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European Centre for Medium-range Weather Forecast
numerical model: the dynamic core
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Einstein on weather predictability

“When the number of factors coming into play in a
phenomenological complex is too large, scientific method In
most cases fails. One need only think of the weather, in
which case the prediction even for a few days ahead is
Impossible.”

— Albert Einstein

- -
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The minimalistic nucleus of (weather) chaos:

Lorenz, E. N. Deterministic non-periodical flow. J. Atmos. Sci.
20, 130-141, (1963).

One of the most influential papers establishing the
fundamentals of chaos theory applied to numerical
weather prediction.
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Lorenz (1963) system:
A technical realisation: Convection in a torus
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Lorentz (1963) equations

A transition to non-dimensional variables X, Y, Z is achieved by defining

4 o _
X = Y 2a K’ " 2al'K’

to arrive at

where

P := —, Prandtlnumber,
K

11. September 2018
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Why poor predictability in practice?

Instabilities:

] convective scale clouds and convection

l barotropic instabilities (rotational modes)

) baroclinic instabilities (low pressure systems)

]l phase transitions of: water (Earth) , methane (Titan)

11.utember-2018 Folie 8
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Another realm of advances: Numerics
a naive starting point with the advection equation

(fails after a few time steps) ox(t, r)
ot

+v(t,r) - Vx(t,r) = g(t,r)

for progress see
presentation by
Tamari Janelidze

11. September 2018 Folie 9


http://www.uni-koeln.de/

A ) jOLICH

FORSCHUNGSZENTRUM

There is more progress: e.g. Nature article 2015
Bauer, Thorpe, Brunet

REVIEW

% s S
% e:g:-

doi:10.1038/ nature14956

The quiet revolution of numerical
weather prediction

Peter Bauer', Alan Thorpe' & Gilbert Brunet? Non-orographic

wave drag
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ECMWEF forecast skill evolution

—— Day 3NH —— Day 5 NH — Day 7 NH —— Day 10 NH
Day 3 SH Day 5 SH Day 7 SH Day 10 SH

Forecast skill (%)
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40 - /‘/w\./\/w
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Ensemble modelling: predicting uncertainties
O(#50) model integrations

example:
likelihood of precipitation

Initial condition
uncertainty

2 5 15407085

Forecast /Y

uncertainty

Probability of
precipitation (%)

from Bauer et al, 2615
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The main reasons for uncertain forecasts

There are two classes of reasons, why forecasts
are uncertain:

 one is induced by model insufficiencies, and by

 the uncertainty of initial values.

The latter problem is addressed by data
assimilation.

11. September 2018 Folie 13
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Initial value uncertainty

A quadratic form is reduced, defining a cost function, penalizing discrepan-
cies between observations and a priori knowledge

J(x) = 1/2(x —x3)" B (x —xp) + 1/2(y — Hx))"R '(y — H(x)). (1)
The Hessian of J is the inverted analysis error covariance matrix

V=B '+ H'R'H = A" (2)

The evolution of the uncertainty as quantified by the analysis error covari-
ance matrix is given by the generalized eigenvector equation

MTMéx(tg) = —MA"'6x(ty) (1)

11. September 2018 Folie 14
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Model uncertainties

Key source of uncertainties result from
* not sufficiently well known processes and
their controlling parameters,

 the finite resolution of calculations due to
the model discretization. or errors due to
truncation of dynamics and

* unresolved features of " subgrid processes"'

11. September 2018 Folie 15
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Energy meteorology: wind

<
- - - |q E':IIEC iI}E
Can we predict the likelihood
of imminent fatal forecast failures?
1000 parallel model runs with WRF
850hPa Geopotential (Isohypse: 134 gpdam) FINO3 measurement tower 101 m height

Init: 08Aug2014 00UTC Val: 69Aug2014 12UTC
15°W 0° 15°E 30°E 45°E

24 =1 —

| — Observation
1 —— Ensemble Median

wind speed [m/s] at90 m

0 10 20 30 40
hours since 2014/08/08 00 UTC

(Example case
from PhD Jonas Berndt
08.08. - 10.08. 2014) Folie 16
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Ensemble size of (O)1000 member to apply a
Sequential Importance Resampling Smoother

a nhovel, non-linear data

assimilation technique in

atmospheric science.

Parcticle filtering consists of

representing the initial
density of the state by an
ensemble of size N

p(Uld) = Sy wid(¥ — ;)

we estimate the posteriori

density of the model state,

given the observ

p(d|W¥;)

Forecast Variable

wi; —

Qece PSEptember

Zj\rz1 p(d|¥;) .

[JEach ensemble
member gets a certain
weight with respect to the
observations

+ Observation
—_—
M|t + -
\\
A}
\
1
1
’
,l
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__________
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‘\
i
Resamplin 9 -
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t L t, fir
IMinimize ensemble variance by

neglecting members with least
weights and spawn members with

highest]{\gights Folie 18
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IAS super ensemble modelling system

(Ensembles for Stochastic Integration of Atmospheric Systems)

Stamp plots of an only 12-member sub-ensensemble selection with either
J GFS or ECMWEF boundary and initial conditions and

1 SKEBS (Stochastic Kinetic Energy Backscatter Scheme) perturbation.

wind speed [m/s]
I I

4 5 7 8 9 10 11 12 13 1

Re.c.c 4September 24 h forecast for 5.09.2894 UTC 00:00°*
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How can data control the prediction?
Observation systems

Observability
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Terminology

Inverse Modelling

The inverse modelling problem consists of using the actual result of
some measurements to infer the values of the parameters that
characterize the system.

A. Tarantola (2005)

11. September 2018 Folie 24
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Data Assimilation in general

The ambitious and elusive goal of data assimilation is to

provide a dynamically consistent motion picture of the
atmosphere and oceans, In three space dimensions, with
known error bars.

M. Ghil and P. Malanotte-Rizzoli (1991)
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Observation systems (2):
In-situ observations

ECMWF Data Coverage (All obs) - SYNOP;’SHIP‘ 1=

] L ] e T |
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Observation systems (3):
polar orbiting satellites (e.g. AMSU-A)
00 UTC «NOAAT5-AMSUA = NOAATE-AMSUA  » NOAAT7-AMSUA 06 UTC
-.dt*“.‘ T A A ,-— ey = i [ T e e e L .-;‘- 7
o, 5-"'—“-.-}--' % P U, ‘h 4 3 h#‘ah.g-ﬂa 60°N
PN BT TR I- ..... g 30°N
..... A 'ﬁllli p ig 4 0
1 I 5 i / E 3 :
L et A0 f O N L BE DN 30°s
t J : _,‘d i-
AR i RN 60°S
120W  60W  0°  60E  120E oW 60W 0 60°E  120E
12UTC 18UTC
e ;] i e 2 o i =
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Data coverage for the NOAA-15 (red), NOAA-16 (cyan) and NOAA-17 (blue) AMSU-A instruments, for the four 6-hour
periods centred at 00, 06, 12 and 18 UTC 12 November 2002. The plots show the data used for AMSU-A channel 5, which is a
temperature-sounding channel in the mid and lower troposphere.
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Observation systems (4). geostationary
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Satellite data sources in 2007+

No. of sources

11. September 2018

55

50

45

40

35

30

25

20

15+

10+

Number of satellite sources used at ECMWF

1996

1997

1998

1999

2000

2001

2002 2003
Year

2004

2005

2006

2007

2008

2009

J,

JULICH

FORSCHUNGSZENTRUM

OAEOLUS
O0SMOS

O TRMM

0O CHAMP/GRACE
@ COSMIC

B METOP

B MTSAT rad

B MTSAT winds

B JASON

O GOES rad
OMETEOSAT rad
B GMS winds

B GOES winds

OMETEOSAT winds

B AQUA

O TERRA
B QSCAT
OENVISAT
OERS

B DMSP

@ NOAA

Source:
ECMWEF

Folie 29


http://www.uni-koeln.de/

#) JOLICH

FORSCHUNGSZENTRUM

Improving the quality of analyses by the
observation configuration

1 optimise the observation network, subject to given

constraints, [Szunyogh et al. 1999; Langland et al. 1999), Bishop et al.
(1999); Berliner et al. (1998), Bellsky et al. 2014),...]

1 to evaluate the value of individual or types of

observations for the analyses, [cardinaliet al. (2004); Cardinali
(2009), Liu and Kalnay (2008), Baker and Daley (2000), ...]

J to quantify the degree of which the analysis can be
Influenced by the observations, that is the

sensitivity (Degree of Freedom for Signal). [Fisher

(2003) Eyre 1990; Rodgers 2000; Rabier et al. 2002; Fourrié et al. 2003;
Martynenko et al. 2010 ), ...]
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Given CTM (here RACM and EURAD-IM) B B aMtI,tF

acting as tan.-lin. model operator L : Oc(tr) = Liyep 0clts),  Loptr = de )
cliy

1. Berliner et al., (1998) Statistical design:

“Minimize” the analysis error minA — B — BH? (HBHT n R)_1HB

covariance matrix A (say, via trace): H N — y

to be maximized by H

For this find maximal eigenvectors - - -
as observation operators H, LixBL; , H =AH
which configure observations.

2. Palmer (1995) Singular vect_or analysis: 16c(tr)||% 5c(t1)T££ B Ly, 1.0c(tr)
Observe maximal SV configuration: gg(% 16D = (;%1(% 5c(t)TB éc(ty) )
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Table 1. Photolysis reactions included in the SAC Phase s pace var ilables perg rid po int
represents constituents that are not con qpupa"s " Gac PhaSt ratos p h er | ccC h em Ist ry exam p | e
Reaction , . .
"‘producis” represent:
RD 07 00D 7O e 167 gas phase reactions +
B2y Oy + b — OFP) + Og I
N oI Y e —om.tOheterogeneous reactions on polar strat. clou
(R4) Hs0+hv — H+OH (R39) O(' D)+0;—O(*P)+0;
(R3)  HaOs + e — OH + OH (R4D) O D)+05—0 :
(R6) NO.+hv—OCP)+NO (R4l D{‘]]]+D:—>D? Table 2. (contimued)
(R?] ND‘,-1+.['” B W7 T W o T e 1T AT D anadiaen , )
(R8 NO;+. Table 3. Heterogeneous reactions mcluded in the SACADA reaction scheme. The notation "(c)"
(R9) Ny +.
Eg:?g :r% *+ indicates a species in the condensed (liquid or solid) phase. The term "products” represents constituents
3- -

Eg:g; EIN 8214 which are not considered in the reaction scheme. ;3 +NO
(R14) Cl + b Reaction Uptake coefficient 1
(R15) OCIO 4 — : 1+HO,
(R16) HCl +1 liquid/STS NAT ice NO,
(R17) HOCI 4 CH
(R18) CIONO (R168) BrONQO; + HyO(c) — HOBr + HNOq flt, sz{;]Z - 0.26 ;+H3CTG
(R19) CH,C1 (R169) N2Os + HaO(c) — HNO3 + HNOq flt. pra0) 0.0004 0.02 14CI0
(RED] 'CC;]*J + (R170) CIONOs + H50(c) — HNOy + HOCI f(f PHy0 p;;(_;'{jb 0.004 0.3 Cla+0y
2, Cio, (R171)  CIONO, + HCl(c) — Cly + HNO; f(t. pmo.prc)® 0.2 0.3 NP
(R23) CHE,C (R172) HOCT + HCl(c) — Cl; + H,0O f(t. pmospuct)” 0.1 0.2 1+ NOy
(gg‘;i EEE%]E (R173) N2O: + HCl(c) — HNOj3 + products 0.003 0.03 NO;
o6 B0 (R174)  HOBr + HCI(c) — BrCl + Hy0 0.01 . 0.3 g0,
(R27) Eer1+ (R175) CIONOs + HBr(c) — BrCl + HNO, - 0.3 (0.3 0CI0
29 HOBr+ (R176)  HOCI + HBr(c) — BiCl + H,0 i i 0.05  +0

2 Cl+0y
®30) cHpr (R177) BrONOs + HCl(¢) — BrCl + HNOq 0.3 - 0.3 40,
(R31) CF,CIF r+OH
(R32) CEBr. @ as recommended by Sander et al. [2006] OH+BrO
(R33) HNOj - 1,0
EET;; g'%?f b: Shi et al. [2001], as recommended by Sander et al. [2006] ES:E)
(R36) CHy0+hv — H+HCO  (R71) OH+HO:—HsC 131 ClO+OH CLeHOw (R141) Br+HO;—HBr+0;
(R37) CH30 + hr — Hy + CO (R72) OH+H,05—Hy E;:g;i E:gigg_}ggﬂgz (R142) BrO+HO,—HOBr+0,

{R?-ﬂ-} H[)E'FI‘[':)E—}HE‘ ST TR LI i VT L LTy {R | 44'] CHQ[)‘FBF—:’ HBHHCD
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| "
-diffusion-reaction equation and né
adjoint

Tendency Equations
direct chemistry transport equation

% 1V - (ver) = V- (oK) — 51 (b(r) (slry) = si(r )1y 7)) = B+ D,

J=1"7

Ci concentration of species 1 c; adjoint of concentration of species 7

A% wind velocity s stoichiometric coefficient

k(r) reaction rate of reaction r K diffusion coefficient

U number of species in the mechanism R number of reactions in the mechanism
E; emission rate of species 7 (source) D; deposition rate of species 7 (sink)

adjoint chemistry transport equation

_%’i —vVic —1v. (pPKVéct) + =, (k(r)ﬂ?"—‘lﬂgf:l c‘jsﬁ‘(“) U (8a(ry) — sn(r2)) (50*) =0

P G i
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In Situ

EBAS
special stations: Jungfraujoch

METOP
|ASI

Ié'i'OPT)ME-Z
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For an optimal observation network design two central
guestions :

1. Is the observation system sensitive to both initial value and
emission rate optimisation?

2. Which chemical constituents should be observed with
preference? And

11. September 2018 Folie 37
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In the troposphere, for emission rates, the product
(paucity of knowledge) x (importance for forecast)

IS high
emission biased model state

concentratior

I true state

observatiQns

only emission rate opt.

time
Additional “emission observations” would be desirable
for"palancing (e.g. via Damkaohler number).
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site Eggegebirge

. 7T August .. 8 August]1997

+ observations

287 Eggegebirge ( 22 15 1
1 I

80 I

\

no optimisatior

- -,

- | .
uuuuu

emis. rate opt.

Y

joint emis +
Ini val opt.

06
<as]similation inter\j@

aug7_ie
11. September 2018
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parameter optimisation by
Ensemble Kalman Smoother

We seek to infer , which exhibit
the control capacity of observations on parameters to be optimised:
Initial values,
Extended model with emission rates emission rates
( delt) ) B ( M(t,to) [, M(t,s)Mc(s,to)ds ) ( Sc(to)
oe(t) ) 0 M_(t,to) oe(to)

Typically, there is no direct observation for emissions.

5u(t) = [H(0): 0ml 3okp) ) + (0

11 swihere®, «n 18 & n X n matrix with zero elements. 20
from Wu, Elbern, Jacob , SIAM, 2016, and GMDD, 2017
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B the Information needed available?
Exhibiting the control capacity of observations on
parameters to be optimised

Infer normalised sensitivity maps, for
here emission rates and initial values

Costly:
calculate the observability Gramian matrix (control theory)
by forward and adjoint model M, observation operators H, and

observation error covariance matrix.

[ H(to)M(to,t0)
H(tl)M(tla tO)
G = : .~ G'RG

11. September 2018 \ H(tN)M(tNJ tg) )

from Wu et al. , GMDD, 2017
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Recall Kalman Filter equations
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Extended Kalman filter equations

Forecast step: x”(t) = M;_y [x2(ti_1)]

= L;_1P(to/tw)(tim)L;_ | + Q(ti-1)

Analysis step: “(1) = x(t) + Kt) (y — H [2°(t)])
w (I—-K(t:)H)P(to|t—1)
where M; := Model operator

L; := Tangent linear model operator
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emission sensitivity

Define the relative improvement covariance matrix
(scaled forecast\ analysis error covariance matrix from KS)

P = P 2(tolt1) Pltoft—1) singular value

= I-(I+P> to\t 1)G'R™GP: tolt )™ decomposition
= I—(I+VSSTVT) =...=
— VI - (I +SSTy HvT separate singular vector sections
r N Initial values,
o S?, ‘|_ - -
= Z m%"% ; emission rates
i=1 1 ) /
~ pc pee " S? v§ T T
P = ( pec pe ) :Zl+82 ( e )(U§ » Uy )ER%’X}”,
2n 9 =1 ' ' 2n 2
> S; T ~ S5 T
1P = —tr(vivi ), [Pl = str(vivy ).
; 1+ s? ’ ; 1+ s?
11. September 2018 Folie 44
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SenS|t|V|ty by partial singular vectors

Given:
1 observation site 1 windward emission source location
assimilation window: advection time source->observation (35 units)

Question:
can both initial values and emission rates be analysed?
Conc-imp with 35At DAW  , 107 Emss—imp with 35At DAW
L s v s —— 14 L S S —————
@ N . . [ ] - ' .
- Obs_.cfgofconc . : - Obs- rifgofconc ] 0-03
B e ity Pt I12 o PflEemme, I
S 10f VIR 110 S A0p- e 110025
I - - e y I : - S - -
> 8 QP A 8 >> By 19002
£ 6l /NS L |6 s 10.015
Soapt oy e 2 0.01
7] S ERRETEE LEEattn Onlz Io.oos
0 L L L L N 1 1 Nl L L L
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
x with vx=0.5 x with vx=0.5
maximal sensitivities: ini. val. P¢=0.45 emi rate P¢=0.55

wseemerzRnswer: Yes, both sensitivities are of seamwostdercmpD, Z017°
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Is NO, always the controlling key to ozone production?
And consequently, its observation the key to better

forecast?
Isopleths of ozone production
NO[ppmV] = . . gratned— - [ppmV] 3.12E+02
AP 2.81E+02
80 Y & 2.51E+02
2.21E+02
60 i 1.91E+02
i- NG 1.60E+02
- AN regime: 1 005 102
r rv 6.98E+01
s Rd ot bEtthopse é BAoE I
Calculations g 200 200 Ox 400 9.325+00
v within a fixed time span HCHO [ppmV]

v initial conventrations of NO / HCHO were varied
v’ change of final concentration is given by colour
v'gradients (SVs) of maximyl ozone production given by

L1 September 2018 AITOWS from Goris and Elbern , ACE 9012
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Singular value analysis

to identify the direction of maximal
error/perturbation growth

model operator (t;>1) e(tp) = My, 1, cltr)

with Initial perturbation Sc(t;)

error evolution with : tangent-
linear model Sc(tp) = Ly, 4, 6c(ty)

maximise

| 6e(tp) llo _ y/ 9eCt)" L 1, Lty e(tr)
I 6e(tr) 1l Vet )Toe(t;)

11. September 2018 Folie 48
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Basic 0-D Regional Atm. Chemistry Mechanism
(,, M=RACM*)

SNO,

initial SVOC
time

final time

doptimal

* Optimal perturbations (Singular Vectors) for scenario MARINE

Important to observe

15t Grouped Singular Vectors (8VOC) 1% Grouped Singular Vectors (3NO,)
~ = = 200F ' ' ' 1.00E+00
o SaEnr =AY Q00E01
§ «cf BO0E0! & 8.00E-01 @
o= 150 700E01 = 190 700801 =
S (= | | 60001 & | 600E01
~ : = | | 5.00E-01 100 5.00E-01
1| | 4.00E-01 4.00E-01
. : - 3.00E-01
: 1 | 3.00E-01
50 o"[ﬂg 2 00E-01 50 3 2.00E-01
; Z\8 I 1.00E01 +=
o 1.00E-01 A O
G ™ 0.00E+00 o 0.00E+00
—sunrise ___sunset
11. September 2018 Folie 50

Goris and Elbern, ACP, 2013
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SV com'ponents VOC (left) and NO, (right)
for scenarios “free troposphere” and “urban

1* Grouped Singular Vectors (VOC)

1.00E+00
9.00E-01
8.00E-01
7.00E-01
6.00E-01
5.00E-01
4.00E-01
3.00E-01
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1.00E-01
0.00E+00

80 100 Initial time [h]

1™ Grouped Singular Vectors (VOC)
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e

(@ = 200F
2 8

@) =50
Q.  F b
(@) C 100
— C
ot 50
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q) |
o 20
(D)

E = 200
]
C = 150
S £
o) 100
| -

-] 50

20
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0.00E+00

80 100 itial time [h]

sunset

S

Final time [h]

S

L
=

S

Final time [h]

S

tn
=

1" Grouped Singular Vectors (NO,)

1.00E-+00
9.00E-01
8.00E-01
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5.00E-01
4.00E-01
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1™ Grouped Singular Vectors (NO,)
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48.00

47.80

47.60

Example observation targeting:
SV optimal placement of observation sites

NO October 20 2008 08 UTC, surface level

48.20

9.00 9.40 9.80
s Yt AAATAL + N PATIATAAAAAAAAAAAN
22 5 ;;}ﬁ/;/faad%%%a:um -~~~
ZREONIUE » # 2 3 9 A0 A A3 F T 2 2 s AIAAPA AP
j @A NAAIAAA ] AAAAAIAAA > - AL ] ]
LA AAS N3 P PAAAAAAIAAA A 2P P )
A /zzzf»"r////////ﬁ//ﬂ t 227
FAR AT PP AAAAA .t AP
J j;;. ;//7/7::1‘ PRI PARAFR /’/7/'/71‘7‘7‘/'/‘
1 AAAAA ,,;z PAAAAPAAAZL t P A7
- s AAAAATAAAAA A BOd U /A2 2gemt 1 ) A
,Tuwmgea,v//v/vzzzzﬁm 22N FAAAAAS B2
PRPAAAAAAIAAAIAAIAANN P PP RAAAAAA AArA
r;z;z;;fﬁ//ﬁ/z;ﬁ/» \NY P RAAPA2] S AArA
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O, October 20 2008 08 UTC , surface level

9.00 9.40 9.80 ppb
AARPAAAAAA L J A AT AP B A AR A A A A 60
AArt 7 p AT, Lagphaim” ~.7.7
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APPAPAAIAP AINAAI ANV FAFAAAAAAAAA 2 Z2 A1 P A S
AANPAAAAAFAAZATS @ P AAAAAAAAAAAT t P 2]

AAA N AR s asa T T W s AAAAT TFAL PR 48
PAAATAAT S AATIEES PAERAAAAR AAZAP AR
t AR AAAAATAA. FR AR AAAAAAAAY A
|a‘»rﬁﬁﬂﬂﬂﬁ)ﬁﬁﬂﬁﬁ&hd FAAAAAT PP A D 42
~AAtHngeR r A7 70 7 2234348 pAPFAAAAAA A p Fpa0R ||
f??ﬂﬁﬁﬁfﬁﬁﬁﬁﬁﬁ;ﬁﬁﬂ\\!T?Piﬁﬁﬁﬁﬂﬁﬁfﬁfﬂ 3
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Initial concentrations and optimal horizontal placement of NO (left) and O3
(right) at surface level . Isopleths of the optimal horizontal placement

are indicated with black lines.
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Conclusions and outlook

There is still progress possible in improving predictive skills

of atmospheric models

d quantify uncertainties on predictive time scales, “tiny
causes, large impacts”

-2 improved ensembles, “slow manifold identification”

] adaptive observations and remote sensing: can we
observe “tiny causes” early enough?
—>improved data selection, weighting, and deployment

1 Process plethora of ensemble and observation data by
big data analytics

11. September 2018 Folie 54
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