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Abstract
We present experimental evidence for a double cascade of kinetic energy in a statistically stationary rotating turbulence experiment.
Turbulence is generated by a set of vertical flaps which continuously injects velocity fluctuations towards the center of a rotating water
tank. The energy transfers are evaluated from two-point third-orderthree-component velocity structure functions, which we measure
using stereoscopic particle image velocimetry in the rotating frame. Without global rotation, the energy is transferred from large to
small scales, as in classical three-dimensional turbulence. For nonzero rotation rates, the horizontal kinetic energy presents a double
cascade: a direct cascade at small horizontal scales and an inversecascade at large horizontal scales. By contrast, the vertical kinetic
energy is always transferred from large to small horizontal scales, abehavior reminiscent of the dynamics of a passive scalar in two-
dimensional turbulence. At the largest rotation rate the flow is nearly two-dimensional, and a pure inverse energy cascade is found
for the horizontal energy. To describe the scale-by-scale energy budget, we consider a generalization of the Kármán-Howarth-Monin
equation to inhomogeneous turbulent flows, in which the energy input is explicitly described as the advection of turbulent energy from
the flaps through the surface of the control volume where the measurements are performed.

INTRODUCTION

Global rotation is a key ingredient of many geophysical and astrophysical flows. Through the action of the Coriolis force,
rotating turbulence tends to approach two-dimensionality, i.e. invariance along the rotation axis [1]. Energetic 2D and
3D flow features therefore coexist in rotating turbulence, and the question of the direction of the energy cascade naturally
arises: In 3D, energy is transferred from large to small scales [2] whereas it is transferred from small to large scales in
2D [3]. In rotating turbulence, energy transfers depend on the Rossby numberRo, which compares the rotation period
Ω−1 to the turbulent turnover time. In the limit of vanishingRo, 3D energy transfers occur through resonant triadic
interactions [4] of inertial waves [5], which drive energy in an anisotropicdirect cascade, with a net transfer towards
slow, small-scale, nearly 2D modes [6, 7]. Exactly resonanttriads cannot however drive energy from 3D modes to the
exactly 2D mode: this decoupling implies that, if energy is supplied to the 3D modes only, the 2D mode should not
be excited and no inverse cascade should be observed. In contrast, at moderate Rossby numbers, near-resonant triadic
interactions, which are increasingly important asRo is increased, allow for non-vanishing energy transfers between 3D
and 2D modes [8, 9], thus providing a mechanism for the emergence of an inverse energy cascade in the 2D mode. This
intermediate Rossby number regime is of first practical interest: the Rossby number of most laboratory experiments and
geophysical/astrophysical flows is indeed of the order of10−1 − 10−2. In these situations, a natural question is to what
extent direct and inverse cascades may coexist, and what sets their relative amplitudes as the Rossby number is varied.
Although numerical simulations have provided particularly valuable insight about the conditions under which an inverse
cascade takes place in rotating turbulence, the most commonassumptions of homogeneity and narrow-band spectral
forcing are of limited practical interest. In most flows encountered in the laboratory and in geophysical/astrophysical
contexts, energy injection in a given control volume is indeed broadband and results from the spatial gradients of turbulent
energy. As a consequence, the well-separated inverse and direct cascades observed in numerical simulations with a
separating wave number fixed at the forcing wave numberkf are not relevant to describe real flows with boundary forcing.

RESULTS

Turbulence is generated by a set of vertical flaps which continuously inject velocity fluctuations towards the center of
a rotating water tank (Fig. 1(a)) [10, 11, 12]. The flaps are vertically invariant, but instabilities in their vicinity induce
3D turbulent fluctuations, so the forcing injects energy both in the 2D and 3D modes. We compute the energy transfers
in the plane normal to the rotation axis as the divergenceΠ⊥ = 1

4
∇⊥ · 〈(δu′)2δu′

⊥〉 of the two-point third-order
velocity structure functions extracted from stereoscopicparticle image velocimetry measurements in the rotating frame
(the index⊥ denotes the projection on the plane normal to the rotation).We provide an experimental evidence of a double
energy cascade, direct at small scales and inverse at large scales (Fig. 1(b)). Since turbulence is statistically steady, the
inverse cascade does not manifest through a temporal growthof kinetic energy, but it is characterized by a change of sign
of the scale-by-scale energy flux. As the rotation rate is increased, the inverse cascade becomes more pronounced and
spreads down to the smallest scales. As compared to previousexperimental observations of an inverse cascade in rotating
turbulence, here we provide for the first time a direct scale-by-scale measurement of the energy transfers in the horizontal
plane. This allows us to distinguish between the horizontaltransfers of vertical and horizontal kinetic energy. At the



Figure 1. (a) Schematic of the experiment: an arena of 10 pairs of vertical flaps isplaced in a parallelepipedic water tank rotating at
angular velocityΩ. The rotation vectorΩ is vertical and the system is viewed from above. The rectangle at the center of the arena
indicates the horizontal region where 2D-3C velocity fields are measuredby stereoscopic particle image velocimetry. The drawing
shows idealized vortex dipoles emitted by the generators, before they interact in the center of the arena. (b) Azimuthal average of
the horizontal energy flux,〈Π⊥〉ϕ, as a function of horizontal separationr⊥ and for various rotation ratesΩ. A negative value (resp.
positive) corresponds to a direct (resp. inverse) energy transfer.

largest rotation rate, this double cascade of the total energy can be described as the superposition of an inverse cascade of
horizontal energy and a direct cascade of vertical energy. This is consistent with the 2D3C dynamics expected in the limit
of small (but finite) Rossby numbers, with the vertical velocity behaving as a passive scalar transported by the horizontal
flow.
Contrary to numerical simulations, in which energy is usually supplied by a homogeneous body force acting on a pre-
scribed narrow range of wave numbers, in most experiments and in many natural flows, energy is supplied at the bound-
aries. For a control domain away from those boundaries, energy is advected from the boundaries into the domain. This
spatial flux of energy, which is strongly related to the inhomogeneities of the turbulent statistics, results in an effective
broad-band energy injection term. In order to interpret theenergy transfers in such an experiment, it is therefore necessary
to separate the contributions from the spatial transport and from the scale-by-scale transfers. We have performed thisanal-
ysis using the inhomogeneous generalization of the Kármán-Howarth-Monin equation, and we have measured directly the
energy transport term for scales at which the velocity-pressure correlations can be neglected (quasi-homogeneous ap-
proximation). Because of this effective broad-band forcing, the inversion scale, which separates the direct and inverse
cascades, is not directly prescribed by the geometry of the forcing device and decreases with the imposed rotation rate.
Modelling this inversion scale as a function of the Rossby number and forcing geometry remains an open issue of first
interest for flows of oceanic and atmospheric relevance, such as convectively-driven rotating flows.
This talk is based on the work presented in detail in reference [13].
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