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Background & motivations

⇤ Context : risk of deflagration/detonation in the
reactor containment vessel during a severe accident

I Production of hydrogen due to oxidation of zirconium
during a severe accident (loss of coolant)

I Accumulation of hydrogen in the upper part of the
containment due to buoyancy

I Persistence of such a stable stratification and
consequences on the resulting hydrogen hazard ?

I Mixing by a turbulent jet ?

. . . recurring situation also in

I Geophysics (convective stars, Earth’s atmosphere, . . . )

I Industrial applications involving release of pollutant in
the atmosphere or wastewater in the ocean, . . .
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❖ numerous natural and industrial problems = turbulent fluid layer adjacent to a 
stably stratified one 

❖ stratified layer, not motionless! waves = energy and momentum transport

❖ time- and length-scale separation: difficult to model…

self-organising 2-layer system, including all time and length 
scales, the turbulent excitation and the two-way couplings… 

mixing efficiency? momentum transfer?spectrum?
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DNS using the open-source solver 
Dedalus - here, 2D…

source	of	the	waves?

impose as a bottom BC the fluctuations of the 
5/8°C interface

compute the 
Reynolds stress from 

the CZ

simulations of the simulation using the open-source solver Dedalus

solve	the	linear	wave	equa@on	with	an	imposed	background	
density	profile	and	a	source	term
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DNS using the open-source solver 
Dedalus - here, 2D…

source	of	the	waves?
simulations of the simulation using the open-source solver Dedalus

❖ waves excited by deep forcing rather than 
mechanical oscillator

❖ wave field correctly predicted by the linear 
propagation from the interface including the full 
dissipation



QBO	in	the	4oC	set-up?

Full	cycle	≈	1	hour	

… scan at different height through timeaverage over a ring…

horizontal mean-field at a given depth

reversals, but phase speed: wrong direction and ~ viscous diffusion

monthly-mean	zonal-
mean	equatorial	zonal	
wind	in	m/s	between	
about	20	and	35	km	
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QBO	in	the	4oC	set-up?

• reversals: viscous coupling 
with the buffer layer

• effect of Pr?

3D-numerical simulation with Nek5000

Pr=7Pr=0.1
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this approach requires a careful investigation of whether a Kolmogorov spectrum is appropriate and
whether Reynolds stress is indeed the main generating mechanism. Ongoing work and recent results
on water convection seem to support that waves are mainly generated by Reynolds stresses, at least
for some (high) values of S [10]. Another simplified approach consists in deriving one-dimensional
(along the vertical) models with turbulence diffusivity parametrization, as done in, for instance, [24].

Here we address via direct numerical simulation some of the questions pertaining to the effect
of the stable stratification strength on buoyancy reversal convection. Because our goal is to obtain
a clear picture of the various convective dynamics for a wide range of stratification parameters,
we focus in this paper on two-dimensional simulations. Reducing the system to two dimensions
allows us to run a large number of simulations for several diffusive times, which is necessary to
reach a statistically steady state. We describe the model setup in Sec. II. In Sec. III we analyze the
onset and transition to steady state. The qualitative features of simulations with high, moderate, and
small stratification strengths are described in Sec. IV. A detailed analysis is presented in Sec. V. A
summary is given in Sec. VI.

II. PROBLEM FORMULATION

We consider the Navier-Stokes equations under the Boussinesq approximation and in two
dimensions. We take x (z) to be the horizontal (vertical upward) direction, with x̂ and ẑ the unit
vectors. The dimensionless equations are

∂t u + u · ∇u = −∇p + Pr∇2u − Pr Raρẑ, (1a)

∂t T + u · ∇T = ∇2T , (1b)

∇ · u = 0. (1c)

Length and time scales are nondimensionalized using the full vertical extent of the domain ℓ and
the thermal diffusion time ℓ2/κ , where κ is the constant thermal diffusivity of the fluid. Here T is
the temperature, u is the velocity vector, and ρ is the density anomaly compared to the reference
density ρ0. We assume isothermal and no-slip boundary conditions on the top and bottom horizontal
plates and periodicity of all fluid variables in the horizontal x direction. The dimensionless parameter
Pr = ν/κ is the Prandtl number, with ν the constant fluid viscosity. Here Ra is the Rayleigh number,
defined as

Ra = α∗
c g(T ∗

b − T ∗
i )ℓ3

νκ
, (2)

where g is the constant gravitational acceleration, α∗
c is the (dimensional) constant thermal

expansion coefficient for temperatures T ∗ > T ∗
i , and T ∗

b − T ∗
i > 0 is the (dimensional) temperature

scale obtained from the difference between the temperature on the bottom plate (T ∗
b ) and the

inversion temperature (T ∗
i defined below). Using T ∗

i as the absolute reference temperature then
gives the dimensionless temperature T in Eq. (1) in terms of the dimensional one, T ∗, as
T = (T ∗ − T ∗

i )/(T ∗
b − T ∗

i ), implying Tb = 1 and Ti = 0.
As in classical RBC, we consider an equation of state for the density anomaly of the form

ρ = −αT . However, we deviate from the OB paradigm as we allow the dimensionless thermal
expansion coefficient α(T ) to vary with temperature, as is the case for, e.g., water. Specifically, as
can be seen in Fig. 1, we consider

ρ = −α(T )T =
{
−T , T ! 0
ST , T < 0,

(3)

such that α changes sign at T = 0, with S > 0 a free parameter of our model. The change of sign of
α results in the density anomaly being nonmonotonic and maximum at T = 0, which we thus refer
to as the inversion temperature (at the dimensional temperature T ∗

i ). The form of α is the simplest
model that can reproduce a nonmonotonic EOS similar to water (shown in Fig. 1) and that allows
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FIG. 3. Simulation snapshots for Ra = 8 × 107 and stiffness (a) S = 28, (b) S = 1, and (c) S = 2−8

representatives of the system’s dynamic at thermal equilibrium, i.e., obtained after several thousand convective
turnover times. The density anomaly is shown in the convection zone, below the neutral buoyancy height ZNB(x)
[i.e., where ρ(x,ZNB) = −1]. Above ZNB, the fluid is stably stratified and we plot the vorticity. In (a) convective
cells with a top-down symmetry are shown in the lower layer, generating global wave modes in the upper stably
stratified layer. In (b) the convection zone is larger, but significant coupling between the two layers is obtained
as shown by the strong variations of ZNB with x. In (c) the system changes significantly with rising plumes
close to the bottom interacting with large-scale structures (shown by contour lines) higher in the fluid (note that
ZNB is outside the domain such that we show the density field everywhere in this case). We also show the mean
temperature and anomaly density profiles by the dashed and solid lines as later discussed and reported in Fig. 6
(see also [30]).
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FIG. 5. (a) Bulk temperature Tbulk as a function of S (S decreases to the right) averaged over the convection
zone (see the text for details). The dash-dotted line is a best fit obtained for all data points and is given by
Eq. (6). The dashed line highlights the inversion temperature Ti = 0 where α changes sign and the dotted line
represents the bulk temperature expected from classical RBC. (b) Total heat flux Q as a function of S. Results
are shown for three different reference Rayleigh numbers Ra.

structures of low-density anomaly [in part visible from contour lines of isodensity in Fig. 3(c)] are
efficient at transporting cold fluid down. In the weakly stratified limit, the overshooting length scale
is of the same order as the entire fluid depth. Note that the top of the fluid layer is stably stratified,
although weakly.

V. STATISTICAL ANALYSIS AND REGIME PROPERTIES

The simulation snapshots of Fig. 3 show that the stiffness parameter S plays a key role in the
coupling between the convective and stably stratified regions. The high-stiffness regime shows strong
top-down symmetry in the convection zone, suggesting negligible feedback from the waves on the
convection. This symmetry is no longer present for moderate stiffness S ∼ 1 and the dynamics
completely change for low stiffness.

We now quantitatively study the effect of the stiffness S on the interaction between the convective
and stably stratified regions and on the heat transfer. The results are obtained for simulations in
thermal equilibrium, i.e., such that the statistics are temporally converged and the total heat flux is
depth invariant. Reaching thermal equilibrium requires running simulations over several dissipation
times, which requires long run times. Use of judicious initial conditions allows a more rapid
convergence to thermal equilibrium (see the Appendix for more details). We will make use of the x
average operator ⟨·⟩x =

∫
dx/2 (2 is the box width), the volume average operator ⟨·⟩ =

∫
dz dx/2,

and the time average operator, denoted by an overline. Time averages are typically performed over
tens to thousands of turnover times depending on S (see the Appendix for details).

We first present in Fig. 5 simulation results obtained for three different Rayleigh numbers (Ra =
8 × 106,8 × 107,8 × 108) and 17 different stiffness parameters (S from 28 to 2−8; see Table I in the
Appendix). In Fig. 5(a) we show the bulk temperature, i.e., Tbulk =

∫
z
dz⟨T ⟩x , averaged in z over

the convection zone (i.e., where the convective heat transfer qc accounts for at least 95% of the
total heat flux q). For all three Rayleigh numbers we can see that the bulk temperature increases
with the stiffness parameter. In the limit of large stiffness, Tbulk → 0.5, which is the temperature
expected from a convection-only simulation with top and bottom temperatures of Tt = 0 and Tb = 1,
respectively. Thus the large-stiffness limit of the bulk temperature tends to the classical RBC bulk
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FIG. 13. Variations of Nu/Ra0.28 with S where Nu = −Q/(Tt − 1) for three reference Rayleigh numbers.
The dashed line shows the best-fit power-law regression of Nu in terms of S for Ra = 8 × 107,8 × 108.

E. Heat transfer scaling

We now discuss the Nusselt-Rayleigh scaling obtained from our simulations, which is an essential
element of the study of convective heat transfers. The Nusselt number Nu is traditionally defined as
the total heat transfer Q, normalized by the purely conductive heat flux, and thus Nu measures the
heat transfer enhancement due to convective motions. In our case, the purely conductive heat flux
across the domain boundaries is −(Tt − 1) such that

Nu = −Q

Tt − 1
. (10)

In classical RBC, it is generally assumed that one can write Nu(Ra,Pr) = C RaβPrγ , with Ra and Pr
the two (separable) problem parameters. Here we have two additional parameters (S and Tt ), but as
we restrict Pr = 1 and Tt = −20, we only consider Nu ≡ Nu(Ra,S).

Figure 13 shows Nu/Ra0.28 as a function of S for all three reference Rayleigh numbers. The
exponent 0.28 for Ra is obtained from a best-fit power-law regression of Nu for our simulations with
Ra = 8 × 107,8 × 108 for each S and is within the range obtained in classical RBC [1]. We do not
expect the RBC scaling to work equally well for all S and the r2 value of this first fit is therefore
small (i.e., ∼0.52) due to the relatively large dispersion of the exponents in the range [0.26,0.31]
obtained for different S. Nevertheless, there is then a relatively good collapse of the data for different
S with exponent −0.086 (with final r2 value of 0.99). That the exponent is negative is expected
since as the stiffness decreases we showed that the heat transfer increases. Note, however, that this
exponent has no theoretical grounding yet. For the smaller Ra = 8 × 106, Nu/Ra0.28 is above the
collapsed data, especially for the high-stiffness cases, because the convection pattern is steady. This
is consistent with classical RBC studies, which showed that the Nusselt number has a steeper scaling
with Ra for smaller Ra, close to the onset of convection.

The empirical law

Nu(Ra,S) ≈ 0.26 Ra0.28S−0.086

(1 − Tt )
(11)

suggested by Fig. 13 can be useful in predicting the size of the convection zone in mixed convective–
stably-stratified systems. However, the Nusselt numbers obtained are small (we find Nu ∈ [1,7])
compared to those demonstrated in classical RBC, where Nusselt numbers have been reported in
the range Nu ∈ [10,30] for Pr = 1 and Rayleigh numbers in 8 × 106–8 × 108 (see, e.g., [29]). In
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❖ how to correctly parameterise waves in GCM to get a predictive model of QBO?
❖ available data = local (in space and time) values of the fluctuations

approximation, neglecting nonlinear wave-wave terms,
mean-flow acceleration, and cross-interaction terms in
the Reynolds stress (cf. details in the Supplemental
Material [33]). We note that, while M2 is computationally
cheaper than M1 (resolution is 8 times smaller and time
steps are ∼3 times larger), it remains significantly more
demanding than M3, which is the only practical model for
predicting the long-term dynamics of real systems (e.g.,
capturing the QBO in General Circulation Models). The
goal of M2 is to check approximations made in M3.
Figure 3(b) shows the temporal variations of the mean

flow ū obtained in full DNS M1 and in the two reduced
modelsM2 andM3. A large-scale oscillation is obtained in
all three models, but the mean flow is stronger and the
period is longer in the reduced models than in full DNS. Let
us consider the characteristic amplitude of the mean flow
by its rms (ūrms) and the characteristic period by taking the
inverse of the peak frequency of its Fourier transform (Tū),
which we average vertically between z ¼ 0.8 and 1.1. We
have ūrms ¼ 179 (M1), 370 (M2), and 415 (M3), Tū ¼
0.125 (M1), ≈0.33 (M2), and ≈0.33 (M3). Clearly, even
when the wave propagation is solved exactly by DNS (M2),
the mean-flow dynamics is not reproduced quantitatively.
In addition, some of the temporal variability of the mean
flow obtained in full DNS is lacking in both reduced
models.
The large discrepancy between the reduced models and

DNS comes from the assumption that fluctuations on the

lower boundary z ¼ zNB ofM2;3 can be reconstructed from
the time-averaged spectrum K using the linear wave
relations for upward propagating plane waves. However,
K can include contributions from overshooting plumes and
some of the waves may be nonlinear. In our M1 (M2)
simulations, the nonlinear terms have a typical magnitude
of approximately 50% (10%) of the linear terms just above
zNB, suggesting overshooting convection in M1 may be
non-negligible at the interface. However, in the bulk of the
stable region, this decreases to about 10% (5%), so the
waves are in a weakly nonlinear regime (cf. details in
the Supplemental Material [33]). Because the waves are
weakly nonlinear, the energy transfer among waves does
not affect the mean flow, explaining the agreement between
M2 and M3. Because forcing using the spectrum higher
than zNB could in principle attenuate contributions from
nonlinear convective motions, we have run additional
simulations with different forcing heights (cf. Fig. S2 of
the Supplemental Material [33]): quantitative changes for
the mean flow are obtained, but never lead to agreement
with full DNS results. Importantly, the reconstruction of
wave fluctuations from an energy spectrum neglects high-
order statistics (higher than 2), so statistics in the reduced
models are Gaussian. However, intermittent events exist
near the interface because the convection does not have a
top-down symmetry and exhibits non-Gaussian statistics.
In fact, the kurtosis of the fluctuations remains large, even
in the wave field far from the interface zNB (see Fig. S3 of

FIG. 3. (a) Schematics of the DNS modelM1 and the two reduced modelsM2 andM3. (1) We calculate the kinetic energy spectrumK
of the fluctuations at height zNB obtained inM1. (2) The forcing (u0, w0, T 0) is derived fromK, assuming that the fluctuations correspond
to linear propagating internal waves. Propagation of the waves is solved (3) via DNS of the Boussinesq equations inM2, but is derived
analytically (4) in M3 under WKB approximation. Thus, inM3 (5), we only need to solve for the mean-flow equation. As in full DNS,
we use a damping layer for 1.35 < z < 1.5, and boundary conditions for the mean flow are no slip. (b) ū over one thermal time obtained
for each model shown in (a). Physical parameters are as in Fig. 1. Note that the colormap has been changed in Fig. 3(b) compared to
Fig. 1(c) to highlight differences between M1 and M2;3.
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Order Out of Chaos: Slowly Reversing Mean Flows Emerge
from Turbulently Generated Internal Waves
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We demonstrate via direct numerical simulations that a periodic, oscillating mean flow spontaneously
develops from turbulently generated internal waves. We consider a minimal physical model where the fluid
self-organizes in a convective layer adjacent to a stably stratified one. Internal waves are excited by
turbulent convective motions, then nonlinearly interact to produce a mean flow reversing on timescales
much longer than the waves’ period. Our results demonstrate for the first time that the three-scale dynamics
due to convection, waves, and mean flow is generic and hence can occur in many astrophysical and
geophysical fluids. We discuss efforts to reproduce the mean flow in reduced models, where the turbulence
is bypassed. We demonstrate that wave intermittency, resulting from the chaotic nature of convection, plays
a key role in the mean-flow dynamics, which thus cannot be captured using only second-order statistics of
the turbulent motions.
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An outstanding question in fluid dynamics is whether
large-scale flows can be accurately captured in reduced
models that do not resolve fluid motions on small spatio-
temporal scales. Reduced models are necessary in many
fields of fluid mechanics, since fluid phenomena often
occur on a wide range of spatial and temporal scales,
preventing exploration via direct numerical simulations
(DNSs) of the Navier-Stokes equations. This question is of
interest to, for instance, the turbulence community, which
has developed closure models in large-eddy simulations
and Reynolds-averaged Navier-Stokes simulations [1], the
statistical physics and geophysics communities, who aim to
describe the self-organization and large-scale behavior of
turbulent flows [2–5], and atmospheric and oceanographic
scientists, whose goals are to provide long-time predictions
of the evolution of our climate using weather-ocean models
with coarse resolution [6,7].
A drastic approximation would be to assume that large-

scale flows and small-scale motions are dynamically
decoupled, but this is rarely the case. A number of
important slow large-scale flows are controlled by rapid
processes at the small scales. For instance, the 22-yr cycle
of solar magnetism is driven by the Sun’s convective
interior, which evolves on month-long or shorter timescales
[8,9]; upwelling of the planetary-scale thermohaline cir-
culation of Earth’s oceans hinges on enhanced mixing
events that critically depend on small-scale (∼100 m)
internal waves [10,11]; Jupiter’s zonal jets develop from
small-scale turbulence patterns due to convective heat
transfers in the weather layer and deep interior [12].
The generation of a large-scale flow by turbulent

fluctuations can be studied by spatial averaging the

Navier-Stokes equations. Let us consider the case of a
large-scale mean flow ū in the horizontal x direction
perpendicular to downward gravity, with overbar denoting
the horizontal mean. We write ðu0; w0Þ the velocity fluctua-
tions in (x, z) directions with ẑ the upward vertical axis. In
these two dimensions, the horizontal mean of the Navier-
Stokes equation in the x direction reads

∂tū − ν∂zzū ¼ −∂zðw0u0Þ; ð1Þ

with ν the kinematic fluid viscosity. The right-hand side of
(1) is minus the divergence of the Reynolds stress and is the
momentum source or sink for the mean flow. In isotropic
homogeneous turbulence, we do not expect the generation
of a mean flow due to the lack of symmetry breaking.
However, any inhomogeneity or anisotropy of the fluctua-
tions can initiate a slowly varying mean flow, whose fate
depends on its interaction with the fluctuations [4]. The
parametrization of the Reynolds stress ðw0u0Þ for unre-
solved scales is the key ingredient in all reduced models.
Generally, a closure model expresses the Reynolds stresses
in terms of the resolved variables [1].
In our case of interest, the small-scale fluctuations are

oscillating disturbances of the density field called internal
waves. Internal waves are ubiquitous in oceans [13],
planetary atmospheres [14–17], stars [18,19], brown
dwarves [20], and planetary cores [21]. In the atmosphere,
internal waves actively contribute to the generation of mean
equatorial winds in Earth’s stratosphere, which change
direction roughly every 14 months, coined the quasibien-
nial oscillation (QBO) [22]. Internal waves may also be
involved in the generation of reversing zonal flows on
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approximation, neglecting nonlinear wave-wave terms,
mean-flow acceleration, and cross-interaction terms in
the Reynolds stress (cf. details in the Supplemental
Material [33]). We note that, while M2 is computationally
cheaper than M1 (resolution is 8 times smaller and time
steps are ∼3 times larger), it remains significantly more
demanding than M3, which is the only practical model for
predicting the long-term dynamics of real systems (e.g.,
capturing the QBO in General Circulation Models). The
goal of M2 is to check approximations made in M3.
Figure 3(b) shows the temporal variations of the mean

flow ū obtained in full DNS M1 and in the two reduced
modelsM2 andM3. A large-scale oscillation is obtained in
all three models, but the mean flow is stronger and the
period is longer in the reduced models than in full DNS. Let
us consider the characteristic amplitude of the mean flow
by its rms (ūrms) and the characteristic period by taking the
inverse of the peak frequency of its Fourier transform (Tū),
which we average vertically between z ¼ 0.8 and 1.1. We
have ūrms ¼ 179 (M1), 370 (M2), and 415 (M3), Tū ¼
0.125 (M1), ≈0.33 (M2), and ≈0.33 (M3). Clearly, even
when the wave propagation is solved exactly by DNS (M2),
the mean-flow dynamics is not reproduced quantitatively.
In addition, some of the temporal variability of the mean
flow obtained in full DNS is lacking in both reduced
models.
The large discrepancy between the reduced models and

DNS comes from the assumption that fluctuations on the

lower boundary z ¼ zNB ofM2;3 can be reconstructed from
the time-averaged spectrum K using the linear wave
relations for upward propagating plane waves. However,
K can include contributions from overshooting plumes and
some of the waves may be nonlinear. In our M1 (M2)
simulations, the nonlinear terms have a typical magnitude
of approximately 50% (10%) of the linear terms just above
zNB, suggesting overshooting convection in M1 may be
non-negligible at the interface. However, in the bulk of the
stable region, this decreases to about 10% (5%), so the
waves are in a weakly nonlinear regime (cf. details in
the Supplemental Material [33]). Because the waves are
weakly nonlinear, the energy transfer among waves does
not affect the mean flow, explaining the agreement between
M2 and M3. Because forcing using the spectrum higher
than zNB could in principle attenuate contributions from
nonlinear convective motions, we have run additional
simulations with different forcing heights (cf. Fig. S2 of
the Supplemental Material [33]): quantitative changes for
the mean flow are obtained, but never lead to agreement
with full DNS results. Importantly, the reconstruction of
wave fluctuations from an energy spectrum neglects high-
order statistics (higher than 2), so statistics in the reduced
models are Gaussian. However, intermittent events exist
near the interface because the convection does not have a
top-down symmetry and exhibits non-Gaussian statistics.
In fact, the kurtosis of the fluctuations remains large, even
in the wave field far from the interface zNB (see Fig. S3 of

FIG. 3. (a) Schematics of the DNS modelM1 and the two reduced modelsM2 andM3. (1) We calculate the kinetic energy spectrumK
of the fluctuations at height zNB obtained inM1. (2) The forcing (u0, w0, T 0) is derived fromK, assuming that the fluctuations correspond
to linear propagating internal waves. Propagation of the waves is solved (3) via DNS of the Boussinesq equations inM2, but is derived
analytically (4) in M3 under WKB approximation. Thus, inM3 (5), we only need to solve for the mean-flow equation. As in full DNS,
we use a damping layer for 1.35 < z < 1.5, and boundary conditions for the mean flow are no slip. (b) ū over one thermal time obtained
for each model shown in (a). Physical parameters are as in Fig. 1. Note that the colormap has been changed in Fig. 3(b) compared to
Fig. 1(c) to highlight differences between M1 and M2;3.
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higher order statistics from data & more evolved stochastic excitation 
processes (e.g. Lott & Guez 2013) are necessary

parameterization	fo	the	QBO



❖ massive 3D simulations

other	points	to	discuss	this	week…
Ra = 4x107 & S=10
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Similarly to the interior of the Sun (where the outer layer is convective while the core is radiative) or to 
                  Earth's atmosphere (where there is a transition between the active troposphere and the quiet 
                                      stratosphere), we consider the problem of turbulent convection interacting with a 
                                                 stably-stratified fluid layer. We present three-dimensional direct numerical 
                                                                    simulations of internal waves excited by turbulent convection in 
                                                                                         a self-consistent, Boussinesq and Cartesian model of 
                                                                                                              mixed convective stably-stratified fluids.
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These visualizations show
the vertical component of the velocity
at a given time during the quasi-steady state for different
depths within the convective zone (0<z<1) and the stratified zone (1<z<2).
Red corresponds to upward motions while blue corresponds to downward motions.
The color scales are adjusted at each depth since vertical motions decay exponentially 
fast with height in the stable layer.
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We demonstrate that in the limit of large 
Rayleigh number and large stratification, 
simulations are in good agreement with a 
theory that assumes waves are generated by 
Reynolds stresses due to eddies in the 
turbulent region (Lecoanet & Quataert, 
M.N.R.A.S. 430 (3) 2363-2376).

Our results have implications for the 
generation of internal waves in stellar 
interiors and for the generation of mean 
flows by non-linearly interacting internal 
waves, a mechanism at the origin of the 
Quasi-Biennial Oscillation observed in the 
Earth's stratosphere.

[1] “The energy flux spectrum of internal waves generated by turbulent convection”
L.-A. Couston, D. Lecoanet, B. Favier and M. Le Bars, J. Fluid Mech. 854 (2018).
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L.-A. Couston, D. Lecoanet, B. Favier and M. Le Bars, Phys. Rev. Lett. 120 (2018).

[3] “Dynamics of mixed convective–stably-stratified fluids”
L.-A. Couston, D. Lecoanet, B. Favier and M. Le Bars, Phys. Rev. Fluids 2, 094804 (2017).

Simulations performed using
DEDALUS (http://dedalus-project.org/), 
an open-source pseudo-spectral solver.
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Simulations performed using
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an open-source pseudo-spectral solver.

in agreement with Lecoanet & Quataert (2013), where excitation by Reynolds stresses due
to eddies in the turbulent region, large Ra and large stratification: 
• wave energy flux spectrum scales like k4f-13/2

• total wave energy flux decays like z-13/8

Ra = 4x107 

Ra = 2x108

Ra = 1x109
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generic shape and size (Couston et al. 2019)
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❖ massive 3D simulations
✓ energy flux of internal waves (Couston et al. JFM 2018)
✓ effect of rotation: saturation of inverse cascade and 

generic shape and size (Couston et al. 2019)

❖ extension of classical Plumb’s QBO model to multi-wave 
forcing: see poster by P. Leard
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gaussian excitation
… a wider spectrum favours QBO…


