effect of the breaking is instead simulated more crudely by
stress released at the lowest grid point.

Code availability. All model versions are available upon request by contacting the
corresponding author.

Data availability. All simulations results are available upon request by contacting
the corresponding author.
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