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ABSTRACT

Turbulence, a phenomenon observed by physicists in nat-
ural and laboratory flows, is thought to be described by Navier-
Stokes equations (NSE). Yet, it is not yet known whether
the Cauchy problem is well posed for these equations, and
whether solutions of finite energy are regular or unique. In the
physics community, the “singularity hypothesis” is generally
discarded, following the reasonable principle that “singulari-
ties are a mathematical curiosity, in nature they do not exist”.

In this lecture, we discuss how recent progresses in math-
ematics, numerical simulations and laboratory experiments
changed such simple vision leading to a new picture where
quasi-singularities living beyond Kolmogorov scale play a
central role. We describe specific application to the case of
flow near boundaries, and show how to interpret energy bal-
ance, dissipation scaling and statistics, as well as velocity pro-
files using a model based on elementary singularities as build-
ing blocks.

1 Empirical laws of geophysical flows near
boundaries
An instantaneous snapshot of a turbulent flow, such as the
ocean near the coast of Florida (figure 1-(A)) displays many
complicated features, such as eastwards jets, or small scale co-
herent structures (figure 2-(A)), each of them bearing striking
empirical properties.

1.1 Jets

Jets are an important component of the Earth system, be-
cause of they carry heat, and nutrition that are essential for
marine life or human activities (plankton, fishery,..). Two fa-
mous example are the Gulf Stream, near the coast of Florida,
or the Kuroshio, near the coasts of Japan (figure 1-(A)). They
originate from western boundary currents that penetrate deep
into the Ocean (figure 1-(B)), thinning into jets that shed per-
petually small scale vortices (figure 2-(A)).

1.2 Coherent structures

Small scale structure carry in fact most of the energy in
the ocean, as can be seen in figure 3-(A), that shows the energy
of the mean and random components for various viscosities. In
the same way, the energy dissipation is due mainly to the ran-
dom component, as soon as the viscosity is small enough, see
figure 3-(B). The difference between mean and random com-
ponents reveals the spatial heterogeneity of the dissipation, as
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Figure 1. Instantaneous oceanic turbulent flows near coasts.
(A) near the Japan coast: the Kuroshio current and its wander-
ing. (B) near the Florida coasts, obtained though the Coperni-
cus Global Ocean Reanalysis dataset. Credits: Lellouche er al.
(2018); Miller (2025);(C) Historical record of the Kuroshio
wandering.
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Figure 2. (A) Small scale coherent structures near the Florida
coasts, as revealed by the fluctuations of the vorticity field.
Credits: Lellouche et al. (2018); Miller (2025). (B) Vorton
model of turbulence.

can be seen by looking at a map of the dissipation in the ocean
obtained in a global ocean model by Pearson & Fox-Kemper
(2018), see figure 4-(A). One sees that the dissipation is more
intense near some, but not all coasts, and is distributed into
large scale elongated structures. With good eyes, you should
be able to see that dissipation is more intense inside small scale
vortices, see Pearson & Fox-Kemper (2018). Such heterogene-
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Figure 3. Energy and dissipation observed in simulations of
ocean turbulence near a coast. (A) Energy contained in the
mean flow (black diamonds) and random fluctuations (red tri-
angles) and (B) Fraction of energy dissipation due to mean
flow (black diamonds) and random fluctuations (red triangles)
as a function of viscosity.(C) Dissipation anomaly and (D) fric-
tion. After Miller (2025).
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Figure 4. Statistical properties of dissipation (A) Map of the
dissipation in a global Ocean model. Credits: Pearson & Fox-
Kemper (2018). (B) Probability distribution function of dissi-
pation in the global ocean model.The three different color cor-
respond to different region of dissipation: red: global; blue:
30° x 30° (black square in Fig. 2-(A)); green 10° x 10° (red
square in Fig. 2-(A)). After Pearson & Fox-Kemper (2018).
(C) Probability distribution of the dissipation in the vorton
model. The black dotted line is a Gaussian of unit variance.
The insert shows the instantaneous value of the dissipation, ev-
idencing large fluctuations. Credits: Ruffenach ez al. (2025);
Fery (2025)

ity produces a log-normal distribution for the dissipation, see
figure 4-(B). This distribution is universal for the centered re-
duced variable in region where the dissipation is the highest,
as it does not depends on where the statistics is taken.

2 Mysteries associated with the ocean turbu-
lence
2.1 Where do the vortices come from?

A first mystery lies in the origin of small scale vortices.
Indeed, ocean, like any geophysical flows, are characterized by
very large Reynolds number. In this limit, the flow equations
tend to Euler equations, which bears many conservation laws.
Among them, Kelvin theorem states that vorticity should be
conserved. In that situation, how can we create vortices effi-
ciently?

2.2 What kind of limit for dissipation?

A close inspection of the dissipation in the fluctuating
component of the ocean, figure 3-(B), shows that the dissi-
pation seems to saturate, or at least grow very mildly when
v — 0. In the same time, the energy of the fluctuating compo-
nent seems to grow without limit, indicating diverging veloci-
ties, and, so, a singularity. A first problem is to understand the
origin of such singularity. A second problem is to quantify its
influence on the dissipation, which is dominated by the dissi-
pation from fluctuation € . On dimensional ground, we can
link the dissipation € and the energy E through € = E3/? /L,
where L is a characteristic scale. This means that increas-
ing energy automatically increases energy dissipation, at fixed
L. So,by considering normalized dissipations, we can remove
the influence of energy on the dissipation, and investigate finer
mechanisms.

2.2.1 Dissipation(s) Let us start by considering
the influence of the energy of the fluctuation Er, and build the

reduced dissipation C¢ = €/E 3/ 2, where € is the total energy
dissipation. This is shown in Figure 3-(C). One observes two
regime: at large viscosity € /E3/ 2 o y. This corresponds to a
laminar regime, where all dissipation is produced by viscosity.
At small viscosity, we observe a second power-law &/E>/2 oc
v1/4. This is puzzling, as it indicates the presence of a new
mechanism to dissipate energy. Which one is a mystery to be
solved.

2.2.2 Friction law  We can now consider the in-
fluence of the energy of the mean flow E,, onto the dissipation

by computing the friction factor A = ep/ E,%,/ 2. This is shown
on figure 3-(D). One sees that it is approximately constant for
any viscosity, meaning that we can interpret A as the friction
(drag) exerted by small scale over the large scale. This mys-
terious property is very useful when considering appropriate
models of geophysical flows, or for flow near wall, as it en-
ables to parametrize the influence of the small scale.

2.3 Log-normal law and diverging dissipation

Figure 4-(B) shows that the dissipation distribution is log-
normal. Log-normal laws are pathological in the following
sense: imagine you want to define a typical dissipation g, =

p+1 . o e
<<££p>> , where the average is taken over the statistics of €. For

p =0, & =< € >, atypical value near the summit of the PDF.
As pincreases, €, traces values of € that are rarer, and located
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further and further in the tail of the PDF. For a log-normal law,
we have < €P >~< g >P exp(up(l —p)/2), where u > 0 is
connected to the variance of the distribution. So, the quantity
€, growth like exp(pp), that diverges in the p — oo limit. This
is another indication of singularities plaguing our problem.

2.4 Breaking of unicity

Being instantaneous structures, the jet are not stationary
and their amplitude and location may significantly vary. Fig-
ure 1-(B) and (C) shows an illustration of the possible wan-
dering of the Kuroshio, as well as the statistics of its south-
ern most part. Such statistics are suggestive of a bistable sys-
tem, meaning that there is not unicity of solution for turbu-
lence. Given that turbulence obeys partial differential equa-
tions (Navier-Stokes equations), this means that some singu-
larities are present to prevent unicity of solutions to apply.

3 Singularities in flows near boundary

We saw previously many empirical laws suggestive of a
singular behaviour in flows near boundaries. There are actu-
ally a number of mathematical results that explain such be-
haviour.

3.1 Prandtl equations

As recognized by Prandtl (1905), if the boundary condi-
tion is of no-slip type (vanishing of the tangential velocity at
the wall), it favors the development of a boundary layer thin-
ning with decreasing viscosity like vi/2, making capture of
this phenomenon at very large Reynolds number Re out-of-
reach of present numerical simulations. These difficulties mo-
tivated another type of approach, through asymptotic expan-
sions of the equation of motions, using the size of the bound-
ary layer as a small parameter. This approach was initiated by
Prandtl himself, resulting in the Prandtl equations that couple
an inviscid bulk described by Euler equation, with a bound-
ary flow piloted by the tangential velocity. In the simplest 2D
setting, they read (Collot et al., 2021):

Oruy + (- V)uy = VAuy,
Oxty + dyuy = 0,
u(x,t =0) = up(x). (1)

Integration of equations (1) requires boundary conditions. The
simplest set of boundary conditions is periodic boundary con-
ditions in the x direction. In the vertical direction, we impose
no-slip boundary condition u, =0 at y = 0,00 and p =0 at
y = oo. When v # 0 solution of such equation develop bound-
ary layer near the wall. However, in the inviscid limit, Prandtl
equations (1) with the trivial Euler flow condition at y = oo ex-
perience finite type blow-ups of two types depending on initial
conditions (Collot et al., 2021): either a shock at the interface,
or a boundary layer detachment. The inviscid blow-up is not
generic, in the sense that there are many ways to achieve the
blow-up, depending on initial conditions. However, there is a
generic, stable one, corresponding to a self-similar blow-up,
described by:

— (4. _\1/2 X y
wlny) = =00 (o L) @

where O is a function and ¢, is the blow-up time. This self-
similar solution admits stationary (time independent) solutions

that are power-laws in x and y, with exponents &, = 1/3 and
hy = —2. This results in diverging velocity gradients in the x
direction, and diverging velocity in the y directions, thereby
explaining some puzzling observations in Figure 3. As later
shown by Collot et al. (2022), this self-similar blow-up also
generically occurs for viscous Prandtl equation with no-slip
boundary conditions, provided the viscosity is only in the ver-
tical direction. This mean that the corresponding blow-up so-
lutions is very robust. The corresponding blow-up does not oc-
cur at the boundary, nor at a finite distance from the axis, since
the singularity is ejected at infinity. This makes interaction
with the Euler outflow very likely and results in the breaking
of the Prandtl approximation, i.e. Navier-Stokes solutions de-
taching from Prandtl solutions as the singularity is approached.

3.2 2D Navier-Stokes with no-slip boundary
condition

This difference motivates direct simulation of the 2D
Navier-Stokes with no-slip boundary conditions. These sim-
ulations are delicate, as very large resolutions are required to
capture the boundary layer. It can however be done in some
simple settings with symmetries, leading to interesting obser-
vations. For example, Obabko & Cassel (2002) study bound-
ary layer dynamics via direct numerical solutions of the un-
steady Navier-Stokes equations are considered for the flow
induced by a thick-core vortex convecting along a surface in
a two-dimensional incompressible flow with no-slip bound-
ary condition. The vortex mediates eruption of the boundary
layer, resulting later in interaction between the viscous bound-
ary layer and the outer inviscid flow. This interaction was then
shown to occur at two length scale (small or large), depending
on the Reynolds number: only large scale at small Reynolds
number Re < 103 (but with no spike formation), both large and
small at moderate Reynolds number, and only small scale at
large Reynolds number Re > 10°. A few years later, Gargano
et al. (2014) analyses possible complex singularities arising in
this geometry, and were able to identify 3 groups of complex
singularities, corresponding respectively to the Prandtl singu-
larity, and to small or large scale interactions. In the inviscid
limit, the 3 complex singularity group have a tendency to fu-
sion, indicating a possible convergency of the inviscid Navier-
Stokes solution towards Prandtl solution. Therefore, it seems
likely that singularities are present in the inviscid limit, and
that they play a role in the boundary layer turbulence.

3.3 Two consequences of the singularities

Singularity produce many pathologies: loss of unicity,
divergencies... More interestingly, they produce spontaneous
symmetry breaking, and breaking of the associated conserva-
tions laws. Two example are time translation and relabelling
symmetry.

3.3.1 Dissipation by singularity The conser-
vation law associated with time translation is energy conser-
vation. Its breaking by singularity can be illustrated using the
local energy budget derived by Duchon & Robert (2000) for
solutions of the Navier-Stokes equation:

2

2
a,“? +V. {u% +llp} = -2 —v(Vu). 3)
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where & is defined using velocity increments du(f) = u(x+
£) —u(x) as

2 = lim 9",
1—0
7 = %/di [vo'] (&) 3zu(6:u) )

This term does not depend explicitly on viscosity. For suf-
ficiently regular velocity fields Su(¢) ~ [”, it vanishes like
£3"=1 whenever h > 1/3. On the contrary, for 4 < 1/3 it can
produce a finite energy dissipation, even in absence of viscos-
ity. This condition is satisfied by the Prandtl singularity, so that
we have a possible explanation for what we observe in Figure
3-(A) and (B).

3.3.2 Vortex production by singularity The
conservation law associated with relabelling symmetry is the
velocity circulation I" around any closed contour ¢ advected
by the flow. The corresponding circulation balance in the case
of irregular flow has been done by Eyink (2006):

8;F:fﬁ+vj{ Au-ds. 5)
¢

where € is the turbulent vorticity production defined as:

0 = lim 0",
=0
. .  (Bpu)s
o' = as | [vo'](6) |sue - 1](6)

This term is independent of viscosity. It scales like £2*~! so
it can lead to vorticity production/destruction by irregular field
as soon as & < 1/2. Prandtl singularity enters this category.
By nature singularities (or quasi-singularities if they are reg-
ularized by viscosity) act at very small scale. This vorticity
production by singularities therefore provides an explanation
of the small vortices proliferation observed in Figure 2-(A).
They are generated at the boundary, and then swept away by
the boundary layer vertical instability.

3.3.3 Bifurcations through singularities
Being able to break symmetries, singularities are also natu-
ral catalyzers of bifurcations. This phenomenon is difficult
to explore numerically as it requires very large resolution. It
can however be captured by simplified model of turbulence, in
which the scales are decimated in a logarithmic manner. Such
models are called: fluids on log-lattice, and have been invented
by Campolina & Mailybaev (2018); Campolina (2022). They
consist in projection of the equations onto an exponentially
spaced Fourier grid, a procedure that allows to retain all sym-
metries and conservation laws of the original equations, at the
expenses of neglecting non-local interactions. The adaptation
of this to flow with boundary has been done in Campolina &
Mailybaev (2025); Lopez (2026); Lopez & Dubrulle (2026).
It allows to treat the case of flows with Navier-slip boundary
conditions, and explore their dynamics for a wide range of pa-
rameters. Figure 5-(B) shows the time-evolution of the drag
force for an incompressible fluid with velocity u(x,y,t) on a
half-plane domain y > 0 with a flat boundary at y = 0 at very
low Reynolds number, for different slip conditions, starting

from the same initial condition. The fluid obeys 2D Navier-
Stokes equations

du+(u-V)u=—-Vp+vAu,
Vou=0, %

subject to the Navier-slip boundary conditions:
Vayux = Oy, ()

where & € [0,+o0]. This boundary condition allows to inter-
polate between stress free boundary conditions (& = 0) and no
slip boundary conditions (& = +o0). Due to the boundary con-
dition, the energy dissipation is produced by two terms (Lopez
& Dubrulle, 2026):

the bulk dissipation £ = v < (Vu)? >
the boundary layer dissipation &g = & [ dx|uy|>.

In the no-slip limit, the log-lattices simulations reproduce
many of the features of the full simulations of Ocean near
Florida coast by Miller (2025). The total kinetic energy E is
increasing with Reynolds number Re (figure 5-(A)). The non-
dimensional bulk energy € /E3/ 2 is mildly decreasing with Re
(figure 5-(C). However, due to the weak numerical costs of log-
lattice simulations, we can explore a range of parameters that
are not accessible to direct numerical simulations, and thus,
evidence new features in the inviscid limit v — O or the no-
slip limit & — oo.

For example, as seen in Figure 5-(B), the drag force dis-
plays two regimes in the inviscid no-slip limit: a low fluctuat-
ing regime, where the drag is independent of the slip condition
&. A high fluctuating regime, which appears more stochastic.
This change of regime (a bifurcation) was shown to be associ-
ated to a singularity occurring in the inviscid limit (Lopez &
Dubrulle, 2026). Associated to this singularity is a switch be-
tween a deterministic regime, where the dynamics is entirely
piloted by the initial conditions, and a stochastic regime, which
is associated with the phenomenon of spontaneous stochastic-
ity, found in many non-linear systems (Mailybaev & Raibekas,
2023), shell models (Mailybaev, 2016; Bandak et al., 2024),
Kraichnan model (Falkovich et al., 2001), Burgers equations
(Eyink & Drivas, 2015) and 2D singular shear flows (Thal-
abard ef al., 2020).

Physically, this bifurcation corresponds to a transition be-
tween a laminar boundary layer regime, to a turbulent bound-
ary layer regime. When forcing at fixed value of viscosity, the
bifurcation is only one way, with no possibility to switch al-
ternatively between the two regimes, like in Figure 1-(C). In
most natural flows however, the forcing rather corresponds to
fixed values of the (heat, momentum, energy,..) flux. This
means forcing along horizontal lines in figure 5-(D), rather
than along vertical lines. For certain values of the imposed
flux, this means that there is a range of viscosity where the sys-
tem is in the “forbidden zone”, a zone of the parameter space
which is inaccessible when forcing at imposed viscosity. In
that forbidden zone, the system can become bistable, alternat-
ing between the laminar and turbulent regime. A dynamics
like this has already been observed e.g. in the von Karman
flow, when forcing at constant torque in the forbidden zone
(Saint-Michel et al., 2013).

A similar mechanism could therefore explain what is ob-
served in Figure 1-(C).
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Figure 5. Numerical simulation of 2D Navier-Stokes equa-
tions over a flat boundary using log-lattices. After Lopez
(2026). (A) Total energy, as a function of the Reynolds num-
ber. (B) Instantaneous boundary layer drag €4 as a function
of time, for various slip parameters & (coded in color) in the
inviscid limit. (C) Non dimensionalized bulk dissipation C¢ =
e/E 3/2 (D) Mean non-dimensionalized drag A = /8y /E in
the no-slip limit, showing the two regimes before (red squares,
laminar) and after blow-up (black star, turbulent). The forbid-
den zone corresponds to the space in between the red dashed
line and the black continuous line. A forcing at constant drag
(horizontal dotted line) allows bi-stability between the laminar
and the turbulent regime for any 108 < Re < 101.

4 The vorton model
4.1 \Vorton definition

So far, we have found a plausible mechanism of creation
of small scale vortices near a boundary layer. The next step
is trying to model their influence on the dynamics. Because
these vortices are at very small scale, see figure 2-(A), it is
natural to assimilate them as point-like singularities, named
vorton (Novikov, 1983), located at position x4 and with cir-
culation (vorticity times a volume) ¥,,. Physically, these vor-
tons correspond to debris from coherent vortices generated in
the viscous sublayer, that penetrate in the overlap region and
provide a continuous forcing allowing to reach a statistically
steady state. By summing their contribution, they generate a
vorticity field of the form

o(x1) =) vp(1)8(x—xp(r)). ©)
B

The velocity field they produce is recovered using Biot-Savart
law,

x—xﬁ
L3 X (10)
e[l — xg

and is by construction divergence-free.

4.2 Vorton equations
Vorton dynamics is obtained through a two way coupling
between large-scale shear and the vortons (Nazarenko, 2000;
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Figure 6. Energy and dissipation observed in numerical sim-
ulation of vortons interacting with a mean shear. (A) Energy
contained in the mean flow (black diamonds) and random fluc-
tuations (red triangles) and (B) Fraction of energy dissipation
due to mean flow (black diamonds) and random fluctuations
(red triangles) as a function of viscosity. After Fery (2025).
©

Nazarenko et al., 2000; Ruffenach et al., 2025). On the one
hand, the action of large scales onto small scales is described
by rapid distorsion theory (RDT), where small scales are ad-
vected and sheared by the mean shear. On the other hand, the
small scales act on the large scales via the Reynolds stress.
Under these assumptions, the resulting vorton equations write:

Dx,

Tt‘" = u(xq,t) +U(xq,1),

D

21s )+ 90 )
GU+U-U=-VP+VAU -V <u@u>, D

where U (xq,t) is the large scale velocity field, < u @ u > is
the Reynolds stress, and it is understood that the velocity field
u(xq,t) and its gradient Vu(xq, 1) are evaluated with EQ. (10)
but without the @ = B term in the sum since vortons cannot
self-advect.

Overall, the vorton dynamics is described by a set of
ODE, that can be integrated to obtain the coupled dynamics
between the vortons and the large scale shear. This dynamics
is illustrated in Figure 2-(B).

4.3 Energy and dissipation

As an example, we provide in Figure 6 a few results ob-
tained by integration of the equations for 27 to 125 vortons
(Ruffenach et al., 2025; Fery, 2025) taking a simple shear
flow: U(x,t) = (a(r)sin (ksz),0,0) as the large-scale. In that
case, the coupling with the vortons only influences the ampli-
tude a, and the whole system become a system of ODEs. The
model displays an interesting transition between two regimes:
(i) a laminar regime, in which all the dissipation is accounted
for by the large-scale flow, and the vorton dynamics is essen-
tially diffusive; (ii) a turbulent regime, in which most of the
dissipation is produced by the vortons. These two regimes cor-
respond to different scalings of the dissipation and as a func-
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tion of Reynolds, with power laws that resembles the laws ob-
served in classical turbulence. This results can be confronted
to the results obtained full integration of the 2D Navier-Stokes
equations with no-slip boundary conditions, namely Fig. 3-
(A) and (B) for the energy and the fraction of energy dissipa-
tion, and 3-(C) and (D) for the normalized friction and dissi-
pation. We see striking similarities. They also compare well
with the results of the log-lattice model, as they capture the
same laminar-turbulent transition. The log-normal dissipation
statistics are also captured by this model, as shown in Fig. 4-
(©).

4.4 Flow profile

The vorton model also allows computation of the flow
profile in some simple but classical cases, in geometries where
the mean flow is in the x direction, but only depends on z,
U(x,t) = (U(z),0,0) (Nazarenko et al., 2000). In that case,
the large scale equations simply reads:

U+ 0, <uw >= —dP+Vvd,d.U, (12)

with stationary solution only depending on the Reynolds stress
component < uw >. The later can be analytically computed
from the vorton RDT dynamics, resulting in < uw >= 1 /9,U.
Plugging this results into Eq. (12) results in stationary solu-
tions behaving like U(z) ~ log(z), which is the classical log-
low of the wall.

More generally, when surface term and external forcing
are included, the stationary equations in the x direction read:

0 {Uw) + 0, (uw) = — P+ v, ;U + Gy +.7(2),
(aw) = v, d,U (13)

where V; is a turbulent viscosity, given by:

Ty A0 + 770<U>

7 RN CX (7

(14)

where V., Ti, A9 and 7g are constants which are different in
the near-wall and core regions. Using these, it is possible for
example to fit perfectly the velocity profile in pipe flows, chan-
nel flow or boundary layer (Dubrulle ez al., 2001), see Fig. 7.

5 Summary

We have shown in this review that singularities or at least
quasi-singularities are likely to be present in flow over bound-
aries. Taking them into account allows to interpret many of
their mysterious features such as dissipation anomaly or small
scale vorticity creation via symmetry breaking mechanisms in-
fered from the Navier-Stokes equations. Moreover, they can be
used to build new toy model of shear flows, exploiting the spa-
tial intermittency and the scale separation between the large-
scale flow and the small-scale structures. The model is very
sparse, as only the most intense structures are considered, that
are modeled via vortons, representing dynamically regularized
quasi-singularities subject to rapid distorsion by the large-scale
shear, and which retroact on this large-scale flow via the sub-
grid stress. The model reproduces the transition between a
laminar regime, in which all the dissipation is accounted for
by the large-scale flow, and the vortons dynamics is essentially
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Figure 7. Velocity profile (A) and (B) in a channel flow at
Re = 587.19: Data of Moser et al. (1999) (symbol), analytical
model (line). (A) Near the boundary layer. (B) In the bulk.
(C) In the Princeton super pipe at 26 value of R, between
3.15E + 04 and 3.52F + 07 Data of Zagarola & Smits (1998)
(symbols), analytical model (line).(R, = 14.5, K = 0.45 et
n =0) ;(D) In a boundary layer at Re = 20 920: Data of Nock-
emann et al. (1994) (symbol), analytical model (line). Credits
Dubrulle et al. (2001).

diffusive and a turbulent regime, in which most of the dissipa-
tion is produced by the vortons. These two regimes correspond
to different scalings of the dissipation and also explain the log-
normality of the energy dissipation statistics.

In simple cases, the model can also be integrated analyt-
ically, provided the quasi-singuarities are regularized into lo-
calized Gaussian wave-packets of vorticity. In that case, the
x —z component of the subgrid stress tensor scales inversely
with the local large-scale shear, leading to the log-law of the
wall after integration (Nazarenko, 2000; Nazarenko et al.,
2000; Dubrulle et al., 2001). Other interesting generalizations
involve more general geophysical flows, and especially local-
ized extreme events such as convective storms. Indeed, indi-
vidual convective cells are relatively sparse, and move within
the “’synoptic” (large-scale) wind and temperature fields, while
interacting with nearest neighbors. If conditions are favorable,
they can further organize into clusters known as mesoscale
convective systems (Houze, 2018), which can produce signifi-
cant hazard. An example of such severe storms are “derechos”
which are long-lived MCS producing widespread severe sur-
face wind gusts (Fery & Faranda, 2024). To deal with convec-
tive systems, one needs to add the coupling between tempera-
ture and velocity, as well as moisture effect. Work is currently
in progress to generalize our model to describe such type of
coherent structures.
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