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» Why variational Data Assimilation (3D/4D-VAR)?

20 years 4D-VAR at ECMWF

* Why Ensemble Data Assimilation (EMDA)
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= Why Hybrid Methods? (3D/4D-EnVAR)  gin

= Why Particle Filters? (PF,GPF,ETPF,LAPF,LMCP 2
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The minimization of Obs Operator

/
J@) = llx =212+ lly - Hx |2,

leads to the analysis

x*= xt + BHT (R+HBHT) ' (y — Hx?)

This is the mother of all data assimilation formulas
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= Kalman Filter needs B update => Values

XA

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
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1) Curse of Dimensionality

2) Low Ensemble Number

3) Dynamical System Errors

Yo

1D

Practically you cannot
sample from high-
dimensional spaces!
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Localized Adaptive Particle Filter (LAPF) first high-dimensional sampling tests in
Summer 2015 (c.f. Inverse Modeling by Nakamura & Potthast)

Implemented in DACE (Data Assimilation Coding Environment) for the global ICON
Model, first stable runs in 2016 by Anne Walter (c.t. Potthast, Walter, Rhodin MWR 2019)
Extension to Localized Adaptive Mixture Coefficient Particle Filter (LMCPF) 2018 by
Walter and RP

Implemented LMCPF for global ICON Model since 2018 (Walter, RP), Diskussions
with Peter-Jan van Leeuwen, Alternative PF for ICON+DACE

LAPF and LMCPF implemented in DACE for COSMO Convective Scale Model, first
stable runs in Nov 2018 by RP

Implemented LMCPF for ICON D2 (convective scale), stable runs in Nov 2019, by Rh

Lorenz 63 and 96 Implementations of LAPF/LMCPF and Testing (Nora Schenk & RP 2019 &
2020)

Implementation of LMCPF in Speedy Model by Miyoshi and Kotsuki, RIKEN (2019)
Testing LMCPF with SEVIRI VIS Reflectance Assimilation (2019/2020), Lilo Bach &

RP /
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Full Observation System
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Observations: Polar Orbiting Satellites
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Bild: Robin Faulwetter
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Hybrid Methods: ENVAR SCOIeS  seuscmer wecariers: [6)
N—

Tem
WMO verification against observations perature
lead-time: 72h fOrecast quality, NH
valid-time: 12UTC
level: 500hPa 500hPa 72h
nhem
5 00 ICON EHVAR
Y n
RMSE:
better | OWer the
Retuning r
1.759 More — S-KOREA
Sat Obs — — USA
: g CANADA
'g — U-KINGDOM
N — JAPAN
= | — FRANCE
) — AUSTRALIA
— ECMWF
— GERMANY

2018 2019

Date

2015 2016 2017 2018 2019

Roland Potthast




Hybrid Methods: ENVAR SCOI€S  euscrer wetterdienst

Wetter und Klima aus einer Hand

rmse

50+
40
30+
20+
107

10+

151

........................................

WMO verification against SYNOP
lead-time: 48h
valid-time: 12UTC

2017+2018

NH

TR

NN

VRN

Operational forecast
Synop 48h

wo Ly

---------------------------------------

.......................................

wgyJ

wel

-0~ U-KINGDOM
-o- ECMWF
= GERMANY

lead-time

= 48



neighborhood [.25°]
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LAPF & LMCPF: Ansatz ST—— 5
=d
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= Kalman Filter

Best Estimator
29 =20 + BH'(R+ HBH") ' (y — Hz™)

—t

K =BH"(R+ HBH")™" B=(I-KH)B

Kalman Matrix Update B Matrix

Ensemble B Estimator




LAPF & LMCPF: Transform ST—— 5
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= Transformed Kalman Filter

@ = 2O 4 BHT(R+ HBH") ' (y — Ha®)
= o 4 AXXTH" (R + yHIXXJHT) " (y — Ha)
= 2O 4 A XYT(R+YYT) 'y — Ha®)
_ I(b) n ’}’X (I + ,}/YR—lyT)—lyTR—l(y — H,I‘(b))

A=YR 'Y’
Y (= HX

YR+ YY) L = (I +4Y'RY) YR
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B = (I-KH)B Y = HX

Transform for any
Gaussian Particle



LAPF & LMCPF: Mixture ST—
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Superposition p(x)

=
)
s
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—_— (=1
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Gaussian Mixture Case

~ Lo UONTG=1(p—p(O)
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Explicit Calculations We need a selection based

possible for each term on relative weights!



LAPF & LMCPF: Weights peutscher Wetterdiens E

Wetter und Klima aus einer Hand

. . Derivation by Anne Walter, Andreas
Projection onto Ensemble Space Rhodin and RP (MWR 2019)

Abbreviating A :=Y'R 'Y and C:=A" 1Y R ! (y? —§°)
Projection Operator
P(y’—¥) =Y(Y'RTY) YR (y"-¥).
Projected discrepancy
P(y’—Hx") = YAT'Y'R'((y°-¥") - Ye)
Exponent = Y(C—e¢), {=1,...,L.

P(yﬂ _HX(E))]TR_IP(yG _HX(E)) — [C_gf]TA[C_ef]? l= 1:'"-1[‘:'

Weights 1 ;
Wit = ce 2Ced"AlC—ed p 1 T
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Ensemble Transform

Localization

Move Particle (Shift)

Adaptivity via O-B

Resampling

Derivation by Anne Walter, Andreas
Rhodin and RP (MWR 2019)

Ensemble Transform as for LETKF X w,,

Localization on R as for LETKF

A:=Y'R'YandC:=A"'YTR ! (y° —§")

Move each particle as LETKF moves the
mean, but now individually calculated

E|d?_,d,_, |= Tr(R) + p Tr(HP’HT)

Modulated resampling in ensemble space around
each remaining particle adaptively based on p



4) LMCPF for Lorenz Examples
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Dynamical System Errors

Lorenz 63
System
Simulation
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LETKF
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e letkf=0.25151, e_Imcpf=0.22847

0.7 | . .
eb LMCPF COde by .
Nora Amelie Schenk & RP
_— - ca LMCPF
0.6 | i
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LMCPF for Lorenz Examples
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Code by

Nora Amelie Schenk & RP

error evolution

""" LAPF first guess error
== == | ETKEF first guess error
=== | MCPF first guess error
""" LAPF analysis error

== == | ETKF analysis error

= LMCPF analysis error

analysis time steps

Lorenz 96

100 Variables

20 Ensemble
Members

50
Assimilation
Cycles

Comparing

LAPF
LMCPF
LETKF
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Large-Sca|e EXperImental Set'up Deutscher Wetterdienst %
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* Full ensemble: 40 «1 |
memberS CHE 220

« Reduced resolution: & = = & = & T - - + & o o "
- 26km deterministic
- 52km ensembles
carried out by Anne Walter, DWD&

° . "
Period: Uni Reading, and Roland Potthast,

01.05.2016 — DWD& Uni Reading
31.05.2016

Experiments programmed and

In Cooperation with Peter-Jan van
Leeuwen , Uni Reading



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

Temperature
AT ENENENE EERTEE R

e

Relative humidity
l_,...l_l_ TS BT BN BN S

5 R |

300

400 - / :
500 - // :
14%
— LETKF
/009 7 " — LAPF

~15%

850 A

~14% o

b

850 __ -
LETKF better than LAPFto the K. —_—
Reason.: does not draw 1012091409 160% 180 %20

obs as much RMSE

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

p-level [hPa]
o
-




Wetter und Klima aus einer Hand

L M C P F SC O reS VS L ETK F Deutscher Wetterdienst g
e

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

o - — LETKF _
LMCPE Temperature o-a and

700 A B
850 A - O—f
925 - -
1000 2' T T I}' T T 1‘ - o
o g gegses LMCPF: Uncertainty based Move works
rms(o—a) ! rms(o—f) !
"'IbD PR | | - P | M | P 1bD NS AT TS AT PR "'lbD EFENE BFETEE BFETEE BPENEE DA 1.'::]'::' |||||||||||||||||||
200 - - 200 - 200 - - 200 - :
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= 300 1 | L 300 - 300 A - 300 - -
A 400 - - 400+ 400 - - 400+
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Experiments programmed and carried out by Anne Walter, DWD & Uni Reading, and Roland Potthast, DWD & Uni
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Wetter und Klima aus einer Hand N ‘

Global RMSE for obs-fg statistics (Radiosondes vs. Model)
Period: 08.05.2016 — 22.05.2016
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Wetter und Klima aus einer Hand

LMCPF Scores vs LAPF s v )

Global RMSE for obs-fg statistics
Period: 08.05.2016 — 22.05.2016
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Global spread of T [K] ~ 500 hPa
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LMCPF Scores vs LETKF
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p-level [hPa]

LMCPF Scores vs LETKF
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LMCPF vs LETKF for ICON D2

Deutscher Wetterdienst
Wetter und Klima aus einer Hand N ‘

|atitude

upper air temperature at layer 65 [interpolated]
Statistics for the plotted area: mean = 288.8425; min = 271.9424; max = 297.9948
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LMCPF vs LETKF for ICON D2 oevcher watrins: [6)
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LMCPF vs LETKF for ICON D2 oevcher watrins: [6)
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Reflectance; Date = 20190603, 1400 UTC
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LMCPF vs LETKF for ICON D2
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S u m m a ry Deutscher Wetterdienst E

Wetter und Klima aus einer Hand

o LAPF and LMCPF extend the capabillities | .
nverse Modeling
Of the LETKF An introduction to the theory

and methods of inverse problems

o Ensemble Transform, Localization, e
Adaptive Spread Control — LETKF, LAPF
and LMCPF use the same tools

» Gaussian Particles allow to move towards My, = s =~
1, % 5 W
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Obs in Er?semble Space \\\\\\\\\“\s;””’//////
« More flexible than LETKF S 2
s Fully Non-Linear Filtering by LAPF and 010e bods
LMCPF
e Stable Particle Filters for global and
regional NWP

» Simple to Code following LETKF
@ Promising Features for Cloud Assimilation
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LETKF _
What does a particle stand for?
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