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Sources of UK Electricity 2016
Solar Hydro

Biomass

Bildquelle: https://de.wikipedia.org/wiki/%C3%9Cbertragungsnetzbetreiber
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= Why variational Data Assimilation (3D/4D-VAR)?
20 years 4D-VAR at ECMWF

Roland Potthast S @ 9
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Variational Analysis (3D/4D-VAR) Readlng

Recall where we came from ...

iy

The minimization of O?Operat”
= — xb 2+
J@) = llx =212+ ly = Hx I, g
o\la“

leads to the analysis Mlmm:zat,on

x*=x"+BHT (R+HBH") (y- be)

This is the mother of all data assimilation formulas J
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Basic Idea of the Kalman Filter Obs 2_‘
= Sequentiel Assimilation of Data 2—:"‘4 ol
= Do not only adapt the mean, but also the ;O 2! L1 l—
Covariance B (Uncertainty, Gaussian Case)  Posterior Prior
0.7 A D
| XN \\‘\\\‘ Posterior |~ yna':n'Cal
e Xe
oo ot
. (‘O‘Q Prior <_7L> Observation
v /N \Ne
5 oo /< / % \rror

But: Limited to the

Gaussian Case
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= Kalman Filter needs B update => vales
expensive!

= Estimate B based on an ensemble of
forecasted states (stochastic estimator).

Time t

B will be flow-dependent and variable, depending on the
model dynamics and on the observations

J— LOW-D'\me“S‘ona‘ L

I~ ® | ppproximation ’€°‘ .ol 2
— . || B vid Ensemble® 4 T
1 fu o Needs Localization
: |

o 2 +« = = o ' Localized: LETKF



Using Perturbations, Climatological or Dynamical | E
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Variable x,

mean

Variable x,



Using Perturbations, Climatological or Dynamical

. . . Deutscher Wetterdienst E
Covariances, and the Particle Filter Wetter und Klima aus einer Hand ooy

Variable x,

: Dynamical -” ¢
. ’ .
I covariance
D] e S Ze
truth

Climatological ¢
covariance
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mean |-
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:: Particle Filter ©©©
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Full Observation System
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Radiosonde
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Observation coverage ass
Aircraft data
Date of Analyses: 2014050800 TIME : 22:30 Observotion coveroge — oss
AMDAR (9219) AIREP (1175) ACAR (55352) Alreraft date
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Observations: Geostationary Satellites
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Observations: Polar Orbiting Satellites

Deutscher Wetterdienst
Wetter und Klima aus einer Hand

Bild: Robhin Faulwetter

T £ £ £ a = 3 TN
GBFE, Roland Potthast — 07/2015
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Deutscher Wetterdienst %
Operational since January 2016 Wetter und Klima aus einer Hand [Ny

We are running ICON EDA in our

Routine since Jan 2016

|
|
|
|
|
|
: e 40 Members each with 40km global | CONdd R En—Var JCON det
: resolution and 20km NEST over Europe : -
| I ]
I1* 1deterministic 13km/6.5km I
| | |
: * EPS forecasts 40 Members 7 Days + 1 I
I : QCobs  Grafics by ICON EDA Head
I Deterministic I i Dr. Andreas Rhodin, FE12
| |
: * OQutput for convective-scale EDA/EPS :_ ICON ens ICON ens =
: * Hybrid System :— ICON ens ICON ens———
3 LETKF
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ICON ens ICON ens[—
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Roland Potthast
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Hybrid Methods: EnVAR Scores
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Hybrid Methods: EnVAR Scores Deutscher Wetterdienst E
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Bayesian Filterine via PF

Deutscher Wetterdienst
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©

0 2 4 6 oca\\
Classical PF 2\ LAPF
6 | 6 [
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Bayesian Filterine via PF

3)

N&a‘)

x\we

p\‘“\%
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LETKF

Classical PF

o - N w L 4] 2]

s e RESO

0 2

4

6

8

| Priorm— ca\\'l_ .\ \te‘
\APF = - oartic\e ¥
R dap’{\\le _APF mb\e
e
B 5\ g \S I\ e“sd“\a‘.ed
P .

2 4

8 10

LAPF = Transform, Localization, Adaptivity with global modulated Resampling



First Step: The Classical Particle Filter
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e Bayes formula to calculate new analysis distribution
P (): = p(xlyi) = c prl 0 (),

X €

c is a normalization factor: fX p,((a) (x)dx =1

Classical PF Approach

* To carry out the analysis step at time ¢,
aposteriori weights p,ga) are calculated

1
p,(fl) =ce 2

c is chosen such that );

lL=1 P;(:ll)

=L

(y—Hx(l))TR_l(y—Hx(D)

Posterjor

]:Rn

Prior

\ ;\ Observati

Probability

A

rror




Second Step: Classical Resampling Deutscher Wetterdienst E

Wetter und Klima aus einer Hand

* Accumulated weights w, . are defined:
Wae, = 0
Wac; = Wac,_, T i i=1,..,L

where L denotes the ensemble size

* Drawing ;~U([0,1]),j = 1,...,L, setR; = j — 1 + rj and
define transform matrix W for the particles by:

W : = {1 if Rf € (WaCi—1’WaCi]'
" 0 otherwise,

i,j =1,..,LwithW € R, (s, t] denotes the interval of

valuess <n < t. .
Resampling



Third Step: Spread Control Deutscher Wetterdienst g
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Adaptivity based on o-b statistics
* Based on the adaptive multiplicative inflation factor

p determined by t

p:

ne LETKF
E|dl_,d,_, | — Tr(R)
Tr(HPPHT)

from E [dg_bdo_b ] = Tr(R) + p Tr(HP’H™)

* Weighting factor a has been chosen, due to the
small ensemble size (L = 40)

Pr =

apr + (1 —a)pr—q
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Third Step: Spread Control Deutscher Wetterdienst E

* Pertubation factor o is used to add spread to the

system
p—p . .
O-=<CO+(C1_CO)*p(1)_p(O)J :0()S:0S:0()>
\ C1, p>p® )

where ¢y = 0.02, ¢4 = 0.2,

p® =1.0and pM = 1.4, with
o= cqif p = p and

O = (p |fp Sp(o)



Fourth Step: Gaussian Resampling  oeutscher wetterdienst E
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* Weights W are modified by
applying the pertubation
factor o

W =W+ Ry,g4 o

with R, ; normally distributed

random numbers
An example for a W-
[QATA : Matrix after applying o
5 . s determined wi*"
4 Pribr for F°°
0.6 e
° . o | "Ce ‘“ d\o
5 Posteriot ‘-_..-.g'.-. . E“"o ‘ea
1 ,%E; il 02 des\‘ed Sp _ are chosen

0 2 4 6 8 10



Effective Ensemble Size Distributions peutscher wetterdienst E
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10

100 hPa 500 hPa 1000 hPa



LAPF versus LMCPF Deutscher Wetterdienst E
N—

Wetter und Klima aus einer Hand

LETKFE

0 2 4 \)Se
LAPF LMCPF

6 [ ° ‘
; 5
4 I
3 3 ]
L B -._;:g"... 2 o% '“:.._' .“ _
1 oa'-o il 1 2 .9_ —_
0 . 0

0 2 4 6 8 10 0 2 4 6 8 10

LMCPF = Transform, Localization, RBF mixture, Adaptivity



L M C P F Ba S I CS Deutscher Wetterdienst E

Wetter und Klima aus einer Hand

= Kalman Filter

2 =20 + BHY(R+ HBH") ' (y — Hz™)

o~

K =BH'"(R+ HBH")"' B=(-KH)B

= Ensemble B Estimator

1
1 B=_—_XXT7T
x::zZ$(£) I —1

=1



LETKF/LMCPF Basics: B Posterior s e [cf

etter und Klima aus einer Han

(I - KH)B Y = HX

( °
X(21+YTR'Y)'x” RBF Basis Function
: i1 Ensemble Space



LMCPF BaSICS: Bayes FormUIa Deutscher Wetterdienst E
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p(zly) = cp(ylx)- p(x) Gaussian Mixture Case
L

_ e 3 He)"R™(y—Ha) S ol —a®)
(=1

o~ 3(y—Ha)T R} (y—Hz) @),

= ¢ palr —x

] =

=1

pG(SU—SE(@) — e z@—a)TG (@—al)

\We need a
selection based on

e\atNe weights!

Explicit Calculations
Possible for each term



LMCPF Basics: Relative Weights  peutscher wetteraienst E
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Wy = e—%(y—Ha:(ﬁ))TR_l(y—Hg;(f))j (=1...1L

L . d

n base

W = » wp.  \Ne needa se\c?c’uo |

= on relative weights:

LAPF LMCPF

6 | 6 ‘
i I
- I £ 2 xS




LAPF and LMCPF Weights e e )
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Projection onto Ensemble Space
Abbreviating A ;=Y 'R 'Yand C:=A"'Y'R ! (y? —§")

Projection Operator

P(y’ —¥)=Y(Y'R'Y) YR (y' - ¥"),
Projected discrepancy

P(y’—Hx") = YAT'Y'R((y*-¥") - Ye)

Exponent = Y(C—e), £=1,..,L.

P(y’ — Hx))TR'P(y’ —HxYW) = [C— ¢/|TA[C—¢(], £=1,....L,

Weight
L C— e TAIC—e,
Wi = ce 3(C—e"AlC—ed p—1 L.
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LAPF and LMCPF Weights e e )

Classical versus projected weights

classical —

Wit _ oy —ExO) TR [(y0—HX 1))

] —

[(P+(=P)) (v xR (P+(1-P) ) (v~ Hx ()]

= €

-3 —

_ o 3P —EX ) TR [Py —Hx )] =3 [(1-P) (3~ HXO) TR (1-P) (v —Hx ()

L

'
=

Factor is a constant term, since we have
(I-P)(y’—Hx") = (I-P)(y"—¥"+Yey)

= (I-P)(y’-¥")—(I-P)Ye;.
=0
Projected particle filter weights and classical particle filter weights
are equivalent theoretically, but

numerically remove a very small common factor




Fourth Step: Gaussian Resampling  oeutscher wetterdienst %
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LMCPF = Local Markov Chain Particle Filter

* Weights W are calculated by drawing from the
posterior

W =W+ Aspife * W + Bpost * Rpg * 0

with R,,; normally distributed 6 |
random numbers, 5 —2ALA
Agnire and By calculated with a— W
Gaussian radial basis function 3 {3 —r |
(rbf) Approximation for prior —" .,i? - -""‘ —
density and observation error LA ALV & B —
|
00 2 4 6 8 10

v' It is an explicit calculation of the Bayes posterior based on
radial basis function approximation of the prior, with
subsequent draws from that distribution in the MCMC sense.
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latitude
o
1

* Full ensemble: 4077 |
members *1
: 1 l . \‘ V [K]

. REd u CEd reso I utio n :—1ISO —1ISO —1IZO —QIO -60 -30 Iong?tude 30 60 90 120 150 180
- 26km deterministic

-90 -

- 52km ensem bleS Experiments programmed and carried out
. by Anne Walter, DIWD& Uni Reading, and
* Period: Roland Potthast, DWD& Uni Reading

01.05.2016 — o
In Cooperation with Peter-Jan van
3 1052016 Leeuwen, Uni Reading

300

280

260

240

220



LAPF Scores vs LETKF e e )
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Global RMSE for obs-fg statistics (Radiosondes vs. Model)
Period: 08.05.2016 — 31.05.2016

. . Telmpelratulre . Relative humidity
A L Ll L R ‘300 T BT BT BT B
e

e

| 400 - / :
[ 500 - .
- o)
~15% R~ (_11% | — LETKF
: / —— LAPF

- 850 A

M2
-
[ I

-
)
[ I

p-level [hPa]
o
o

LETKF better than LAPF= = /

Reason: 1% 120% 740 160 780200
RMSE




LMCPF Scores vs LETKF peutscher Wettrdionst E
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e Global RMSE for obs-fg statistics (AIREP vs. Model)
200 - & Period: 08.05.2016 — 22.05.2016

250 A -

300 A

e — LETKF _ )
| — Lucer Temperature o-a and o-f

LMCPF: Model Error based Shift works

T T T T T T 1
) 2005005090300{,00&300’500;

rms(o—a) ! rms(o—f) !

150 Aot bl L 150 e 150 gttty 50 e
200 - - 200 200 - L 200 - s
250 - / L 250 250 - L 250 - .
__ 300 - | - 300 300 - - 300 - .
& 400 - L 400 400 - L 400 | 5
= 500 - L 500 500 A L 500 - -
© 600 - L 600 600 - L 600 - .
£ 700 - - 700 700 A - 700 - -
Q g50 - - 850 850 A L 850 - .
925 - \ - 905 - 925 - L 925 - X
1000 +————————=r—t1000 - 1000 +———————r———r—11000 - .
0 O0g lg lz g4 Lg 85 9 8> 9% S5 Top Og Og g 12 14 15 '8 98 5 99 4 99 5 89 5700 /0p

Experiments programmed and carried out by Anne Walter, DWD & Uni Reading, and Roland Potthast, DWD & Uni Reading



LMCPF Scores vs LAPF
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p-level [hPa]
o
-

4010
500
FO0
850
Q925
1000

Temperature

—

-

L

~7%

N\

—
O 1o lg & <4 25 J,_E:-
RMSE

00 44—+

500

700

820

925

“I{]I{]ID

Global RMSE for obs-fg statistics (Radiosondes vs. Model)
Period: 08.05.2016 — 22.05.2016

ReIatlve humiditv

" LMCPF much bette!

than

7

LAPF!

/z/q%

— LAPF
— LMCPF

RMSE

Experiments programmed and carried out by Anne Walter, DWD & Uni Reading, and Roland Potthast, DWD & Uni Reading
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Global RMSE for obs-fg statistics
Period: 08.05.2016 — 22.05.2016

Tprigntness (IASI) Bending Angles (GPSRO

L E s
N g 2
Q - { —
e 15 - _ .
g 15 - S
R = =
2 183 = 5
}ﬂ-?: ~ 0 - . —
= @:’E» 10% - &
© 115 = = = -
hE 5
%é S — = o
O3 O3y Cap Q% COmp O3 Oy g Masp "20p ™ Amp Mg " “Rap “Psp
RMSE RMSE

Experiments programmed and carried out by Anne Walter, DWD & Uni Reading, and Roland Potthast, DWD & Uni Reading



New LMCPF Scores vs LETKF
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. —
L b b
200 A L 200 4
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LAPF Spread vs LMCPF & LETKF  peutscrer wetterienst
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Experiments programmed and carried out by Anne Walter, DWD & Uni Reading, and Roland Potthast, DWD & Uni Reading
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LMCPF Scores vs LETKF

2016/05/02 - 2016/05/24
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Experiments programmed and carried out by Anne Walter, DWD & Uni Reading, and Roland Potthast, DWD & Uni Reading
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p-level [hPa]

LMCPF Scores vs LETKF
Forecast Ver;
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LMCPF for COSMO

Deutscher Wetterdienst
Wetter und Klima aus einer Hand N ‘

Humidity statistics for AIREP TEMP PILOT
experiments: pf, letkf, letkf_mean
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LMCPF for COSMO
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Humidity statistics for AIREP TEMP PILOT
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LMCPF for COSMO
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Temperature statistics for AIREP TEMP PILOT
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LMCPF for COSMO

Wind statistics for AIREP TEMP PILOT

experiments: pf, letkf, letkf mean
startdate: 20160526130000 enddate: 20160527130000
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Summary LAPF and LMCPF Deutscher Wetterdienst E
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 LAPF and LMCPF are implemented in an operational NWP

system: Gjobally + mesoscale + convective scale (KENDA)

* Both Particle Filters are able to provide reasonable atmospheric
analysis in a large-scale (high-dimensional) environment and are
running stably over a period of one month

 The LMCPF outperforms the LAPF, both Particle Filters are not far
behind the operational LETKF, LMCPF starting to be comparable

Both Particle Filters are showing promising results;
further tuning and development is in progress.



Inverse Modeling

An introduction to the theory
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