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Beginnings

Utilisation d'une physique simplifiée, différentiable et suffisamment réaliste dans une assimilation
variationnelle incrémentale.

Introduction :

Le but de l'assimilation variationnelle quadri-dimensionnelle (4D-Var) est de définir une trajectoire du
modéle atmosphérique sur un intervalle de temps donné qui se rapproche "au mieux" des observations
disponibles au cours de cette période. La méthode consiste & minimiser, dans I'espace des conditions initiales,
une fonction cofit mesurant I'écart entre les observations et I'état du modéle a différents instants. L'algorithme
de minimisation requiert plusieurs calculs de la fonction coiit et de son gradient (ou dérivée) par rapport aux
conditions initiales, afin de trouver la solution minimisante.

Le résultat de l'assimilation est bien sir conditionné par la qualité du modéle atmosphérique assimilateur.
Malheureusement, un des facteurs néfastes a l'efficacité de la minimisation est la présence de phénoménes 4
seuil non différentiables dans le modéle (liés par exemple a une physique précise et donc complexe), qui sont
des générateurs de minima secondaires.

La méthode incrémentale (Courtier et al. 1994) permet en principe de s'affranchir de ce dilemme de fagon
élégante. Cette méthode permet d'approximer le probléme de minimisation complet et non différentiable par
un probléme quadratique résolu au voisinage d'une trajectoire aussi précise que possible. Dans ce contexte, le
modele sophistiqué n'est utilisé que pour obtenir (et rafraichir de temps en temps) I'écart entre les
observations et I'équivalent modéle, la minimisation étant réalisée a l'aide d'un modéle linéaire simplifié.
Tous les degrés de liberté sont permis pour ce modeéle simplifi¢. En particulier, le modéle peut étre 2 plus
basse résolution et disposer d'une physique différente du modéle complet. De plus, I'information issue de
I'intégration avec physique compléte pourrait permettre de calibrer certains des coefficients les plus cruciaux
utilisés dans la physique simplifiée. Enfin, l'approche permet un raffinement progressif de cette physique au
fur et 4 mesure que les diverses paramétrisations sont développées.

Objectifs poursuivis :

La tiche préliminaire au 4D-Var incrémental proprement dit est d'imaginer et de développer dans le cadre
d"ARPEGE/ALADIN une physique simplifiée et la plus dérivable possible, qui toutefois respecte les ordres
de grandeur et les feed-back généraux des grands phénoménes physiques connus décrits par la physique
"compléte".

Le développement paralléle des opérateurs linéaire-tangent et adjoint de la physique simplifiée est également
nécessaire pour une implantation progressive des nouveaux schémas dans le systéme ARPEGE/ALADIN.

La premiére validation de la méthode se fera probablement dans le cadre 'ARPEGE ol les outils (en
particulier le systéme incrémental) et I'expertise existent déja, et ol des expériences avec modéle simplifié
adiabatique (i.e. sans forgage physique) ont déja été effectuées. Cela permettra d'évaluer rapidement le gain
potentiel apporté par une physique simple mais raisonnable. Cependant, le systéme incrémental se préte
particuliérement & I'application de cette physique dérivable dans le cadre ALADIN, ol cette fois ci, on peut
envisager une minimisation avec modéle simplifié sur un domaine limité, le couplage étant par ailleurs
effectné avec le modéle complet en profitant du caractére spectral des deux modéles pour se débarrasser du
probléme posé par une localisation géographique trop "brutale" de la transition entre les deux. Cette
application concernerait bien sfir des échelles de temps et d'espace plus petites que dans le cadre global, & la
limite de ce qu'on appelle la prévision immédiate, sujet d'importance cruciale pour bon nombre de problémes
sociaux-économiques 4 composante météorologique.

Bibliographie :

Courtier, P., I.N. Thépaut and A. Hollingsworth, 1994, A strategy for operational implementation of 4D-Var.
QJRMS, 120, 1367-1387.
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Utilisation d’une physique simplifié,
différentiable et suffisamment réaliste
dans une assimilation variationelle
incrémentale

A short description of objectives:

EASIER TO BE DESCRIBED
THEN TO BE DONE

“Pre-marriage” Agreement.
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First documents to be studied
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Linearized models in NWP

 Different well-known applications:
like incremental 4D-Var

— variational data assimilation

— singular vector computations initial perturbations for EPS

— sensitivity analysis forecast errors

 First applications with adiabatic linearized model

« Nowadays, the physical processes included in the linearized model

Including physical processes can in variational data assimilation:

— reduce spin-up
— provide a better agreement between the model and data
— produce an initial atmospheric state more consistent with physical processes

— allow the use of new observations (rain, clouds, soil moisture, ...)

e

PN . 4D-Var — Four-dimensional Variational Data Assimilation © ECMWE 2020
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Simplifications of the linearized models for practical applications

* For important applications:
— incremental 4D-Var (ECMWEF, Météo-France, ...),

— simplified gradients in 4D-Var (Zupanski 1993),
— the initial perturbations computed for EPS (ECMWF),
linearized versions of forecast models are run at lower resolution

|

the linear model may not be “the exact tangent” to the full model

(different resolution and geometry, different physics)

|

simplified approaches as a way to include physical processes step-by-step in

TL and AD models

» simplifications done with the aim to have a physical package:
— simple — for the linearization of the model equations

— regular — to avoid strong non-linearities and thresholds

— realistic enough

— computationally affordable

~ _ TL — tangent linear © ECMWEF 2020
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General problems with adjoint models and including physics into them

SIMPLIFIED DOES NOT MEAN SIMPLE !

* Development — requires substantial resources

« Validation — must be very thorough
(for non-linear, tangent-linear and adjoint versions)

« Computational cost — may be very high when including physics or
complex observation operators

* Non-linear and discontinuous nature of physical processes
(affecting the range of validity of the tangent-linear approximation)

—
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Operational constraints

Imply:

* permanent testing of the validity of TL approximation and necessary adjustments:
— when the NL physics or dynamics changes significantly
— higher horizontal and vertical resolutions, longer time-integrations

» ensure robust stability of the linearized model:
— non-noisy behaviour in all situations and different model resolutions

» code optimizations to reduce computational cost:
— ideally: TL is 2 times and AD is 2-3 times more expensive than the nonlinear model

« fulfilling requirements for assimilation of observations related to the physical
processes (rain, clouds, soil moisture, ...):

\

finding best compromise between complexity, linearity and cost

—
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Designing simplified physical parametrizations (1)
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Designing simplified physical parametrizations (2)
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Validation of tangent-linear and adjoint models
Tangent-linear (TL) and adjoint (AD) model:

» classical validation (TL - Taylor formula, AD - test of adjoint identity)

« examination of the accuracy of the linearization

Comparison: Diagnostics:
finite differences (FD) <« t.angent-_linear (TL) . relative errors: £exp ~ ®rer e
integration Erer
where

M (Xan)— M (xfg) <> M'(xan—xfg)

(an = analysis, fg = first guess) > (L) ERE D CIere:

o =] MG, )M J-M i, x|

Singular vectors:

* Computation of singular vectors to find out whether the new schemes do not
produce spurious unstable modes.

—
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TL approximation

GREAT

Zonal wind increments at model level 31 (~ 1000 hPa) — 24-hour integration

FD

T I—ADIABSVD

TLADIAB

L:31 - U™ 15/3/99 12h t+24 - finite diff. [cont. interval: 1]
min=-17.8855 max=10.2375 mean=-0.300678
stdev=0.96653

ms=1.01222
E = 3

T

SET IS -

L:31 - U™ 15/3/99 12h t+24 - evol of perturb_B(g.diabsvd)
min=-18.1040 max=12.7837 mean=-0.026824
ms=1.27768 stdev=12773

AL T

— adiabatic TL model

L:31 - U™ 15/3/99 12h t+24 - evol of perturb. (adiab)
min=-30.1891 max=17.3899 mean=0.380328

ms=2.90740 stdev=2.88242

LS, T
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~
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g o L)) - ,z<<-

31 - U* 15/3/99 12h t+24 - evol.of pertury

min=-15.4296 max=11.1993 mean=-0.

ms=1.08662 stdev=1.07506

TLADIAB

TLWSPHYS

GREAT !l

TLWSPHYS
better than

TLADIAB

TLapiagsyvp — TL model with very simple vertical diffusion (Buizza 1994)

TLyspuys — TL model with the whole set of simplified physics

(Mahfouf 1999, Janiskova et al 1999)

& ECMWF Reading, UK
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TL approximation BAD

WHY REGULARIZATION IS IMPORTANT

Y

Iv31 T* 1999-03-15 12h fc t+6 - TL with vdif (no regularization applied) Cont.int: O 5e+07

BAD NEWS Il

Unless one wants to use

model for generating g
modern art.

Without any treatment of - * =
most serious threshold S , RN =/ A
processes, the TL =i ;
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Importance of the regularization of TL model (1)

« physical processes are characterized by:

* threshold processes:

» discontinuities of some functions describing
the physical processes (some on/off processes)

« discontinuities of the derivative of a continuous

function
* strong nonlinearities
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Importance of the regularization of TL model (2)

* regularizations help to remove the most important threshold
processes in physical parametrizations effecting the range of

validity of TL approximation

« after solving the threshold problem

v

clear advantage of the diabatic TL evolution of
errors compared to the adiabatic evolution
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Importance of the regularization of TL model (2)

* regularizations help to remove the most important threshold

processes in physical parametrizations effecting the range of

validity of TL approximation

« after solving the threshold problem

v

clear advantage of the diabatic TL evolution of
errors compared to the adiabatic evolution
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Impact of the linearized physics on TL approximation (1)

"I Temperature

prassurne levels

Global values of:

| TL exp—FD |- | TL ref-FD |

15/03/1999 12h t+24

— = MF:

ECMWEF: wsphys — adiab
ECMWEF: wsphys _norad — adiab x|
wsphys - adiab

prassure levels

pressure levels

Comparison ECMWF — MF (as in 1999)

Zonal wind

i}

100

200 +

300

400 -

S00 -

S00

Too -

aon

1000

=

=0.00020

- 1 1
~0.00015 =0.00010 -0.00005

000300

Comparison
done with
F. Bouyssel:

the same date,
the same
resolution.

MF physics
beating ECMWF
physics for
temperature and
wind, but worse for
spec.humidity:

that was down to
better radiation,
but worse
convection at MF
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Impact of linearized physics on TL approximation (2)
State at ECMWEF as in ~ 2016
1000 where &=|[M(x+%)-M(x)]-M ()]

— non-linear (NL) difference <> tangent-linear (TL) integration

- &

gEXP REF

&

Mean vertical profile of change in TL error when full linearized physics included in TL.
Relative to adiabatic TL run (50-km resolution; twenty runs, 12h integ.)

(et T L (eE)len, Y (etp)eng, Vo () Q
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20 - © 20 - 20 20
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w [
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Inclusion of linearized physics leads to better TL approximation.

—
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TL approximation - how far we can go?

High resolution (~ 16 km)

N W O1x

Temperature at level 125
(~950 hPa) on 20140105 at 12Z.

0.3

01 Comparison of NL difference

s M(x+3x)-M(x) with perturbation
4 evolved using the TL model M’6x

2 after 12h of integration.

-5

M(X+0x)—M(X)

Thanks to stabilization of both
the dynamics and the physics in
the TL model, resolutions as fine
as 16 km might be considered in
4D-Var minimizations,

provided some (minor) sources of
noise can be eliminated.

120°W B0°W 0°F 60°E 120°E M ’6)(

E ECMWF Reading, UK | TC0639, ~ 16 km | Courtesy of P. Lopez © ECMWF 2020
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TL approximation - how far we can go?
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k Very high resolution (~ 9 km)
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o A few slightly unstable spots
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EECMWF Reading, UK | TC01279, ~ 9 km |

Temperature at level 129
(~980 hPa) on 20140105 at 12Z.

Comparison of NL difference
M(x+0x)—-M(x) with perturbation
evolved using the TL model M’5x
after 12h of integration.

First time our TL model
tested at such high
resolution and the results
surprisingly encouraging.

(Note: this single run required
320 nodes)

Courtesy of P. Lopez
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Impact of linearized physics on forecast scores (1)

State at ECMWF as in 1998

500 hPa geopotential (NH)

o
95 - —4DVer
90 3D-Var

50 4 T L
0 1 2 3 4 5 6
Forecast Day

Averaged over 12 weeks

& ECMWF Reading, UK

1000 hPa geopotential (NH)

1

2

3 4
Foracast Day

T
5

T
6

7

From Rabier et al. 2000 and Mahfouf et al. 2000

1000 hPa geopotential (NH)

",

= 4V 2-UPDATES PHYS
== == 4V 2-UPDATES ADIAB
T====ss 4V 1-UPDATE ADIAB

ronef

o 1 2 3 4 &5 6 7 8 9 10
Forecast Day

Averaged over 14 forecasts

—
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Impact of linearized physics on forecast scores (2)

State at ECMWF as in 1998 State at ECMWF as in 2012
o0 1000 hPa geopotential (NH) a HNHem: 500hPa geopotential - Anomaly correlation
%
042
%0 0.40 -
50- 0.08 1
0.06 4
70 1 0.04
0.02
& 0
5. —0.02
" —0.04 ! ! !
P . : . . . : . .m"”i'"*w--. 0 1 2 3 4 5 & T B 9% 10 14
o 1t 2 3 4 5 8 7 & 9 10 positive values
Forecast Day Forecast Day l
. forecast improvement
w00 1000 hPa geopotential (SH) 2 SHem: 500hPa geopotential - Anomaly correlation
%
20 0.08
80 0.06
0.04 -
n 0.02 -
60 2 0
50 —0.02
4V 2-UPDATES PHYS —0.04
O == gy 2-UPDATES ADIAB —0.06
301 .auuus 4V 1-UPDATE ADIAB —0.08
20 +——a—b—+—---F-——--———v———r o 1 2 3 4 &5 & T B 9 10 M
0 1 2 3 4 5 6 7 8 9 10
Forecast Day 4V 3-UPDATES pHys Forecast Day
Averaged over 14 forecasts Averaged over 3 months
From Mahfouf et al. 2000 From Janiskova & Lopez 2013
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Impact of linearized physics on forecast scores (3)

State at ECMWF as in 1998 State at ECMWF as in 2012
Tropics: 200 hPa vector wind — rms Tropics: 200 hPa vector wind — anomaly correlation
ws ° T T 1T T 1
7.5 3 0.30 positive values —
L 0.25 - ; : —
8.5 0.20 orecast Improvement
51 0.15
":' - 040
] Vd 0.05 i\lq:rl
451 /' = 4V 2-UPDATES PHYS 0 -l_l—'l'-ttﬂﬂ—'
41 / == = 4V 2-UPDATES ADIAB .08
3'5_ F  asmmnm 4V l‘UPDATE ADIAB ’ u -l 2 3 4 E E ?’ E 9 -11} -I-I
3 T T
0 1 2 3
Forecast Day 4V 3-UPDATES PHYS  Forecast Day
Averaged over 14 forecasts Averaged over 3 months
From Mahfouf et al. 2000 From Janiskova & Lopez 2013

BRAVE DECISION OVER 20 YEARS AGO

WITH A BIG VISION FOR THE FUTURE
‘m = GRADUALLY REALLY PAID OFF I!!

Accepting such results when cost
increased significantly !!!

—
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Direct relative improvement of forecast scores from linearized physics

Coming just from including the ECMWEF linearized physics in 4D-Var (Janiskova & Lopez, 2013)

700hPa temperature 700hPa relative humidity 200hPa vector wind
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Anomaly correlation — July-Sept. 2011: bars indicate significance at 95% confidence level
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Indirect relative improvement of forecast scores from ECMWEF linearized physics

Using observations directly related to the physical processes (e.g. rain, clouds,...)
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Feasibility of direct assimilation using CloudSat and CALIPSO observations

* Experiments assimilating Cloudsat radar reflectivity (94 GHz) and CALIPSO
lidar backscatter (532 nm)
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Summary

* Positive impact from including physical parametrization schemes into the linearized
model has been demonstrated.

* Physical parametrizations become important components in current variational
data assimilation systems:
— positive impact on analysis and subsequent forecast
— enabling to assimilate observations related to physical processes (rain, clouds, ...)

* Including linearized physical parametrization schemes into singular vector
computations can lead to:

— more of the SVs structures associated directly with some atmospheric processes
— Dbetter spread in EPS

* Adjoint of physical processes used for sensitivity studies can provide:
— more flow-dependent and more realistic sensitivities
— different tool for the validation of parametrization schemes
(sensitivity to all governing parameters obtained at minimal computational cost)
— diagnostic tool for:
— analyzing sensitivity of a forecast error to initial conditions
— monitoring the observation impact on short-range forecasts
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