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Tentative plan

1. Introduction

2. Stochastic Estimation. The BLUE

3. The Kalman filter

4. Variational assimilation

5. Numerical Weather Prediction

6. Other examples



Assimilation in a dynamical framework

⋆: observation yo

I: observation error ǫo(R)

: Model trajectory

⋆

⋆

⋆

⋆

⋆

time

•
•

•
• •

•

•

•
•

•

•
• • •

•



Sequential assimilation

⋆: observation yo

I: observation error ǫo(R)

: Model trajectory
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Sequential assimilation

⋆: observation yo

I: observation error ǫo(R)

: Model trajectory

I: forecast error ǫf(Pf)
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Sequential assimilation

⋆: observation yo

I: observation error ǫo(R)

: Model trajectory
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Variational assimilation

⋆: observation yo

I: observation error ǫo(R)

: Model trajectory

⋆

⋆

⋆

⋆

⋆

time

•
•

•
• •

•

•

•
•

•

•
• • •

•

adjust x0



Variational assimilation, 4D-Var (adjoint)

⋆: observation yo

I: observation error ǫo(R)

: Model trajectory
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Pros & cons

Pros

I KF: error estimate after analysis

I 4D-Var: all observations in one sweep

Cons

I KF: Nonlinearities & problem size. EnKF

I 4D-Var: Implementation of adjoint model (Automatic
differentiation)

I 4D-Var: Nonlinearities (tangent linear model) & perfect model
assumption



The archetypal example: Numerical Weather Prediction

Bauer et al., Nature (2015)



Short History

I 1900ies: prognostic set equations that one could solve (in principle)

I 1922: Richardson’s forecast (computer = bunch of humans)

I 1950ies: first integation of simplified equations (Princeton, Sweden)

I 1963 (Lorenz, deterministic chaos): finite horizon of predictability

I Since 1970: numerical integration of relevant equations (NWP)



Set of equations

I Conservation of Mass

I Conservation of Momentum (Navier–Stokes, with background
rotation)

I Conservation of Energy

I Constitutive relationships (ideal gas)

I + BC and IC (nonlinear mixed initial–boundary value problem)

changes in space and time of wind, pressure, temperature, density

Integration on a computer

I grid size for GCM of ∼10 km.

I resolved scales vs unresolved scales

I Subgrid scale modelling (parameterization): source terms for mass,
momentum and heat



Measure of success



Why success?

1 day / per decade since the 1970ies.

I Daily check
I Better data
I Better representation of unresolved processes

I Better assimilation technology (uncertainties & objective analysis)
I . . .

The size of the problem at hand: 50 million observations are ingested
every 6 hr in numerical models possessing 109 field variables.



Ensemble forecasting

Met Office



Ensemble 4DVar



Finite horizon of predictability



The future

I Even more observations (eg upper level wind with Doppler-radar
technology)

I More physics (coupling with ocean, land surface, sea-ice models)

I More chemistry (aerosol, trace gases)

I Global resolution of ∼ 1 km. Energy concern.



Technological challenge

Codes need to evolve to meet hardware requirements (exascale:
computing / data processing)



The future



Bibliography I


