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Emergent atmospherlc laws:

Why the weather and the climate

are not what you expect
-
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The emergence of ~  Yottices n Strongly furbulent fluid
atmospheric dynamics ;
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Laws of turbulence
Classical:

Richardson, Kolmogorov,

Corrsin, Obukhov, Bolgiano

\\
High level Y s Vs P N gt &
Av(Ar) = ¢|&|H a) |Ar|<=100m  b) isotropic

e.g. Kolmogorov ¢=¢'3 H=1/3 c) Q=constant, quasi Gaussian




Emergence of Atmospheric laws
(Modern)

Fluctuations = (turbulent flux) x (scale)"

/ / /]

’I[:()efde;igfee:’ Cascading Anisotropic Fluctuation

o Turbulent flux Space-time /conservation
wavele Scale function  exponent
coefficients

Fourier domain:

(Varl’anceobsmables j _ [ Variance,,, (wavenumber) ™" Space: E(k) = kP
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Atmospheric dynamics:
Trichotomy - not dichotomy!
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three types of variability

Three regimes:
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Additive, fractal “H model”

AT(At) “motif’=
18t iteration
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L Fluctuations increase

with scale

Weather and climate
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The weather regime:
The emergent laws hold up to
planetary scales
(Horizontal scaling)

E(k)=k™P



TRMM VIRS, 1000 orbits
LogioE(k) (January-March 1998)
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Log,E(k) ECMWEF interim reanalysis,
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Cascades and
Multifractals



Normalized absolute
gradient of the above

(Far from Gaussian)

1)

a0 Aircraft temperature transect
. - Temperature (°C) (12km altitude)
- _ H
- AT = QAx
2y “167 6
- 53F
IR 1| AR N A
500 ﬂn j 1500 2000
Turbulent flux ‘AT(AX:I)

i I AT r i b “ (A el I . R L S U TR TG HI'W 16
L e O NGO A AR S RR l—



20 ()

15
10
/ 5 Bt M b i TR P —— e 6o .0 AP sl . U oo, I KA A0 AUk B STV M N
500 1000 1500 2000
Temperature = 2E @ km
turbulent flux @ 8
at 280m resolution 4
500 1000 1500 2000
8 ()
6
4
2
500 1000 1500 2000
3 ()
High to low 7
. 2
Resolution: 1
degrading by g 500 1000 1500 2000
factors of 4 ' ¢
15
0.5
500 1000 1500 2000
15 E ¢ /I—,i
10 £
05 F
500 1000 1500 2000
12 £ @
M 08 F
04 E

500 1000 1500 2000



Scale by scale simplicity:
cascades

"CASCADE
LEVELS == g
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CASCADES
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Cascades and Multifractals

Simulations: adding small scale details
(low resolution to high)

€0

— e s el -

(“or model”)



Multiplicative
Cascades

Generic statistical behaviour:

scaling Scale invariant
Turbulent flux

: i
Eq ~ KK(CI)
N

Statistical
averaging

Resolution:
ratio A=L/!

L Probabilities:
Pr(e, >A") =AW

bare density

Cascade * level

bare density

avel

Cascade o
5
bare density

Cascade  level
6
bare density

Cascade o leve

bare density

Cascade ® level
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Dressed density
averaged over
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Dressed density
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Dressed density
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= multifractal
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With J. Stolle,
LOg.IONI M = <(pz> M. Bourqui, C. Lin
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Analysis of four months
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(48 h forecasts are
almost the same)




Multiplicative processes

The process:

I
B =€ N
Multifractal process over The generator=

scale. ra.nge- A= Additive process
Multiplicative cascade

Auxiliary variable o
1 1

M
F(K)occll/oc’ya (Z)*|Z|E1’D7g] € > f(k):?x(K)|K|_D/a

7\ \ T Convolution with

Dimension of space

The codimension’of singularity over Eourler space= power law
the mean= i.i.d. Levy noise range 1 to A1 filter

Amplitude of the index o=

generator, sparseness subgenerator

ofe

The statistics:

<8§>=KK(Q) K(Q):%(QQ—Q)

General multifractal statistics, convex K(q) Universal multifractals



Fractionally Integrated Flux (FIF) model
(both additive and multiplicative)

The process

I(r)=¢, (r)*|]""" -

Convolution=
fractional integration
order H

The statistics

S, (Ar) =(A1(ar)") = (e lar

T

qth order
structure
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fluctuation

A\

~
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_ | Ar|§((1)
A

Note:
A=L/|Ar]
<8;{> — )\ K@)

> I(k)=en(k)|K™

Fourier space= power
law filter

&(q)=qH - K(q)
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FIF modeling: clouds and radiative transfer
Cloud liquid water (top) Cloud top visible

Cloud liquid water (side)

Cloud bottom visible






Extensions to the vertical
(scaling stratification)



. Vertical sections
The thSICal scale Isotropic function H =1

function and
differential scaling

ol

Usual distance Scale function
(=vector norm) (scale notion)

“canonical” scale function: Anisotropic physical ,
Bolgiano-
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Sphero-scale



Pinel et al 2012

14500 aircraft flights: 5-5.5km altitude, 2009,

US (TAMDAR data)
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~Anisotropic Scalin

D,=23/9=2.55

The 23/9D model: Bolgiano-Obuknov

A

Av(Ax)=e"Ax'"; Av(AzZ)=¢'" A H,=(1/3)/(3/5)=5/9
comogorov . Volume=LxLxLHz=LDel D =2+H,=23/9
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(courtesy of K. Strawbridge)
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Horizontal- vertical d|agramme‘
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Implicit Az-Ax relation:

L Unique isotropic scale (sphero-scale)
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log., Ax
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Stratified CASCADES
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Lidar Backscatter
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Vertical cascades:

dynamic fields (drop sondes), L
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Vertical cascades:

Thermodynamic fields
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Extension from space
to space-time
(including waves)



Turbulence in Space-time (horizontal)

Theory (assuming largest eddies “sweep” smaller ones)

Observable Turbulent flux forcing
-1 \ 172
g ()l (nr) = olr.0) S=lwrkup (M= (k4K )
F.T. — (1= (2 2 2 \\/2
gL\(K,t)Hgl (]_CQ(D) —O-—( (ﬂx T )) 13
propagator E = (vx’vy) / Vw Vw = 8LeLe

EW/NS aspectratio=a
mean horizontal wind= (vx,vy)
Mean planetary scale energy flux € L

}(I_C,a)) = ;I(l_(,w)(;(l_(,w) Planet size: L, = 20000 km

~ . / _Htur
gtur l_(,(D — Z(D + ]_C <«———— Pure (localized) turbulence propagator



Turbulence and waves

Turbulence forcing Turbulence-waves

Turbulent flux

~ ~ N/ ~ ~ ~
Iko)=g,(kopko) g ko)=g,,(kog, ko)

|

Wheeler Kiladis 1999
factorization

Propagator symmetries, constraints

Reality Space-time scaling Causality

Poles of g in ® plane are below real axis:

g(lg,(n))zg (—lg,—(x)) g(l_l(k,(x)))=7\._H§(/_€,(ﬂ) (D'=—i||]g|| OK since |lﬁ > ()




Simple wave ansatz

Simple scaling wave propagator

Fractional (and anisotropic) wave equation propagator

_ ’ -H, /2
gwav(]_(’a))z(a),z/vaav—||l_€|| ) H:Htur+Hwav

k

- " wav

e

Dispersion relation: | @ = —k - H T OV,

Turbulent part Wave part

2

g

Spectral density P (k,w)= P(p(l_c,a))

2 2 -H,,,/2

—

g tub

—

& =len leo | =(@ +leF) " (002, [T

—s /2
2\ e
2
Bp(l_(,a)) = PO(CO, +Hlj” ) < Spectrum of turbulence forcing



1400 MTSAT IR images -30° to

+40° |atitude, Pacific ! hour, 10 km
(Spectrum, 1-D subspaces)
Log, k (km)

(10000)" (1000 (100"
NS
3|
Perfect
s:arliicg / T
(with finite Diurnal peak
size effects)
time
log,,E
(10 days)’ (1day)’ (10h)'

Space-time scaling is accurately respected:

g(}\,‘l(]_(,m)):x"fg(k,m) implies E(k)=kP E(k)=kP E(0)=o®



Spectrum, 2-D subspaces
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7= L./V, = 20%1 days
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u, ~-0.310.1; (v, -12+4 km/h)
p,~ 0.10+0.08; v, =~ 413 km/h

H = Htur + HWCZV



Cascades from localized to increasingly
unlocalized structures: H . =1/3-H

H,,,=0.0




Predictability and
stochastic forecasting



blowup

u(t) |

150(
T 0=1.8, C,=0.1, H=0.33

: Divergence for t>t, tO
100] \

. W [ ]
ol

200 400 t 600 800 1000

Two multifractal proceses with Identical subgenerators to t,



Algebraic divergence of realizations

oo

s 1, (1, + Ar) = 1, (1, + &) Lyapunov exponent %

N (8, + A+ (1, + Ar)

1000 Independent realizatjons
LogioE n\
L MWNW\\
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1.3} \

1.2 Average over 1000 pairs of

1.1} multifractal proceses with
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Space-time Cascades, stochastic
nowcasting (rain)

'hf"“ - S -
h ‘s "l “?.‘.‘- E
) R N = . A -" -

- - .
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e— a‘._,

Realization A Realization B Forecast based on first

(all same 1nitially) 16 time steps



The macroweather regime

Low frequency cascades
Time scales =>10 days (T>T,, )

...Predicting the spectral plateau /
macroweather regime




“First principles” predictions Atmosphere:

The large scale winds and weather-climate transition scale

Abso
=2%

Power:
Solar heating, top of the atmosphere: =103 W/m?

rbed = 2X102 W/m?2
Converted to K.E.= 4 W/m?

Energy flux:

If power is distributed over the troposphere, 10*m
thick, density, 0.75 Kg/m3

e~ 5x10% m2s-3

c.f. modern value 10-3 m3s-3

Prediction using

horizontal relation:<

AV — 81/3Ax1/3

c.f. empirical
antipodes




Macroweather,
Macro “ocean weather”

100 |
LogoE(w)
10% M her |
\Air over land acroweather | Weather
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~—— 04 l -+ France,
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Ornstein-Uhlenbeck
spectrum

“Macro Ocean | Ocean

weather” | “weather”

< > N
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Ocean Drifter data: ¢, Reanalyses:
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From the Weather to macroweather:
a dimensional transition

B A, B,

1
C(r.t)= | [y(r-ru—0)g(ra)drdr + | [y(r—ri—1)g(r/x)dr dr
1 B,

A B, )
Ek = er)“ : ! ! 1—1 !
/‘ rw mw
The generator= Space-time region of generator interactions:

Additive process

weather macroweather

/\

Inner scale:

b
>

A

N =1h,

C
For T.>>T,, space-time interaction domain becomes pencil-like (1-D), not 3-D:

Dimensional transition



Implications of the FIF model for t> 1,

(the macroweather regime )

Observable:

Autocorrelations:

Spectra:

Exponents:

€A A, (K’t) =€

D2 4T (1) = SAW (Zat)gA (t)

¢ Weather-
(D-H) T— macroweather
[ =¢%* [[Ar,At]] factorization

<AIW (At)2> oc AtKP) \eather regime

<Imw (t)]mw (t — At)> -@ macroweather regime

™~ Low frequency

divergence
~ L Buw. -1
E(k) -~ k ’ k > Lw
Weather regime
E(w)=o™; 0>T,
E((D) ~@ P fcgl <m<T, macroweather regime
B,=1+2H - K(Z) Independent of H,C,, weak

02<B <04« dependenceon o, scale
range A_




Comparing the data at 75°N (20thC
reanalysis) and the cascade
simulations

The cascade simulations depend on the following parameters for
the temperatures:

These following turbulent quantities were measured by the Pacific 2004
experiment using the Gulfstream 4 aircraft over the Northern Pacific
ocean, at 200mb. The data were taken at 4Hz (280m) resolution:

Cascade exponents: o.=1.8, C;=0.1
Scale by scale nonconservation exponent: H=0.5
Average energy flux: 5x10*m?/s3

The only parameter measured by the reanalysis was the standard deviation
of the daily temperature at 75°N, 700 mb: £4.05K



265 i From the 20th C reanalysis (Compo et al 2009)
2°x2° Data, 75N (700mb), 16 day averages

260 ‘ +4.05K
.
255
T(K) [ 500 1000 1500 2000 2:500 3000
1871 t 2008
265

(x,t) stochastic cascade simulation, 16 day averages
(parameters from aircraft studies: 0=1.8, C,=0.1, H=0.5, outerscale=16 [days)

260

255

500 1000 1500 2000 2500 3000
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The weather cascade spectra
calibrated with aircraft data

simulation | LOgloE((D)
\ ‘ 2.0 _ macroweather weather
A :
\ o 'A"“" s
/\ e - B,=1+2H-K(2)
\Va% P, V) =182
75°N data (700mb) 35} \\? /
L p,=0.2 N\
-40F /; \
4.5 _ (11dy)-"
“50F
| | | | | : | | | |
[ - 1 1 2/
(100yr)! (yryt  Log,,® (2dy)”



Summary of weather-macroweather

: H <=
Classical laws Av(Ar) = g0|Ar| |Ar| <= 100m
- . isotropic
e.g. Kolmogorov: ¢=¢/3, H=1/3 (pzconst%nt
\
Generalization 1) |(g,At)| N [[(Q’At)ll
Scaling Anisotropy: i X Weather
Vector norm Scale function > regime.
Generalization 2) Planetary
Intermittency: gxconstant ____, <€g> — K@) scales, 10
days
Cascade processes, multifractals %
Generalization 3)
Dimensional transition, low frequency weather regime
. E ~ B -1
Spectra (k) =& k>L, } Weather regime
E(w)=o"; 0>T
E()=o™;  1'<0<T  macroweather regime
Exponents:
B,=1+2H -K(2) Independent of H,C,, weak dependence

. P
Weather regime on 0, scale range A,

02<B,. <04 «—



The climate




Macroweather- climate
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Do GCM'’ s predict the
climate.... Or Macroweather?
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B GISS-ER2 simulations 1000-1900 (Northern Hemisphere, land only)

10 Versus multiproxies (northern hemisphere)
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Climate

Overall weather — climate process

Weather- macroweather cascade process (previous) Low frequency space-time climate flux (new)

Weather/macroweather flux factorization:

8w,mw (’:’t) ~ ew (K’t)gmw (t)

\

Macroweather: temporal variability only



Space-time Macroweather-climate
statistical factorization

(r.1) 17 (r. Vi The flux at
e (r) =2 [ el .

T T resolution T
Weather-climate € (I_’,t)

process at resolution © 1

—

\ {

£-:w,c,’lt (K’ t) = gw,’t (Z’ t) Smw,’c (t)gc,’c (’:’ t)

climate too slow
Weather —
variability —> &, (EJ) =1; t>7, €.+ (E,t) =€, ([); T<T,

averaged out S~ Spatial variability: climatic zones

Prediction: Space-time Statistical factorization in the macroweather regime

i
I 1
( ) € (t) €1 ([); T, <TLT, macroweather
€ r,t)=
T €.+ ([,t); T>T, climate



Empirical Macroweather space-time spectral factorization
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Space-time scaling of fluctuations

20CR, T

fluctuations
increase out to =
5000km: averaging
do not reduce
variability until
scales > 5000km...

(at all time scales)

climate

macroweather ‘I:

weather
l 5000 km l 45°N
« . » 3.0 3.5 4.0
regions
= 5000 km x 5000 km log,, Ax (km)

=North America
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Atmospheric Statistics in a nutshell

’ qH, ~K, ()
S,..(Ar.At) =(s,.,) [(Ar.A0)], T <At<T,
Weather
) ) 172
[(Ax,0,0,A1)] =((Ax] +(ﬂ) ]
w,can Le TW
K (4) Al
S, (A A0) = (s, ) A (?] . <Ar<t
Macroweather '
Ax
Ax,0,0 =|—
(ax00), =\
"""""""""""""""""""""""""""""""""""" g -K.(q) T
S, (Ar, A1) = (AT (Ax,A1)") =(s,..)"[(ar.a0)],
Cllmate Ax 2 A 2H. \1/2 Hc,tzHc/Hct TIC>AI>T
[(Ax,0,0,A1)] =[( : ) (—t]
c,can Le Tlc
_________________________________________________________ ...
Regime H G o Outer
time
scale
Parameters Space | Time Space | Time Space [ Time
Weather 0.51 0.087 1.61 5-20 dys
C Macro -0.4 0 B 20-40 yrs
K(q)=— (q“ - q) weather
o-—1 Climate | 0.7 0.4 0.11 0.065 1.4 1.5 30-50
kyrs




Space-time
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Conclusions

1. High level stochastic turbulence laws emerge from (deterministic) continuum
mechanics at strong nonlinearity

2. Regimes: Weather, macroweather, climate

3. Generalize classical laws: Intermittency using cascades

4. Generalize classical laws: wide range of scales using anisotropic scaling, stratification

5. Modelling with Fractionally Integrated Flux model

6. Consequences for space-time scaling: turbulent propagators and turbulence driven waves
7. Predictability and stochastic forecasting

8. At scales >=30 years new scaling processes (anthropogenic at = 10 yrs, natural at =
100 yrs) with H>0 dominate up to = 100 kyrs. Can be modelled in FIF framework.



