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Main objectives N
HYDROLOGY METEOROLOGY and COMPLEXITY
Ecole des Ponts
ParisTech
» Geosciences: an inspiring source for the development of concepts
and tools

* a recurent theme: intermittency
* recently: stronger requests for quantitatives applications

— micro-turbulence (wind energy)
— precipitation remote sensing
— climate

— resilience to extreme events

» this requires clarifications and new developments on formalisms,
analysis and simulation tools o



The past 100 years and the future
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Nobel 2021 : complexity and heterogeneity

* Nobel Prize in Physics 2021 awarded to Syukuro

Manabe, Klaus Hasselmann and Giorgio Parisi

"for groundbreaking contributions to our
understanding of complex physical systems”

Congratulations to Fedor Mesinger!

Emphasis of the “scientific
background” of the prize
on intermittency (%)

(*) Schertzer and NIcoIis, Eos 2022)



Why scaling and multifractality ?
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* |ndeed, in order to handle the mathematical
phenomena of nature, it is always necessary to
admit simplifications and to neglect certain

infl

of a
(Mil

ences and irregularities. | had to do it in front
N object as complicated as our atmosphere

ankovic, 1920)

* This variable distribution of solar radiation on the
surface of the Earth is the primary cause of all
meteorological phenomena, whose irregularity
singularly contrasts with the regularity of their
primary cause. Meteorological phenomena
appear as capricious as the radiation - with
which the Sun floods the Earth - follows a regular

diur
* | be

nal and annual course (Milankovic, 1920)

leve that the ultimate climate models...will

be stochastic, i.e. random numbers will appear
somewhere in the time derivatives (Lorenz
1975).



CTO FOAMHA .ﬁ M 100 YEARS of
MUAAHKOBHREBE TEOPHJE MILANKOVIC'S THEORY of

Why scaling and multifractality ? oM 1920202120

Fondamental problem: nonlinearity * Indeed, in order to handle the mathematical
phenomena of nature, it is always necessary to
admit simplifications and to neglect certain
influences and irreqularities. | had to do it in
front of an object as complicated as our
atmosphere (Millankovic, 1920)

— = reeretie—() + P

* | believe that the ultimate climate models..will
be stochastic, 1.e. random numbers will

—- (vector-valued) space-time field (afgreeirzaogrg%\)/\./here in the time derivatives

i  (bare) propagator/Green function= inverse of a differential operator

O (bare) forcing , including Milankovic’s astronomical cycles

4 (bare) vertex/interaction kernel



CTO FOAMHA .ﬁ M 100 YEARS of
MUAAHKOBHREBE TEOPHJE MILANKOVIC'S THEORY of

Why scaling and multifractality ? oM 1920202120

Fondamental problem: nonlinearity

— = rereretem—(T) + PR

i

Endless proliferation of higher __gm = rren—Q + 2_<I + 2mee—
and higher order diagrams \O

Nevertheless, one can hope to “renormalise” all these quantities to obtain finite expansions:

differential operators/propagators —> fractional differential operators/propagators i

e.g. non-linear fractional Langevin equations/cascade models

o  DIA
vertex —> intermittent vertex % -+
n-- = > + I

Dl Pl Pl

What do the data tell us?



CTO FOAMHA ﬁ M 100 YEARS of
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Scaling & multifractality of GRIP data oo 1920202120
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Time (kyr BP) Figure 2. The power spectrum of the 6'°0 data, shown in a
Figure 1. High resolution (200 yr average) 6'°0 record log-log plot. The global straight line f~'* is an indication of
coming from the recent GRIP Greenland ice core. Sharp fluc- scaling. There is no evidence oii periodic variations of fre-
tuations occuring on small time scales are clearly visible. quencies of (20 kyr)™ or (40 kyr)™.
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(Schmitt et al., GRL, 1995)
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Figure 3. The structure functions <(A9,)q > vs. T 1n a log-
log plot for g=1, 1.5, 2, 2.5, and 3. Linear trends are clearly
visible for all order of moments, for a range of scales going

The straight lines indicate the

best linear regression over this range of scales for each value
of g. This gives in particular: H ={(1)=0.24+0.02, and
£(2)=0.4010.03.

< (A6

A

q

Figure 4. The scaling exponent structure function {(q) em-
pirical curve (dots), compared to the monofractal curve
{(q)=qH (dashed and dotted line), and to the universal multi-
fractal function obtained with a@=1.6 and C, =0.05 in equa-
tion (2) (dotted curve). The empirical curve is nonlinear, indi-
cating multifractality. For moments of order q>1, the depar-
ture from monofractal behaviour is strong. The universal mul-
tifractal fit is excellent until moment order ¢_,, =2.5+0.3,
corresponding to a multifractal phase transition occuring be-
cause of sample limitations.

>~ 17D < (AQ(T) >

(Schmitt et al., GRL, 1995)
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Scaling & multifractality of GRIP data o 1920202120

nonlinear scaling

0 . .
_ linear scaling, intermittency,
T fractional integration multifractality
5 \ Ve
s 1.6 qa T q
z ., ~ ((q) = Hq — C,
© qg—1
o _
2 f=2H+1+KQ2)~2H+ 1
-3.1’0 r— T -O|’51_ v O;FOT T""'*"'""'—ro’sT

H (fractional) order of integration
C, codimension of the mean intermittency
Figure 5. Empirical curve of log[¢Z'(0)={(g)] vs. log(a) a multifractality index, concavity of £(g)

giving directly the universal multifractal indices a@and C;: &
is the slope of the straight line and C, is estimated by the in-
tercept. We obtain @ =1.6 and C, =0.05.

log1oq

H=~02 C, =005 a~x1.6

(Schmitt et al., GRL, 1995)
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CTO FOAMHA ﬁ M 100 YEARS of
MUAAHKOBMREBE TEOPUJE MILANKOVIC’S THEORY of

Vostok data oo 1920202120
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(Petit et al., Nature, 1999)
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Figure 4 Spectral properties of the Vostok time series. Frequency distribution (in
cycles yr') of the normalized variance power spectrum (arbitrary units). Spectral
analysis was done using the Blackman-Tukey method (calculations were
performed with the Analyseries software*’): a, isotopic temperature; b, dust; c,

sodium; d, §'°O4m:; €, CO,: and f, CH,. Vertical lines correspond to periodicities of
100, 41, 23 and 19 kyr.

“integrated spectra”: ®E(w) vs. Log(w)

well identified but broad peaks/spikes

Vostok CH4
w E(w)

2.0x10°
1.5x 106 A
1.0x 108 V
500000 +

\ L | VN T | Log2 (w)

1 2 3

(Petit et al., Nature, 1999)
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Vostok data: glaciological timescale oot 1920202120
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(S&T, 2020)
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Vostok data: spectral scaling oo 1920202120
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Vostok data: multi-scaling o 1920202120

Vostok CH4: Log,(Sx(q))vs. Logo(A), linear fit (dashed)
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Structure functions = generalisation T
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of Fourier spectra (g#2):
(S&T, 2020)



Multiscale variability
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Scaling regimes in atmospheric spectrum, Lovejoy and Schertzer (2013) J



A century of cascades !
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“Weather Forecast as a Mathematical and Physical Problem”
“Numerical Weather Forecast: A Problem, Where Are We And
What Can We Expect? Eta Model Lessons”

(Mesinger, May 24, 2001)



A century of cascades !

HY0ROLOGY METEORLOGYand CONPLENTY
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the sketch can be completed. We realize thus that: big whirls have little whirls
that feed on their velocity, and little whirls have lesser whirls and so on to viscosity—
in the molecular sense,

Cascade paradigm not limited to atmospheric
turbulence, but rather generic of the geosphere and
complex systems that "comprise a great number of
heterogenous entities"

(French roadmap of complex systems, Bourgine et al., LU} D U3 U3 >3

2009) N W W a YW a W a W Wa
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Schertzer & Lovejoy, 1989b

AYOROLOGY HETEORDLOGY and CONPLENTY

From scaling analysis to cascade |—|vf‘
' ' processes

* Scaling analysis
— Passive scalar dispersion: Richardson (1926)
— Structure function: Kolmogorov (1941)
— Energy spectrum: Obukhov (1941)
— Higher order structure functions: Kolmogorov (1962), Obukhov (1962)

— Renyi dimensions: Grassberger and Procaccia (1983), Hentschel,and
Procaccia (1983)

— Legendre transform to dimensions: Parisi and Frisch (1985)
— Fractal measures: Halsey et al. (1987)

» Cascade processes
— B-model: Novikov and Stewart (1964 ), Frisch et al. (1978)
— Log normal model: Yaglom (1966)
— Limit log-normal: Mandelbrot (1974)
—a-model: S+L (1984, 1985)
— Multiplicative chaos: Kahane (1985)

— Universal multifractals/Levy multiplicative chaos: S+L
(1987a&,b, 1997)), Fan (1987) _J

— Log-Poison model: Dubrulle (1994)



Varenna summer school (1983)

* “Turbulence and Predictability in Geophysical Fluid
Dynamics” organised by M. Ghil, R. Benzi et G. Parisi

— a primary version of the multifractal formalism of Parisi and
Frisch (1985) was presented there after many informal
discussions. This paper concludes by: “Still the multifractal
model appears to be somewhat more restrictive than
Mandelbrot’s weighted-curdling model which does include
the logornormal case”.

(P) — we had the opportunity to deliver a short formal presentation

S

2 (the conference proceedings (19895) refers to S+L (1984)):

« a small perturbation of the 3-model is no longer limited to a unique

1 dimension (a—model)
. * the divergence of higher order moments is rather generic in cascade

: 2 models
Fig.1 from S+L (1984) * the later can introduce spurious scaling, an analytical approximation

depending on a unique scaling exponent H and the critical order was
proposed: a

s(p) =pH+0(p —a)1l —pla)

* it was shown to fit the experimental points from Anselmet et al. (1983),
see fig. 1 with H=1/3,a=5,5.5,6

H
— g

20



More you average

wind spectra, more

you obtain Kolmogorov's
= 774 8 spectrum. ..

Lorenz

| http:dffwww, studenta. i . adn

Ed’s statement to cool

down a hot debate
(Varenna, 1983)

3
Iy »
- -
t' y ‘
(EP
~
2 ﬂ
.«

:; ' ‘-4 * . *’-3"" ‘ . / | 4 &
2008 AGU & 3
Lorenz lecture




Urban and rural populations
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Complicated ...but also complex
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_ Léonard de Vinci (1452-1519)

description of a
turbulent stream

flow (1513)
. . ‘ = e W
s beydly o ATHY Wmct::arq}: ::3 ' .:f:: m-[‘:"; ‘.;‘1 -
B e Raqut in el vt D P R0 PR structures and nonlinear
fn vt [Avngroateta Bre Allalien WAA (Rauatl pab Qo e A interactions at all scales,

’ ™ -~ B \‘h\l‘t”\ﬁ"“.‘“{ ‘.Mv@v' R Tt .
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Millenium problem of turbulence ! I_'\/r\
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Art piece ‘Windswept’ (Ch. Sowers, rainfalls over Paris region during 2016
2012): 612 freely rotating wind spring (250 m resolution):

direction indicators to help a large - heaviest rain cells are much smaller than
public to understand the complexity of moderate ones

environment near the Earth surface - complex dynamics of their aggregation
into a large front
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Two centuries ... since Navier (1822)

Ecole des Ponts

E= " Simeon Denis
Adhemar Jean Claude  pgisson

Louis Navier Augustin-Louis Barré de Saint-Venant S1|£3 A(?Seorge Stokes
(1822) Cauchy ( )

A millenium problem raised at Ecole
Nationale des Ponts et Chaussées,
recent episodes:

Otelbaev (2013) and Tao (2015)




HYDROLOGY METEOROLOGY and COMPLEXITY
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Lewis Fry Richardson’'s "dream” (1922) va‘
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64.000 « human Computers» synchronlsed by a « coordinator »

»Tab - 4 m A e ‘B’f

(Francois Schuiten, 2000) \



Modelling with brute force?

HYDROLOGY METEOROLOGY and COMPLEXITY
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» Multiscale complexity vs.
computing brute force

—(nonlinear) equations discretised
on N voxels (=cubes)

— # voxels (1mm3) to reach the
viscous scale (=1mm):;

» atmosphere = 10 km high x (10,000
km)2 horizontal

+=> N = 107(1010)2 =1027
* much larger than Na=1023 I

* Why to be deterministic... over only a
small range of scales? _\




Scale symmetry and equations

AYDROLOGY HETEORDLOGY and CONPLENTY
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Whereas elementary mathematical properties of Navier-Stokes
solutions are still unknown (existence, uniqueness):
ou 1
5; T grad(u) = f — —grad(p) + vAu
e e T &

one can point out a scale symmetry (*): T)\: T+ g/)\
t— /AN u e u/\7

A iHi/)\ZW—l;VHV/)\l—FW;IOHIO/AW
Kolmogorov’'s scaling (K41) - - _
obtained with: e(l) ® y NE= Y= 1/3

General case: multiple singularities y's:  Pr(y’' > y) = A"

(*) from to self-similarity (Sedov, 1961), symmetry (Parisi +Frisch, 1985), I
to generalised Galilean invariance (S+al, 2010)
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Scale symmetry and equations

Whereas elementary mathematical properties of Navier-Stokes
solutions are still unknown (existence, uniqueness):
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Kolmogorov’'s scaling (K41)
obtained with:

General case: multiple singularities y's:  Pr(y’' > y) = A"

(*) from to self-similarity (Sedov, 1961), symmetry (Parisi +Frisch, 1985),
to generalised Galilean invariance (S+al, 2010)
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Euclidean scales

vs. physical scales
(23/9-D atmospheric turbulence)

- stratification
- flattening of structures
at larger scales
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D-dimensional vorticity equation
D=2+Hz (0O<Hz<1)

Stratified atmosphere: 1 A),%), ‘Z’Q,s

Strong interactions between local generalized scales,
= strongly non local (Euclidean) scales !

- a difficulty for direct numerical simulations ?

- easy for stochastic simulations



ForWind \y

Wind Energy - on- and offshore - 2030 - > 300GW
chances: 50% and more of our electr. energy demand
reliability problem due to extrem events?

failure statistics EAVWVE Ispra
good part not pre-visible failures

Paris 2009



Wind Turbulence: Scales, Intermittency & Extreme events

u =U(x+r-U(x)
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Wind Turbulence: Scales, Intermittency & Extreme events
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Figure 1.2: Same distribution as in figure 1.1 but with a logarithmic vertical axis and for
increasing time-scales: 7 = 0.1, 0.4, 1.6, 6.4 seconds.



Surface layer complexity!

expl ratorium’

"-.'“-/imd resource assessment
audit and standardization
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Art piece ‘Windswept’ (Ch. Sowers, 2012): 612 freely A :::::\\;‘: - \ ; .} ;\ _I
rotating wind direction indicators to help a large SEEEBOETE
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ublic to understand the complexity of environment | : X
ﬁear the Earth surface Prexty Multifractal FIF simulation (S et al., 2013) of a 2D+1 cut of

wind and its vorticity (color). This stochastic model has only a
few parameters that are physically meaningful.

Both movies illustrate the challenge of the near surface wind that plays a key role in the
heterogeneity of the precipitations... and wind energy!



Fractionnaly Integrated Flux
model (FIF, vector version)

FIF assumes that both the renomalized 3D FIF wind simulation based
propagator (G g and force fpg are known: on a Clifford algebra

=1

G;il*u:fR

1 . .
G IS a fractionnal

13! differential operator
results from a
E continuous, vector,

multiplicative cascade
(Lie cascade)




To downscale climate scenarios?
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Consensus on the need to downscale simulations:
to manage water

below a kilometer to model cities ?

but a fondamental obstacle :
* relationships large/small scales
» stafionnary? (« stationnarity is dead ! »)
* Implicit hypothesis in:

- correlations (linear or not) large/small scales or neural networks:
training on « non perturbated » data sets;
- weather types: stationnary basis, only frequences change;

- GCM: stationnary parametrisationsof small scales...

Alternative:
* Analyze and take into account the evolution of fluxes through scalesiJ
 Example: rainrate for the water cycl.
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=> refined analysis :
- time volution of the Most Probable Singularity

Vs (Hubert et al, 1993; Douglas & Barros, 2003):
- a scale invariant statistic, more stable than
the maximal simulated precipitation P,

-Unable us to conclude: extremes | (Royer et
al., 2008),

- --seasonality can be taken into account

......

- (Royeretal., 2010)




Cascades and statistical physics
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qu(io nsformation of a measure ¢ with the help of a “density” ¢ into another measure I1 :

dll = edo

Generalisation with a non trivial limit € of densities ¢, of increasing resolution: A = L/ — o

Mellin
g, =e'4; Be?'i =7,(q) = e x )X@D «— P(g, > A7) 170

!

main “trick”: Legendre

log-divergence of the generator K(g) <= c(y)

I': generator = hamiltonian
g : statistical order =inverse of temperature

Z: 1st characteristic or moment generating function = partition function

K: 2nd characteristic or cumulant generating function = Gibbs free entropy
c: codimension or Kramer function = entropy I
y: singularity or Holder exponent = energy



Conclusions
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* This variable distribution of solar radiation on the surface of the Earth is the
primary cause of all meteorological phenomena, whose irregularity singularly
contrasts with the regularity of their primary cause. Meteorological

phenomena appear as capricious as the radiat
the Earth - follows a regular diurnal and annua

* What seems to be more recently established:

ion - with which the Sun floods

course (Milankovic, 1920)

* the climate response to forcing peaks is broad, not narrow

» scaling is present: fractional operators are therefore expected

* furthermore there is intermittency: linear fractional operators are not

sufficient

* not a property of a single component (temperature proxy), but of multiple
interacting components: scalar valued multifractals are insufficient—>

multifractal operators / cascade of operators

 (Cascades/multifractals based on Clifford algeb
fraining case...

* Available data need to be more investigated

ra are at least an excellent
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* UN 2030 Agenda and follow-ups: a vibrant call to engineeri
Intelligence

 not achievable without

—advanced observation technologies (e.g. small radars and lidars)
—innovations (e.qg., Blue Green/Nature Based solutions)
—disruptive methodologies (multiscale analysis, simulation and modelli

—synergic, integrative approaches overcoming the traditional silo thinki
 similar to PUB decade, but at much smaller scales

* requires common concepts (e.g. resilience) and tools (integrative platforms, e.q.
Hydro)

 Paris olympics (2024) and GPE as show cases of Urban Gec
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EGS 1992, Edinburgh UK

... and EGU/NP and AGU/NG!
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