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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.

Sign or not to sign ???

Beginnings

1994
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First documents to be studied

JFG used as 

a postman.

11-XI-94

JNT hopefully remembers my name now.
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• First applications with adiabatic linearized model

• Nowadays, the physical processes included in the linearized model

4D-Var – Four-dimensional Variational Data Assimilation

EPS     – Ensemble Prediction System

Linearized models in NWP

• Different well-known applications:

– variational data assimilation                 like incremental 4D-Var

– singular vector computations              initial perturbations for EPS

– sensitivity analysis                               forecast errors

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, …)
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TL – tangent  linear

AD – adjoint

Simplifications of the linearized models for practical applications

• For important applications:

– incremental 4D-Var   (ECMWF, 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
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General problems with adjoint models and including physics into them

• 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)

SIMPLIFIED DOES NOT MEAN SIMPLE !!!
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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)

Radiation scheme:

JFG’s favourite subject.

→ simplifying the full radiation scheme

used in the forecast model

→ a lot of pages written and questions

asked (why?) before getting it right

APPROACH  A

Explanation 

written by JFG.
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Designing simplified physical parametrizations (2)

Convection scheme:

→ trying to base it on a simple

parametrization scheme used 

in the past

→ not only trying to understand the code,

but also the French text

APPROACH  B

Explanation 

written by JFG.
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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:

finite differences (FD)      tangent-linear (TL) 

integration

( ) ( ) ( )
( )

'

,an analysis fg first guess= =

−  −x x x xan anfg fgM M M

Diagnostics:

• relative errors:    

where

• mean absolute errors:    

( ) ( )  ( )  fganfgan MMM xxxx −−−=

%100.
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Singular vectors:

• Computation of singular vectors to find out whether the new schemes do not 

produce spurious unstable modes.



© ECMWF 2020Reading, UK

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

TL approximation                   GREAT

FD

TLADIABSVD

TLADIAB

TLWSPHYS

TLADIAB        – adiabatic TL model

TLADIABSVD – TL model with very simple vertical diffusion (Buizza 1994)

TLWSPHYS    – TL model with the whole set of simplified physics 

(Mahfouf 1999, Janisková et al 1999)

GREAT !!!

TLWSPHYS

better than 

TLADIAB
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WHY REGULARIZATION IS IMPORTANT

Without any treatment of 

most serious threshold 

processes, the TL 

approximation can turn to be 

useless.
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lv31 T* 1999-03-15 12h fc t+6 - TL with vdif (no regularization applied) [cont.int: 0.5e+07]

TL approximation                    BAD

BAD NEWS !!!

Unless one wants to use 

model for generating 

modern art.

Cont.int: 0.5e+07
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• 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

Importance  of  the  regularization  of TL model (1)
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• 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

clear advantage of the diabatic TL evolution of 

errors compared to the adiabatic evolution
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• regularizations help to remove the most important threshold 
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validity of TL approximation

• after solving the threshold problem

clear advantage of the diabatic TL evolution of 

errors compared to the adiabatic evolution
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Comparison ECMWF – MF (as in 1999) 

Impact of the linearized physics on TL approximation (1)

Global values of:

| TL_exp – FD | – | TL_ref – FD |

15/03/1999 12h t+24

Comparison 

done with      

F. Bouyssel:

the same date, 

the same 

resolution.

Temperature Zonal wind

Specific humidity

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 

ECMWF: wsphys – adiab

ECMWF: wsphys_norad – adiab

MF:         wsphys - adiab
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Inclusion of linearized physics leads to better TL approximation. 

Impact of linearized physics on TL approximation (2)

%100.
    

REF

REFEXP



 − ( ) ( )  ( )  xxxx  MMM −−+=

non-linear (NL) difference    tangent-linear (TL) integration

where

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.)

< 0 = ☺

surface

TOA

T U V Q

Courtesy of P. Lopez

State at ECMWF as in ~ 2016 
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TL approximation – how far we can go?   

Comparison of NL difference 

M(x+x)−M(x) with perturbation 

evolved using the TL model M’x 

after 12h of integration.

TCo639, ~ 16 km

Temperature at level 125

(~950 hPa) on 20140105 at 12Z.

M(x+x)−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.

M’x

High resolution (~ 16 km) 

Courtesy of P. Lopez
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A few slightly unstable spots

Temperature at level 129

(~980 hPa) on 20140105 at 12Z.

First time our TL model 

tested at such high 

resolution and the results 

surprisingly encouraging. 

(Note: this single run required 

320 nodes)

TCo1279, ~ 9 km

M(x+x)−M(x)

M’x

TL approximation – how far we can go?   

Very high resolution (~ 9 km) 

Comparison of NL difference 

M(x+x)−M(x) with perturbation 

evolved using the TL model M’x 

after 12h of integration.

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

State at ECMWF as in 1998

1000 hPa geopotential (NH)

4V 2-UPDATES PHYS

4V 2-UPDATES ADIAB

4V 1-UPDATE   ADIAB

1000 hPa geopotential (SH)

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

Averaged over 12 weeks Averaged over 14 forecasts
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Impact of linearized physics on forecast scores (2)

State at ECMWF as in 1998

1000 hPa geopotential (NH)

4V 2-UPDATES PHYS

4V 2-UPDATES ADIAB

4V 1-UPDATE   ADIAB

1000 hPa geopotential (SH)

State at ECMWF as in 2012

From Mahfouf et al. 2000 From Janisková & Lopez 2013

4V 3-UPDATES PHYS
Averaged over 14 forecasts Averaged over 3 months

positive values 
↓

forecast improvement
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Impact of linearized physics on forecast scores (3)

State at ECMWF as in 1998 State at ECMWF as in 2012

From Mahfouf et al. 2000 From Janisková & Lopez 2013

Averaged over 14 forecasts Averaged over 3 months

Tropics: 200 hPa vector wind – rms Tropics: 200 hPa vector wind – anomaly correlation 

4V 3-UPDATES PHYS

4V 2-UPDATES PHYS

4V 2-UPDATES ADIAB

4V 1-UPDATE   ADIAB

BRAVE DECISION OVER 20 YEARS AGO

WITH A BIG VISION FOR THE FUTURE

Accepting such results when cost 

increased significantly !!!

GRADUALLY REALLY PAID OFF !!!

positive values 
↓

forecast improvement
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NHem

SHem

Tropics

700hPa temperature

T511L91 FC run: Forecast scores against operational analysis

Anomaly correlation – July-Sept. 2011: bars indicate significance at 95% confidence level

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

700hPa relative humidity 200hPa vector wind

Direct relative improvement of forecast scores from linearized physics

positive values 
↓

forecast improvement
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Tropics

NHem

SHem

700hPa temperature

Anomaly correlation – June-Aug. 2014: bars indicate significance at 95% confidence level

Using observations directly related to the physical processes (e.g. rain, clouds,…) 

700hPa relative humidity 200hPa vector wind

T799L137 FC run: Forecast scores against operational analysis

positive values 
↓

forecast improvement

Indirect relative improvement of forecast scores from ECMWF linearized physics
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CloudSat

Model (before assimilation)

Model (after assimilation)

Example transect

• Experiments assimilating Cloudsat radar reflectivity (94 GHz) and CALIPSO 

lidar backscatter (532 nm)

Situation: 20070731 21:00 UTC – 20070801 09:00 UTC

Feasibility of direct assimilation using CloudSat and CALIPSO observations
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• Positive impact from including physical parametrization schemes into the linearized

model has been demonstrated.

Summary

• 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

‒ better 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


